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Endothelial cells (ECs) form extensive, highly branched and hierarchically organized tubular
networks in vertebrates to ensure the proper distribution of molecular and cellular cargo in
the vertebrate body. The growth of this vascular system during development, tissue repair
or in disease conditions involves the sprouting, migration and proliferation of endothelial
cells in a process termed angiogenesis. Surprisingly, specialized ECs, so-called tip cells,
which lead and guide endothelial sprouts, share many feature with another guidance struc-
ture, the axonal growth cone. Tip cells are motile, invasive and extend numerous filopodial
protrusions sensing growth factors, extracellular matrix and other attractive or repulsive cues
in their tissue environment. Axonal growth cones and endothelial tip cells also respond to
signals belonging to the same molecular families, such as Slits and Roundabouts, Netrins
and UNC5 receptors, Semaphorins, Plexins and Neuropilins, and Eph receptors and
ephrin ligands. Here we summarize fundamental principles of angiogenic growth, the selec-
tion and function of tip cells and the underlying regulation by guidance cues, the Notch
pathway and vascular endothelial growth factor signaling.

PATTERNING OF THE VASCULAR SYSTEM

he vasculature, like the nervous system,

forms a highly branched, tree-like network
that reaches into every organ of vertebrate
organisms. Connectivity in the vascular system
is achieved through tubules consisting of many
interconnected endothelial cells (ECs). Two
such networks, the lymphatic system and the
blood vascular system, can be distinguished
(Adams and Alitalo 2007; Carmeliet and
Tessier-Lavigne 2005; Klagsbrun and Eichmann
2005). Blood vessels transport gases, nutrients,
waste products, hormones and circulating cells.

The circulating blood travels from the heart
through the aorta, the largest axial vessel, into
a hierarchical system of arteries and smaller
arterioles into distal capillary beds (Fig. 1).
The latter form an elaborate network to opti-
mize exchange between the blood stream and
the surrounding tissue. Next, the blood is col-
lected and returned by the venous branch of
the circulation (Fig. 1). This involves small ven-
ules, veins and, finally, the large axial cardinal
veins. Functional features, morphology and
gene expression profiles of arteries and veins
are distinct (Rocha and Adams 2009; Swift
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Figure 1. Schematic organization of the blood vessel network. Blood flows (arrows) through arteries and
arterioles into capillaries. In the embryonic dermis, arteries develop in close association with peripheral
nerves, which are a source of VEGE Venules and veins collect the blood from capillary beds. Vascular smooth
muscle cells cover arteries and vein, whereas pericytes are confined to capillaries and postcapillary venules.

and Weinstein 2009). Arteries transport blood
at high pressure and speed, whereas veins
form a low-pressure system, in which valves pre-
vent backflow. In line with these hemodynamic
properties, arteries are supported by one or
multiple layers of specialized vascular smooth
muscle cells (vSMCs), which are contractile and
stabilize the vessel wall by depositing matrix and
elastic fibers. Conversely, veins are enveloped by
fewer vSMCs. Capillaries are covered by their
own specialized support cell type, the pericytes,
which are coupled to ECs by direct cell-to-cell
and gap junctional contacts (Armulik et al.
2005; Bergers and Song 2005).

In contrast to the closed blood vessel net-
work, the lymphatic vasculature functions in a
unidirectional fashion. Blind-ending lymphatic
capillaries (terminal lymphatics) are embedded
in the organs and collect excess interstitial
liquid together with extravasated cells, proteins
and lipids. This watery lymph is channeled
through specialized collecting lymph vessels
into the larger lymphatic ducts, and, finally,
into the venous circulation. Like veins, collect-
ing lymphatics and ducts contain valves to
prevent backflow and are sparsely covered by
smooth muscle cells (Cueni and Detmar 2008;
Karpanen and Alitalo 2008).

ECs and neurons share some fundamental
challenges during the formation of their exten-
sive networks. This may explain why both
systems develop sometimes in a coordinated
fashion. In peripheral tissues such as the skin,
nerve fibers, and larger blood vessels, specifi-
cally arteries, align into two parallel struc-
tures (Carmeliet and Tessier-Lavigne 2005;
Mukouyama et al. 2002). Genetic studies in
mouse embryos suggest that peripheral nerves
in the dermis provide a spatial template for
the growth and differentiation of arteries.
Arterial patterning and marker expression are
defective in Neurogeninl /Neurogenin2 (Ngnl/
Ngn2) double knockouts lacking peripheral
axons and Schwann cells in the dermis. Arteries
form alongside the disorganized nerve fibers in
Sema3A-deficient mice, indicating that nerve-
derived signals directly control vascular pattern-
ing (Mukouyama et al. 2002). Cell type-specific
gene ablation studies have established that
arterial differentiation in the skin depends on
the release of vascular endothelial growth factor
A (VEGF-A) from neurons and glial cells
(Mukouyama et al. 2005). VEGF-A binds and
activates the receptor tyrosine kinase VEGFR2
on the EC surface and is an essential positive
regulator of blood vessel growth (Ferrara 2005;
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Olsson et al. 2006). However, nerve-blood vessel
alignment occurs normally in the absence of
nerve-derived VEGF-A, which indicates the
involvement of additional, currently unknown
signals (Mukouyama et al. 2005). Functionally,
aligning nerves and arteries facilitates access to
oxygen and nutrients for the cells of peripheral
nervous system and facilitates arterial innerva-
tion by postganglionic sympathetic fibers, which
control vascular tone and participate to blood-
pressure regulation (Larrivee et al. 2009).

In addition to the patterning of vessels in
response to nerve-derived signals, vascular cell
types can also produce guidance cues for axons.
For example, arterial SMCs secrete endothelins,
which are known to control blood pressure but
also attract sympathetic neurons expressing the
cognate receptor EDNRA. In addition, the neu-
rotrophins NGF and NT-3, the glial-derived
neurotrophic factor (GDNF) family member
Artemin and its receptors Ret and GFRa3
control the sympathetic innervation of blood
vessels (Ieda et al. 2004; Makita et al. 2008).

THE ANGIOGENIC GROWTH OF BLOOD
VESSELS

New blood vessels form by different mechanisms,
including de novo assembly by endothelial pre-
cursor cells or angioblasts (vasculogenesis),
splitting of existing vessels (intussusception),
and enlargement of the vasculature through
sprouting, proliferation and remodeling proc-
esses (angiogenesis) (Adams and Alitalo 2007;
Carmeliet 2000). Vasculogenesis appears to be
largely confined to the formation of the first
primitive vascular structures as well as the large
axial vessels in the early embryo (Flamme et al.
1997). Although vasculogenic incorporation of
circulating endothelial precursor cells may also
occur during pathological blood vessel growth
such as in cancer (Carmeliet, 2003; Rafii et al.
2002), the actual contribution of this process
may be minor and is discussed controversially
(Kim et al. 2009; Prater et al. 2007; Purhonen
et al. 2008). Conversely, angiogenesis appears
to be the main process for the formation of
the vast majority of blood vessels during devel-
opment, tissue repair, or disease processes.

Axon Guidance Molecules in Vascular Patterning

Small vertebrate animal models—in partic-
ular, mouse, and zebra fish—have provided first
insight into fundamental aspects of angiogenic
blood vessel growth. In response to insufficient
local supply of oxygen (hypoxia) and perhaps
other triggers, tissues up-regulate the expres-
sion of proangiogenic growth factors (Shibuya
2001). These signals activate receptors in the
endothelium and lead to phenotypic changes
in some ECs, which become motile, invasive,
and initiate sprouting from the basal (outer)
surface of the blood vessel tubules (De Smet
et al. 2009; Phng and Gerhardt 2009). These
sprouts extend, until they meet up with other
sprouts or capillaries, and are finally converted
into new blood-carrying tubules (Fig. 2). This
process is highly repetitive and new sprouts
are continuously formed until the proangio-
genic signals are down-regulated or counterbal-
anced by antiangiogenic factors. The latter
include certain matrix proteins, inhibitory
splice variants of VEGF-A or up-regulated ex-
pression of the receptor VEGFR1/Flt1, which
has weak signaling capacity but high binding
affinity for VEGF (Grant and Kalluri 2005;
Harper and Bates 2008; Shibuya 2001). Sprout-
ing angiogenesis is typically accompanied by
substantial EC proliferation (Fig. 2). Later steps
of vascular morphogenesis involve the pruning
and remodeling of the newly formed and ini-
tially dense vessel network (Baluk et al. 2004;
Rocha and Adams 2009). Pericytes and vSMCs
are thought to stabilize blood vessels and might
promote a mature, nonangiogenic state of the
vasculature (Armulik et al. 2005; Bergers and
Song 2005; Betsholtz et al. 2005).

Blood vessel sprouting can be readily ob-
served during the vascularization of the central
nervous system and, in particular, in the retina.
In the mouse, the retina is avascular at birth and
vessels grow from the center toward the periph-
ery following an existing network of astrocytes
(Fruttiger 2007; Gerhardt et al. 2003; Provis et al.
1997). Once a primary plexus is established,
sprouts dive vertically into the deeper retina
and form two further vascular layers (Connolly
etal. 1988; Dorrell et al. 2002). The most prom-
inent proangiogenic factor controlling this
process is VEGF-A. During the formation of
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Figure 2. Angiogenic sprouting and blood vessel growth. ECs initiate sprouting in response to tissue-derived
signals such as VEGE A fraction of cells (shown in yellow and green) extends long filopodia and acquires
motile and invasive behavior. These tip cells lead and guide new sprouts, whereas other ECs (shown in red)
form the sprout stalk or stay behind to maintain tissue perfusion. At some point during sprout extension, tip
cells will contact other tip cells or vessels to establish new connections. These cell bridges (orange) are
converted into new blood-carrying vessels. Simultaneously, new sprouting is initiated at other sites (yellow
and green cells) and additional ECs are generated by proliferation (purple).

the primary vascular plexus, VEGF-A is highly
expressed by astrocytes in the avascular retina
(Provisetal. 1997). Other members of the VEGF
family, such as VEGF-C, also promote the
growth of blood vessels (Tammela et al. 2008).
The relevant VEGF receptors, the tyrosine kin-
ases VEGFR2 and VEGFR3, are presented on
the EC surface and, on ligand binding, trigger
downstream signaling including activation of
the mitogen-activated kinase pathway, phos-
phoinositide Kinase-3 (PI3K) and Akt, phos-
pholipase C v, and small GTPases such as Racl
(Olsson et al. 2006; Zachary 2005). How these
signals or their selective activation translates
into different biological responses as diverse as
proliferation and differentiation, or angiogene-
sis and lymphangiogenesis, is not fully under-
stood. However, some of the specificity may
result from spatiotemporal expression patterns.

In development, the receptor VEGFR3 /Flt4 is
present on blood vessels and lymphatics, but
expression becomes gradually confined to
lymphatic vessels (Kaipainen et al. 1995). Neu-
ropilins, which act as coreceptors for VEGF
signaling, are also expressed in selected vascu-
lar domains. Nrpl is present on the arterial
endothelium, whereas Nrp2 is found on veins
and, later in development, on lymphatic vessels
(Herzog et al. 2001; Moyon et al. 2001;
Mukouyama et al. 2002).

Much of the signaling controlling angiogen-
esis appears highly conserved among different
vertebrate species, and the same components
of the VEGF pathway control the growth of
embryonic blood vessels in zebrafish (Covassin
et al. 2006; Martyn and Schulte-Merker 2004).
The transparency of the embryo, its develop-
ment outside of the maternal organism, and
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high genetic and experimental accessibility make
zebrafish particularly suitable for the observa-
tion of dynamic processes (Isogai et al. 2003;
Lawson and Weinstein 2002).

THE TIP CELL CONCEPT

The distal end of each sprout contains a special-
ized EC, termed tip cell, which is motile, inva-
sive and dynamically extends long filopodial
protrusions reminiscent of axonal growth cones
(Carmeliet and Tessier-Lavigne 2005; Klags-
brun and Eichmann 2005; Phng and Gerhardt
2009) (Figs. 2 and 3). Interestingly, both struc-
tures control guidance, respond to similar
attractive and repulsive cues (such as Netrins,
Slits, and Semaphorins), and direct the forma-
tion of new connections. Despite these parallels,
the differences between tip cells and neuronal
growth cones also need to be emphasized. The
base of the endothelial sprout is not an axon-
like extension of the tip cell, but is formed by
additional ECs, termed stalk cells (Gerhardt

Axon Guidance Molecules in Vascular Patterning

et al. 2003). Few vascular sprouts do extend sig-
nificantly beyond a distance of 100 wm before
they form new connections. To expand the vas-
culature over larger distances, repetitive steps of
endothelial sprouting and tubulogenesis are
required, which also suggests that tip cells func-
tion very transiently before they are incor-
porated into new vessels (Phng and Gerhardt
2009; Roca and Adams 2007). Accordingly,
angiogenic stalk and tip ECs share much of their
gene expression profile, although some markers
are expressed selectively. Given the complex
functional role of the nervous system, the selec-
tivity of new connections has to be higher by
several orders of magnitude than in the vascula-
ture (Lowery and Van Vactor 2009; Sanes and
Yamagata 2009). Unlike differentiated neurons,
ECs also show a high level of proliferation and
even retain significant growth potential in the
adult, which can be activated in regenerative
or pathological processes (Carmeliet 2003;
Ferrara and Kerbel 2005). Despite these many
differences, it remains remarkable that two
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Figure 3. Regulation of tip cell formation. Left: Image of sprouting ECs in the postnatal retina. New sprouting
(yellow arrow), establish sprouts with distal tip cells (green arrows), ECs forming new connections (orange
arrow), and perfused vessels (red asterisks) are highlighted. Right: Schematic showing the selection of a tip
cell (green) through Notch signaling. High levels of DIl4 protein in tips activates Notch and dampens VEGF
signaling in an adjacent stalk EC (red). Strong expression of Jagged1 in stalk cells antagonizes DIl4-mediated
activation of Notch on neighboring tip ECs. Consequently, tip cells shown the strongest response to VEGF
and grow toward the VEGF gradient. The levels of Notch signaling and the antagonistic activity of Jagged1l
require Fringe-mediated glycosylation of Notch receptors.
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systems with fundamentally distinct functional
roles have developed similar guidance struc-
tures to establish connectivity.

As in axon guidance, angiogenic growth
involves the presentation of signals in spatial
concentration gradients. In the embryonic spi-
nal cord and the retina, the heparan sulfate-
anchored isoform of VEGF-A (VEGF164 in
mice, VEGF165 in humans) promotes the
polarization of tip cells and the directional
extension of filopodia (Fig. 3) (Gerhardt et al.
2003; Ruhrberg et al. 2002). Accordingly, tip
cell guidance and vascular branching are defec-
tive in mice expressing only the shorter and
freely diffusible isoform VEGF120. Lack of the
heparan-sulfate binding motif in VEGF120 or
in proteolytically cleaved VEGF-A compro-
mises vascular patterning but can still sustain
EC proliferation (Gerhardt et al. 2003; Lee
et al. 2005; Ruhrberg et al. 2002). Differential
responses to VEGF might also involve Nrpl
and 2, which enhance signal transduction trig-
gered by VEGF164 and VEGEF-C, respectively
(Klagsbrun et al. 2002; Neufeld et al. 2002).

During angiogenic growth, onlya fraction of
ECs acquires tip cell behavior and initiates
sprouting, whereas other stay behind (as stalk
cells) and maintain the structural and functional
integrity of the vessel. The Notch pathway, which
is well known for its roles in cell fate determina-
tion and differentiation processes, regulates this
tip-stalk decision (Phng and Gerhardt 2009;
Roca and Adams 2007; Thurston and Kitajewski
2008). Expression of the Notch ligand Delta-like
4 (Dll4) is up-regulated by VEGF and highest
levels can be seen in tip cells (Benedito et al.
2009; Hellstrom et al. 2007). DIll4-mediated
activation of Notch in the adjacent (stalk) ECs
suppresses the tip cell phenotype in these cells,
which involves down-regulation of VEGF recep-
tor expression and presumably signaling (Fig. 3)
(Benedito et al. 2009; Hellstrom et al. 2007;
Siekmann and Lawson 2007; Suchting et al.
2007). Consequently, an excessive number of
tip cells is formed in haploinsufficient (hetero-
zygous) DIl4 mutant mice or when DII4-Notch
signaling is blocked (Hellstrom et al. 2007;
Lobovetal. 2007; Suchting et al. 2007). This der-
egulated sprouting is accompanied by increased

EC proliferation, uniform expression of genes
that are normally highest in tip cells, and the for-
mation of an abnormally dense vascular net-
work. Similarly, intersegmental sprouts fail to
arrest their motile behavior and form ectopic
branches when DII4-Notch signaling is dis-
rupted in zebrafish embryos (Leslie et al. 2007;
Siekmann and Lawson 2007). In addition to
DIl4, a second transmembranous Notch ligand,
Jagged], is involved in tip cell selection (Fig. 3).
Inducible genetic experiments in the dermal and
retinal vasculature of the mouse showed that
Jagged1, unlike DIl4, is a positive regulator of
angiogenesis (Benedito et al. 2009). Jaggedl
opposes DIl4—Notch signaling and, accordingly,
sprouting is reduced and Notch target genes are
up-regulated in the absence of endothelial
Jagged1. This unusual role of Jagged1 depends
on sugar modifications of the Notch receptor,
which enhance activation by DIl4, whereas
Jagged1 binding becomes almost nonproductive
and therefore antagonizes DIl4 (Benedito et al.
2009). In the retinal vasculature, Jaggedl and
DIl4 are expressed in complementary patterns.
DIl4 is highest in tips but is also present in a sig-
nificant number of stalk cells, whereas Jagged1 is
almost exclusively found on stalk ECs (Benedito
et al. 2009).

The role of Notch signaling as a negative
regulator of sprouting is not just confined to
physiological angiogenesis. The disruption of
DIl4-Notch interactions in tumor models in-
duces excessive sprouting and branching in the
tumor vasculature (Li et al. 2007; Noguera-
Troise et al. 2006; Ridgway et al. 2006). Blood
transport through this abnormal vessel network
is compromised, which deprives the tumor of
adequate oxygen supply and thereby decreases
the growth of experimental tumors. These find-
ings suggest that the Notch pathway might be a
target for antiangiogenic cancer therapy (Li
et al. 2007; Noguera-Troise et al. 2006; Ridgway
et al. 2006).

VASCULAR PATTERNING BY AXON
GUIDANCE MOLECULES

Axon growth cones and capillary tip cells
use common signaling cues to regulate their
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guidance. Angiogenic EC express receptors for
axon guidance molecules (Fig. 4), including
Eph family receptor tyrosine kinases, Nrps,
PlexinD1, Robo4, and UNC5B (Larrivee et al.
2009). Among those, Robo4, UNC5B, and Plex-
inD1 are largely confined to the vasculature,
with only few expression sites in other tissues,
whereas Nrps and Eph receptors show shared
expression in both the vascular and the nervous
system. Gene knockouts for these receptors lead
to mispatterning of blood or lymphatic vessels,
indicating a functional role of axon guidance
receptors in vascular development. Although
some receptors can be directly linked to sprout-
ing and guidance of tip cells, others seem to
have evolved novel functions in the vasculature,
especially modulation of the activity of the
VEGF signaling pathway, thus affecting guided
vascular patterning by rendering vessels more
or less responsive to VEGE

Axon Guidance Molecules in Vascular Patterning
Slits and Roundabouts

Roundabouts (Robos) are single-pass trans-
membrane receptors for Slits (Brose et al. 1999;
Kidd et al. 1999). The three secreted Slit pro-
teins (Slit1-3) function as repulsive guidance
cues in neural development and also play a
role in kidney induction (Grieshammer et al.
2004), leukocyte migration (Wu et al. 2001)
and angiogenesis (Weitzman et al. 2008).
Robol-3 and Slit mutants exhibit defects in
axon pathfinding at the ventral midline, and
Slits function as repulsive factors that prevent
axons that have crossed the midline from
re-crossing (Stein and Tessier-Lavigne 2001).
Four Robos have been identified in verte-
brates, with Robo4 (magic roundabout) show-
ing selective EC expression (Huminiecki et al.
2002). Robo4 is structurally divergent and con-
tains only two IgG-like domains and 2 FNIII
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Fig. 4. Axon guidance receptor expression in ECs Schematic representation of the four families of axon guidance
cues and their receptors. Predominantly endothelial-expressed receptors are labeled in red, receptors with shared
expression in the nervous and the vascular system in blue and molecules with no (known) expression in the
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repeats in the extracellular portion and lacks the
CC1 and CC3 motifs found in most other Robo
proteins (Fig. 4). High-resolution structure of
the two amino-terminal IgG-like domains of
Robol has identified key Slit binding residues
and a heparan sulfate/heparin binding site
that strengthens the Slit-Robol interaction
(Fukuhara et al. 2008; Hussain et al. 2006; Mor-
lot et al. 2007). Although the amino-terminal
IgG like domains of Robol and Robo4 are
42% identical, all the residues identified as Slit
or heparin binding are not conserved in
Robo4 and replaced by residues that are incom-
patible with binding Slits or heparin. These
structural data suggest that Robo4 cannot bind
Slits. Binding of Slit2 to Robo4 has been shown
using supernatant from myc-tagged Slit2 or Slit3
transfected cells added to Robo4 expressing cells
or Elisa assays (Park et al. 2003; Zhang et al.
2009a), whereas Slit binding to Robo4 has not
been observed with the Biacore detection
method (Suchting et al. 2005). Whether Robo4
is a bone fide receptor for Slits thus remains an
open question.

Analysis of Robo4 /™ mutant mice has sug-
gested that Robo4 is required to maintain blood
vessel integrity by counteracting VEGF-induced
angiogenesis and permeability (Jones et al.
2008a). Robo4 ™/~ mice are viable, but exhibit
increased basal and VEGF-induced retinal
vascular permeability and show hypervascu-
larization during oxygen-induced retinopathy.
Robo4 expression was preferentially observed in
endothelial stalk cells, suggesting that Robo4
could prevent stalk cells from being activated
by VEGF (Jones et al. 2008a). Mechanistically,
increased permeability in Robo4 mutants could
be rescued by treatment with the Src kinase
inhibitor PP2, suggesting that Robo4 (directly
or indirectly) counteracts VEGFR2 mediated
Src activation, permeability and angiogenesis.
Therefore, Robo4 contributes to guided vascu-
lar patterning by counteracting VEGF signaling
(Jones et al. 2008a). Why this effect is only man-
ifested during pathological ocular angiogenesis,
but not during development, remains to be
determined.

In zebrafish embryos, morpholino knock-
down of robo4 perturbed ISV development,

indicating a requirement for Robo4 in directing
blood vessel growth to the correct path (Bedell
et al. 2005). Angioblasts isolated from these
embryos and cultured ex vivo showed more
active movement when compared with angio-
blasts from control-MO injected fish and dis-
play lower amounts of active Cdc42 and Rac,
interpreted as loss of attractive function of
Robo4 in fish (Kaur et al. 2006). Mouse and
zebrafish robo4 mutations therefore show quite
different phenotypes, suggesting that, whereas
Robo4 expression is largely conserved between
mouse and fish, its function may have evolved
differently.

Several studies have reported Robol expres-
sion in cultured ECs, indicating that Slit may
affect EC migration by binding and signaling
through Robol (Kaur et al. 2006; Sheldon et al.
2009; Zhang et al. 2009a). In situ hybridization
failed to reveal vascular Robol expression
(Brose et al. 1999), whereas immunostaining
with an anti-Robol antibody showed vascular
Robol expression (Wang et al. 2003; Zhang
et al. 2009a). Conclusive demonstration of
Robol function in EC is lacking, as vascular
phenotypes in Robol knockout mice have not
been reported. In cultured ECs, Robol can be
coimmunoprecipitated with Robo4 and, when
overexpressed, colocalizes with Robo4 suggest-
ing possible Robo1-Robo4 heterodimerization.
Knockdown or overexpression of Robol or
Robo4 affects endothelial motility in vitro, and
yeast-two hybrid screening has identified com-
ponents of the downstream signaling ma-
chinery (Kaur et al. 2006; Sheldon et al. 2009).
It remains however unclear if Robol-Robo4 he-
terodimerization or homodimers affect migra-
tion, whether these receptors signal attraction
or repulsion, and if this occurs in response to
Slit ligands. An in vivo function for Slit ligands
in the murine vasculature was recently reported:
deletion of Slit3 leads to reduced vascular
branching in the embryonic diaphragm (Zhang
et al. 2009a). Whether this phenotype is also
seen in other organs and in mice lacking other
Slit ligands remains to be determined. It is
remarkable that absence of one Slit ligand may
have effects in particular organs, such as the
kidney which requires Slit2 and Robo2 for
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positioning the site of kidney induction (Gries-
hammer et al. 2004), whereas in other systems
such as the commissural axons, deletion of all
three Slit ligands is required to elicit a crossing
phenotype (Long et al. 2004). Elucidating the
precise role of Slits and Robos in vessel pattern-
ing and guidance currently awaits full character-
ization of mouse mutant phenotypes and
conclusive identification of a Robo4 ligand.

Netrins and UNC5B

Like Robo4, the Netrin receptor UNC5B is a
vascular-specific receptor. During mouse and
chick development, UNC5B is expressed in
arterial ECs, sprouting capillaries and tip cells
(Bouvree et al. 2008; Larrivee et al. 2009; Lu
et al. 2004). UNC5B expression is restricted to
subpopulations of neurons and glial cells in
the retina, ear and cerebellum, and a few cell
types outside the nervous system (Liu et al.
2004; Ly et al. 2005; Wang and Ramesh, 2009).

UNCS receptors were discovered as repul-
sive Netrin receptors in C. elegans, Drosophila
and mouse (Fig. 4) (Leonardo et al. 1997). Con-
sistent with a repulsive function of UNC5B in
the vasculature, Unc5b~/~ mice show ectopic
filopodia in sprouting capillaries and increased
capillary branching (Lu et al. 2004). UNC5B
activation by Netrin-1 results in filopodial
retraction of endothelial tip cells and inhibits
neovessel sprouting processes such as bFGEF-
induced matrigel plug invasion. Netrin-1
secreted from transfected cells repels porcine
aortic ECs expressing UNC5B, and repulsion
is lost in cells expressing a truncated form of
UNCS5B, indicating that repulsion requires sig-
naling through the UNC5B cytoplasmic domain
(Larrivee et al. 2007). These data show that
UNCSB activation prevents filopodia extension
in ECs, and participates in vessel patterning
by negatively regulating capillary branching.
Endothelial-specific Unc5b deletion has also
been shown to induce loss of placental arteri-
oles, suggesting that UNC5B activation could
promote angiogenesis in specific vascular beds
(Navankasattusas et al. 2008), however it re-
mains to be determined whether this allele rep-
resents a true null mutation.

Axon Guidance Molecules in Vascular Patterning

The structure of the UNC5B cytoplasmic
signaling domain has been solved (Wang et al.
2009). It includes a death domain, which has
been shown to induce death of receptor express-
ing cells in the absence of ligand. Because the
absence of a death-inducing receptor should
increase cell numbers, this defect may explain
the hypervascularization seen in Unc5b ™/~
mice. Experimental evidence in favor of a
survival role for Netrin-UNC5B in the vascula-
ture has been published (Castets et al. 2009),
however, there is little EC death detectable
in the normal, growing vasculature, and com-
parison of caspase-3+ cells in UNC5B-defi-
cient and control mouse tissues has failed to
reveal any significant differences (Lu et al.
2004).

Whether UNCS5B effects are mediated by
endogenous Netrins remains to be determined,
as no vascular defects have been described in
Netrin-1-deficient mice (Salminen et al. 2000;
Serafini et al. 1996). Loss-of-function genetic
data for Netrin-3 and -4 are not yet available.
Several novel UNCS5B interaction partners
were described recently. Netrin-4 was shown
to act as a negative feedback regulator of angio-
genesis (Lejmi et al. 2008; Nacht et al. 2009).
Netrin-4 is up-regulated in ECs following long-
term VEGF stimulation, and Netrin-4 inhibited
VEGF-induced EC migration in vitro and
pathological angiogenesis processes in Vvivo.
Netrin-4 does not bind UNC5B directly, but
was proposed to bind to Neogenin, which
then recruits UNC5B to mediate the antiangio-
genic activities of Netrin-4 (Lejmi et al. 2008). A
second study reported interaction between the
UNC5B and Neogenin ECDs in transfected
293 cells and rat embryo cortical neurons (Hata
et al. 2009). Stimulation of neurons with repul-
sive guidance molecule (RGM) led to growth
cone collapse, via RGM binding to Neogenin
and UNC5B association with Larg (leukemia-
acssociated guanine nucleotide exchange fac-
tor) and RhoA activation. Thus, UNC5B associ-
ation with Neogenin might mediate repulsive
responses in response to Netrin-4 or RGM.
Another possible UNCS5B binding partner,
FLRT3 (fibronectin and leucine rich trans-
membrane protein 3), was isolated by expression
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library screening using the FLRT3 ECD (Karau-
lanov et al. 2009). These data suggest that
UNC5B has numerous possible interactors/
ligands, and may even have additional, currently
unknown binding partners. It remains to be
determined which of these proteins are relevant
for vessel patterning.

Netrins are bifunctional axon guidance
cues, capable of repelling and attracting axons
(Tessier-Lavigne and Goodman 1996). Netrins
may also have bifunctional actions in the vascu-
lature, as proangiogenic Netrin activities have
been reported. Netrin-1 and Netrin-4 have
been shown to induce proliferation and migra-
tion of ECs in vitro (Nguyen and Cai 2006; Park
et al. 2004; Wilson et al. 2006). In two of these
studies, none of the known Netrin receptors
could be detected on the ECs used, and the
mechanisms underlying Netrin’s effects on
these cells were not elucidated. One study
reported DCC expression in ECs (Nguyen and
Cai 2006), however, PCR analysis of ECs is
consistently negative for DCC expression in
other studies, raising doubts about potential
roles of DCC as a Netrin receptor on ECs. In
vivo, injection of plasmids encoding Netrin-1
or Netrin-4 accelerated neovascularization in a
model of hindlimb ischemia by increasing
smooth muscle cell recruitment and could
reverse neuropathy and vasculopathy in a dia-
betic mouse model (Wilson et al. 2006). The
Netrin receptor mediating these effects has not
been identified, as the authors could not detect
expression of any known Netrin receptors in
ischemic tissue in vivo. The possibility that
Netrin overexpression in ischemic tissues might
target and influence the function of nonvascu-
lar inflammatory cells such as macrophages
and/or monocytes remains to be examined.
Netrin-1 has been shown to attenuate hy-
poxia-induced inflammation and polymor-
phonuclear neutrophil influx in vivo, an effect
linked to its binding the AdenosineA2B recep-
tor (Rosenberger et al. 2009). Netrins may
therefore affect postischemic revascularization
via modification of the inflammatory response
or directly by binding to an as yet unidentified
receptor on ECs.

Semaphorins, Plexins, and Neuropilins

Semaphorins are a large family of cell-associ-
ated and secreted proteins that share a common
Sema domain (Yazdani and Terman, 2006).
Membrane-associated Semaphorins bind to
Plexins, whereas secreted class III Semaphorins
(Sema3A to G) bind to Nrps, which do not sig-
nal themselves but function as coreceptors for
Plexin signaling (Bagri et al. 2009). An excep-
tion to this rule is Sema3E, which directly binds
PlexinD1 and does not interact directly with
Nrps (Gu et al. 2005). PlexinD1, one of the
nine mammalian plexins, is prominently ex-
pressed in developing blood vessel ECs (van
der Zwaag et al. 2002). In mouse embryos,
Plxndl knockout results in neonatal lethality,
defects of the vasculature, heart outflow tract
and skeleton (Gitler et al. 2004). Endothelial
Plxndl knockouts recapitulate these defects
(Zhang et al. 2009b), demonstrating the impor-
tance of endothelial PlexinD1 for vascular
patterning. Serma3e and Plxndl mouse mutant
embryos exhibit highly similar patterning
defects in the trunk vessels (Gu et al. 2005).
Double-mutant mice deficient in Nrp2 and in
the Nrp1 Sema3 binding site show normal seg-
mental blood vessel patterns, indicating that the
Sema3e and Plxndl phenotypes develop inde-
pendently of Nrps. Blood vessels avoid chick
embryo somites that overexpress Sema3E, sug-
gesting that the protein mediates EC repulsion.
Thus, Sema3E directly signals through Plex-
inD1 to restrict blood vessel growth in mice, at
least in the trunk segments (Gu et al. 2005). In
zebra fish, loss-of-function mutations in the
plxnD1 gene are responsible for the out-of-
bounds (0bd) mutation (Torres-Vazquez et al.
2004). Obd fish show normal artery-vein speci-
fication and EC proliferation, but exhibit exu-
berant ISV branching. The ligand requirement
appears to differ between mice and fish, as fish
sema3e mutants show delayed rather than exu-
berant ISV formation (Lamont et al. 2009).
These data suggest that in addition to Sema3E,
PlexinD1 may also participate in receptor com-
plexes for other Semaphorin ligands. In support
of this idea, Plxndl~/~ mutants exhibit more
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severe perinatal lethality as compared with
Sema3e”/~ mice, and PlexinD1 in complex
with Nrpl or Nrp2 can bind Sema3A, Sema3C
and/or Sema4A in vitro (Gitler et al. 2004;
Toyofuku et al. 2007).

Neuropilins (Nrpl, Nrp2) are single-pass
transmembrane proteins with a large ECD and
a short cytoplasmic domain that presents a
PDZ binding site (Bagri et al. 2009) (Fig. 4).
Nrps bind to structurally and functionally unre-
lated ligands, the best studied of which are
secreted class III Semaphorins and VEGF family
members (Bagri et al. 2009; Ellis, 2006; Gluzman-
Poltorak et al. 2000; Neufeld and Kessler 2008;
Soker et al. 1998). Initial studies suggested that
Semaphorins and VEGF family members could
compete for binding to Nrps. However, crystal
structures show that VEGF and Semaphorins
bind to different parts of the Nrp ECD (Appleton
et al. 2007). Sema3A-deficient mice and mutants
expressing an Nrpl variant that cannot bind
Sema3A show normal vascular development,
arguing that Sema3A is not required for angio-
genesis in the mouse (Gu et al. 2003). In contrast,
Sema3A, but not VEGF164, is required for axon
patterning of limb nerves (Vieira et al. 2007a,
b). These data suggest that Nrpl contributes to
both neuronal and vascular patterning by prefer-
entially relaying Sema3A signals in peripheral
axons and VEGF164 signals in blood vessels. Fur-
thermore, Semaphorins and VEGF induce Nrpl
endocytosis through different pathways; VEGF
binding induces clathrin-mediated endocytosis,
whereas Sema3C induces lipid raft-dependent
endocytosis (Salikhova et al. 2008). Therefore,
each of the two endocytic pathways used by
Nrpl could contribute to its signaling specificity
by coupling it to a different set of downstream
effectors, depending on which ligand it binds.

The principle function of Nrps appears to
be the regulation of cell motility in both the
nervous and the vascular system. Whereas the
guidance functions Nrps exert in response to
Semaphorins in the nervous system are mainly
repulsive and mediate growth cone collapse
(Chen et al. 2000), they appear to be attractive
in the vascular system and mediate tip cell
extension and guided vessel sprouting in
response to VEGF family growth factors.

Axon Guidance Molecules in Vascular Patterning

The absence of a functional Nrpl receptor
results in embryonic lethality because of im-
paired heart development and defective endo-
thelial migration, leading to vessel enlargement
at the expense of vessel branching and sprouting
defects (Gerhardt et al. 2004; Jones et al. 2008b;
Kawasaki et al. 1999). Global and endothelial-
specific Nrpl knockouts also exhibit defective
arterial differentiation (Mukouyama et al.
2005). Thus, Nrp1 function is critical for normal
vascular development and arterial differentiation.
In contrast to Nrpl mutants, arterial-venous
differentiation is normal in Nrp2 knockouts.
Instead, homozygous Nrp2 mutants show
reduced lymphatic vessel sprouting during devel-
opment (Yuan et al. 2002).

Blocking antibodies selectively disrupting
Semaphorin or VEGF binding to Nrps were
recently generated (Caunt et al. 2008; Pan
et al. 2007). Anti-NrplA antibody blocks
Sema3A binding and anti-Nrp1B blocks VEGF
binding to Nrpl, though both prevent Nrpl
complex formation with VEGFR2. Anti-Nrp2B
blocks VEGF-165 and VEGF-C binding to Nrp2
and prevents complex formation of Nrp2 with
VEGFR2 and VEGFR3. In vivo administration
of anti-Nrp-1B to cultured mouse embryos
recapitulates the phenotypes seen in Nrpl
knockouts (Jones et al. 2008b), whereas treat-
ment with anti-NRP2B recapitulates defective
lymphatic sprouting seen in Nrp2 mutants
(Xu Y. et al. 2010). Nrp2 genetically interacts
with VEGFR3, and not VEGFR2, indicating
that Nrp2 partners with VEGFR3 to modulate
lymphatic vessel sprouting (Xu Y. et al. in press).
Treatment of tumor bearing mice results in
reduced tumor angiogenesis (Nrpl) and lym-
phangiogenesis (Nrp2), respectively (Caunt
et al. 2008; Pan et al. 2007). These experiments
indicate that blocking of Nrp receptors may be
a useful strategy for reducing tumor angiogene-
sis and metastasis in a clinical setting and reveal
critical, yet nonoverlapping function for Nrp
receptors in blood and lymphatic vessels.

Ephrins and Eph receptors

Eph receptor tyrosine kinases (RTKs), a large
family of transmembrane proteins with a single

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001875 1


http://cshperspectives.cshlp.org/

g’gﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

Downloaded from http://cshperspectives.cshlp.org/ on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

R.H. Adams and A. Eichmann

cytoplasmic kinase domain, and their binding
partners, the ephrins, regulate morphogenesis
in many different tissues and species. Ephrins
are cell surface proteins that are either attached
via a glycosylphosphatidylinisotol (GPI) an-
chor (ephrin-A subclass) or a transmembrane
region (ephrin-B ligands) (Fig. 4). Based on
binding preference and sequence homology,
Ephs have also been subdivided into EphA
and EphB subclasses (Kullander and Klein
2002; Pasquale, 2005; Poliakov et al. 2004). In
addition to their role as Eph-activating ligands
(termed “forward signaling”), ephrins also
have receptor-like signal transduction capabil-
ity, so-called “reverse signaling.” For B-class
ephrins, this process involves the recruitment
of adapter proteins to phosphotyrosine residues
in the cytoplasmic domain and a carboxy-
terminal PDZ-binding motif, whereas ephrin-A
ligands activate Src family kinases in response
to Eph binding (Kullander and Klein 2002;
Pasquale, 2005; Poliakov et al. 2004).

Several Eph and ephrin molecules are prom-
inently expressed in the vascular system. For
example, ephrin-Al and EphA2 were detected
in the vasculature of xenografted tumors
(Ogawa et al. 2000). Both molecules are also
expressed in tumor cells and have been linked
to VEGF expression and endothelial cell migra-
tion (Brantley-Sieders et al. 2006; Hunter et al.
2006). Of the B-class ligands and receptors,
ephrin-B2 and EphB4 have attracted the most
attention because they selectively mark the
endothelium of arteries and veins, respectively
(Adams et al. 1999; Gerety et al. 1999; Wang
et al. 1998). Because the ECs of established
arteries and veins would normally not contact
each other, it has proven difficult to link these
complementary expression patterns to func-
tional roles. However, a recent study has
revealed that zebrafish embryos initially form
only a single axial vessel, termed common pre-
cursor vessel, which subsequently segregates
into a distinct dorsal aorta and cardinal vein
(Herbert et al. 2009). This process involves
many of the known regulators of vascular mor-
phogenesis, such as Notch and VEGF signaling.
In addition, ephrin-B2 (encoded by the gene
efnb2a in zebrafish) and EphB4 control the

sorting and segregation of cells with distinct
arterial-venous fates. Ephrin-B2-expressing
cells have limited ability to migrate ventrally
out of the common precursor vessel, remain
behind and thereby constitute the dorsal aorta.
Conversely, EphB4-positive ECs preferentially
contribute to the cardinal vein (Herbert et al.
2009). Although we currently lack formal proof
for a similar segregation process in mammals,
there are some hints in favor of such a mecha-
nism. The calibers of the embryonic axial vessels
in the mouse are reciprocally balanced by
Notch, ephrin-B2, and EphB4, which could be
explained by the selective migration of ECs,
and conspicuous connections occur transiently
in the anterior part of these two major axial
vessels (Kim et al. 2008).

Targeted inactivation of the genes encoding
ephrin-B2 (Efnb2) and EphB4 (Ephb4) in mice
has highlighted that this receptor-ligand pair
is essential for the angiogenic growth of the
embryonic vasculature (Adams et al. 1999; Ger-
etyand Anderson 2002; Gerety et al. 1999; Wang
etal. 1998). Both ephrin-B2 and EphB4 are also
expressed in the growing lymphatic vasculature.
The characterization of ephrin-B2 knockin
mice has shown that angiogenic sprouting of
lymphatic ECs requires ephrin-B2 reverse sig-
naling through the carboxy-terminal PDZ
motif. In contrast, mutants lacking the con-
served cytoplasmic phosphotyrosine are sur-
prisingly devoid of overt vascular defects
(Makinen et al. 2005). Ephrin-B2 is also ex-
pressed pericytes and vSMCs, and plays impor-
tant roles in mural cell recruitment and vessel
wall assembly (Foo et al. 2006; Gale et al. 2001;
Salvucci et al. 2009; Shin et al. 2001). In culture,
ephrin-B2 deficient vascular smooth muscle
cells are defective in spreading, focal adhesion
formation, and show increased but unpolarized
motility (Foo et al. 2006). Surprisingly, some
of these defects appear to be cell-contact-
independent, suggesting a cell-autonomous
role for ephrin-B2.

In the adult, ephrin-B2 expression is
up-regulated during physiological and patho-
logical neoangiogenesis (Gale et al. 2001; Shin
et al. 2001). Indicating a proangiogenic role of
ephrin-B2 in pathological settings, expression
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of EphB4 in tumor cells enhances blood vessel
growth through interactions with endothelial
ephrin-B2 (Noren et al. 2006). In contrast,
EphB4 and reverse signaling by ephrin-B2 can
also act as a negative regulator of branching
angiogenesis by promoting circumferential
growth of blood vessels and suppressing endo-
thelial sprouting (Erber et al. 2006). Soluble
fusion proteins containing the EphB4 ECD
(sEphB4) reduce tumor growth and vasculari-
zation by antagonizing endogenous receptor-
ligand interactions (Kertesz et al. 2006; Mar-
tiny-Baron et al. 2004). These data suggest
that targeting ephrin-B2 and/or EphB4 might
be therapeutically beneficial in the context of
cancer.

Despite the evidence above, the precise
mechanistic role of ephrin-B2 and EphB4 in
ECs of the growing vasculature remains unclear.
Stimulation with  soluble, recombinant
ephrin-B or EphB proteins indicates that both
reverse and forward signaling can promote
sprouting of cultured ECs (Adams et al. 1999;
Palmer et al. 2002). EphB4 activation enhances
EC migration and proliferation, which invol-
ves downstream signaling by PI3-kinase and
the serin/threonine-specific kinase Akt/PKB
(Maekawa et al. 2003; Steinle et al. 2002). How-
ever, in other experiments, forward EphB4 sig-
naling inhibits EC migration, adhesion and
proliferation by suppressing the activation of
the small GTPase Ras and mitogen-activated
protein (MAP) kinase (Fuller et al. 2003; Ha-
mada et al. 2003; Kim et al. 2002). Eph-ephrin
interactions also affect extracellular matrix
adhesion and cell migration by modulating
integrin activity (Huynh-Do et al. 2002; Meyer
et al. 2005; Miao et al. 2005). However, the exact
role of Eph/ephrin molecules in angiogenic
sprouting and the in vivo relevance of specific
signaling cascades triggered by forward or
reverse signaling remain unknown.

Opverall, the morphological similarities bet-
ween endothelial tip cells and axonal growth
cones highlight how two very different systems
with completely distinct function have found
analogous solutions for the formation of com-
plex and extensively branched networks. One
of the most striking common features is the

Axon Guidance Molecules in Vascular Patterning

utilization of certain molecular pathways—like
Ephs and ephrins, Semaphorins, Plexins and
Neuropilins, Netrins and UNC5B, or Robo4—
for the regulation of patterning and growth
processes. Some of these molecular regulators
may also help to coordinate the growth of nerve
fibers and blood vessels in developing or regen-
erating tissues. The latter may have significant
therapeutic implications and could be used to
efficiently organize complex patterning proc-
esses in tissue repair processes. Likewise, future
work will have to explore whether certain dis-
ease conditions involve or are caused by defects
in this neurovascular interface. Although most
of the current studies focus on developmental
processes, we also know very little about puta-
tive interdependent relationships between ne-
rves and blood vessels in tissue homeostasis.
These and other interesting questions call for
further research on this exciting topic.
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