
REVIEW

Neural guidance molecules regulate
vascular remodeling and vessel navigation

Anne Eichmann,1,4 Taija Makinen,2 and Kari Alitalo3,5

1Institut National de la Santé et de la Recherche Médicale U36, Collège de France, 75005 Paris, France;
2Max-Planck-Institute of Neurobiology, Department of Molecular Neurobiology, 82152 Martinsried, Germany;
3Molecular/Cancer Biology Laboratory and Ludwig Institute for Cancer Research, Biomedicum Helsinki, Helsinki University
Central Hospital, University of Helsinki, 00014 Helsinki, Finland

The development of the embryonic blood vascular and
lymphatic systems requires the coordinated action of
several transcription factors and growth factors that tar-
get endothelial and periendothelial cells. However, ac-
cording to recent studies, the precise “wiring” of the
vascular system does not occur without an ordered series
of guidance decisions involving several molecules ini-
tially discovered for axons in the nervous system, includ-
ing ephrins, netrins, slits, and semaphorins. Here, we
summarize the new advances in our understanding of
the roles of these axonal pathfinding molecules in vas-
cular remodeling and vessel guidance, indicating that
neuronal axons and vessel sprouts use common molecu-
lar mechanisms for navigation in the body.

During development, differentiation of mesodermal pre-
cursor cells leads to the formation of the primary vascu-
lar plexus, which is progressively remodeled into a
highly branched hierarchical vascular tree composed of
arteries and veins (Risau 1997). The establishment of ar-
terial–venous identity plays a critical role in the devel-
opment of a normal blood vessel network. The specifi-
cation of angioblasts into arterial or venous lineages is
genetically determined and occurs already before the on-
set of blood circulation. The early steps of arterial–ve-
nous differentiation require the activation of vascular
endothelial growth factor (VEGF) and Notch signaling
pathways (Lawson et al. 2001, 2002). Genetic loss-of-
function experiments in mice and zebrafish have shown
that signaling mediated by Notch, as well as by activin
receptor-like kinase 1, regulates arterial–venous differen-
tiation by inducing the expression of arterial-specific and
suppressing venous-specific genes (Urness et al. 2000;
Lawson et al. 2001; Duarte et al. 2004; Gale et al. 2004;
Krebs et al. 2004) Failure in the specification of arterial

and venous identities or in the establishment of the ar-
terio–venous boundaries leads to vascular fusions and
dysplasia.

Embryonic vessel formation is also subject to intense
remodeling, with entire vessel tracts being removed or
reconnected throughout development. Embryonic endo-
thelial cells can change their repertoire of arterial–ve-
nous-specific genes during remodeling as shown in the
chick embryo yolk sac; alterations in perfusion can
transform arteries into veins and vice-versa, both mor-
phologically (the direction of blood flow changes) and
genetically (arterial markers are replaced by venous ones)
(le Noble et al. 2004). Hemodynamic forces are thus a
determining factor in shaping the vascular patterns.
Oxygenation of the embryo’s cells also influences vessel
patterning; regions of hypoxia constitute strong attrac-
tive signals and regions of high-oxygen concentration
constitute repellents (Carmeliet 2003). Are these global
patterning mechanisms sufficient to establish the highly
stereotyped branching patterns observed in the develop-
ing vascular systems? Vessel branches penetrating differ-
ent organs and the limbs form at designated sites, sug-
gesting that the precise wiring of the vascular system is
achieved by an ordered series of guidance decisions.
Clues to the molecular nature of these guidance cues
came from the anatomical similarities of the vascular
and nervous systems; like blood vessels, nerves are com-
plex branched systems and the patterning of blood ves-
sels and nerves is often congruent in peripheral tissues
(Mukouyama et al. 2002, 2005; Bates et al. 2003). Recent
experiments have shown that specialized cells located at
the extremities of capillary sprouts, termed tip cells,
regulate blood-vessel branching (Gerhardt et al. 2003).
Tip cells are highly similar to the growth cones of devel-
oping axons, as they extend numerous filopodia that ex-
plore their environment. In the developing mouse retina,
tip cells regulate extension of the capillary sprouts in
response to gradients of VEGF produced by retinal astro-
cytes (Gerhardt et al. 2003). Emerging evidence summa-
rized below suggests that axon growth cones and capil-
lary tip cells use common signaling cues including net-
rins, slits, and semaphorins to regulate their guidance.
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The development of lymphatic vessels starts from the
blood vasculature after its establishment. A subset of
venous endothelial cells commits to the lymphatic en-
dothelial cell lineage and sprouts from the major veins in
the jugular and perimesonephric area to form sac-like
structures, from which the vessels grow further by cen-
trifugal sprouting. The homeodomain transcription fac-
tor Prox1 is required for the initial specification (Wigle
and Oliver 1999; Wigle et al. 2002), while activation of
VEGF receptor-3 by VEGF-C is essential for the migra-
tion and proliferation of lymphatic endothelial cells
(Karkkainen et al. 2004). Interestingly, Prox1 is the
mammalian homolog of Drosophila prospero, a key gene
for the development of the nervous system, which speci-
fies multiple aspects from the early formation of the em-
bryonic central nervous system to the formation of larval
and adult sensory organs (Chia et al. 2001). However,
compared with the knowledge of the molecular mecha-
nisms regulating blood vascular remodeling, the pro-
cesses involved in the maturation of the lymphatic sys-
tem and the importance of the remodeling for the estab-
lishment of a functional lymphatic vasculature are
largely unknown.

Ephrins and Eph receptors provide signals for the
maturation and remodeling of blood and
lymphatic vessels

Neural guidance molecules of the ephrin/Eph ligand-re-
ceptor family have been recently implicated in the regu-
lation of lymphatic vessel remodeling, as well as in the
maturation and remodeling of the arterial–venous
plexus. During the development of the nervous system,
ephrins provide repulsive guidance signals for Eph recep-
tor-expressing axonal growth cones and migrating neural
crest cells (for review, see Klein 2004). In addition, these
molecules have an important role during formation of
the blood vasculature. Ephrin–Eph-mediated signaling
functions bidirectionally; after cell contact-mediated
binding of the ligand, the Eph receptor tyrosine kinases
become clustered and phosphorylated, which leads to re-
cruitment of signaling effectors and activation of signal-
transduction cascades. However, the transmembrane
ephrinB ligands also have cytoplasmic domains with in-
trinsic signaling capacity. After binding to the Eph re-
ceptors, they can be phosphorylated in their tyrosine
residues by Src-family kinases (Palmer et al. 2002) or by
activated receptor tyrosine kinases, such as PDGF recep-
tor or Tie-2 (Bruckner et al. 1997; Adams et al. 1999). In
addition, ephrinB ligands have a C-terminal motif for the
binding of PDZ-domain containing proteins (Torres et al.
1998; Bruckner et al. 1999; Lin et al. 1999).

EphrinB2 expression specifically in the arterial and
EphB4 in the venous endothelium provide one of the
earliest known molecular distinction between arteries
and veins. Disruption of either gene leads to failure in
the remodeling of the primary capillary plexus and in the
formation of major embryonic vessels (Wang et al. 1998;
Adams et al. 1999; Gerety et al. 1999). While ephrin/Eph
signaling appears not to be essential for the initial speci-

fication of endothelial cell fates, interaction between
ephrinB2 and EphB4 at the arterial–venous interface is
required to provide repulsion signals for the establish-
ment and maintenance of boundaries between these ves-
sels, reminiscent of the repulsive guidance of axonal
growth cones (Wang et al. 1998; Adams et al. 1999). Fur-
thermore, ephrin/Eph interaction between mesenchy-
mal and endothelial cells is involved in mediating repul-
sive guidance for migrating endothelial cells during the
formation of intersomitic vessels (Adams et al. 1999;
Helbling et al. 2000). However, ephrinB–Eph interaction
can also induce sprouting of endothelial cells and there-
fore provide attraction signals for these cells (Adams et
al. 1999; Zhang et al. 2001; Palmer et al. 2002; Fuller et
al. 2003). It remains to be elucidated whether ephrins
and Ephs also have direct positive function in blood-ves-
sel guidance in vivo, and in which biological processes
such guidance is involved. The observation that Eph-
rinB2-deficient embryos show defective vascularization
of the nervous system, which normally occurs by angio-
genic sprouting from adjacent vessels, suggests a role for
ephrinB2 as an inducer of capillary sprouting in vivo (Ad-
ams et al. 1999). In addition, certain Ephs and ephrins are
expressed and up-regulated at sites of active neovascu-
larization, e.g., in the blood-vessel endothelia during tu-
mor invasion, further suggesting a positive role in endo-
thelial cell migration. The functional readout of ephrin–
Eph interaction, i.e., whether it has an attractive or
repellent role, may depend on cellular context and on the
involvement of other signaling components, such as
growth-factor receptors.

Recently, ephrin–Eph signaling was also implicated in
lymphatic development. When the lymphatic vascula-
ture develops from embryonic blood circulation, polar-
ized expression of the homeobox transcription factor
Prox1 is initiated in a subpopulation of endothelial cells
in certain embryonic veins, under the influence of an as
yet unknown signal (Wigle and Oliver 1999). Prox1-posi-
tive endothelial cells up-regulate a number of lymphatic
endothelial specific markers, bud from the cardinal
veins, and migrate to form primary lymph sacs, from
which lymphatic capillaries sprout to form the primary
lymphatic plexus. Further development of lymphatic
vessels include remodeling and maturation to form a su-
perficial lymphatic capillary network and deeper collect-
ing lymphatic vessels, which are characterized by the
presence of a basement membrane, mural cells, and
valves. PDZ-dependent signaling via ephrinB2 was
shown to be important for the formation of luminal
valves and for the remodeling of the lymphatic vascula-
ture into a hierarchically organized vessel network con-
sisting of lymphatic capillaries and collecting lymphatic
vessels (Makinen et al. 2005). Interestingly, although
blood vascular development appeared normal in these
mice, post-natal development of lymphatic vessels,
which involves remodeling of the primitive lymphatic
vascular plexus via the formation of new sprouts, was
specifically disturbed (Fig. 1). Similar to the blood vas-
culature, where the tip cell filopodia guide endothelial
cell migration and elongation, the initiation of lym-
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phatic endothelial cell sprouting coincided with the for-
mation of filopodial extensions from the vessels and
with subsequent elongation of the sprouting cell. How-
ever, in the ephrinB2 mutant mice, the sprouting was
disturbed, which resulted in blunt-ended protrusions,
suggesting a role for ephrinB2 reverse signaling during
the elongation and guidance of sprouting lymphatic en-
dothelial cells (Makinen et al. 2005).

Netrins as repulsive vessel guidance cues

Netrins are a family of secreted laminin-related mol-
ecules highly conserved throughout evolution (Hedge-
cock et al. 1990; Ishii et al. 1992; Serafini et al. 1994).
Three members of the netrin gene family have been iden-
tified in mammals: netrin-1, netrin-3, and �netrin/net-
rin-4 (Serafini et al. 1996; Van Raay et al. 1997; Wang et
al. 1999; Koch et al. 2000; Yin et al. 2000). Netrins are
bifunctional guidance cues, attracting some axons, while
repelling others (for review, see Dickson 2002; Dickson
and Keleman 2002). Genetic evidence and in vitro stud-
ies have shown that Netrins are secreted from cells at
the ventral midline of the central nervous system and
attract commissural axons toward the midline. Netrins
can, however, also repel certain axons, including the
trochlear motor axons in vertebrates (Colamarino and
Tessier-Lavigne 1995). Attraction and repulsion are me-
diated by binding to receptors of the deleted in colorectal
cancer (DCC) and uncoordinated 5 (UNC5) families (Fig.
2). The DCC family consists of DCC and neogenin (Chan
et al. 1996; Keino-Masu et al. 1996), while the UNC5
family comprises four members, UNC5A to UNC5D
(Leung-Hagesteijn et al. 1992; Ackerman et al. 1997; Leo-
nardo et al. 1997; Engelkamp 2002). Axon attraction is
mediated by the DCC receptors (Fazeli et al. 1997), while
repulsion requires signaling through the UNC5 receptor
homodimers or with UNC5–DCC receptor heterodimers
(Hedgecock et al. 1990; Hong et al. 1999; Keleman and
Dickson 2001). Netrin-mediated attraction can also be
converted to repulsion by altering the level of intracel-
lular cyclic nucleotides (Nishiyama et al. 2003), a com-
mon theme for most axon guidance cues.

In addition to their well-demonstrated role in axon

guidance, the widespread expression of Netrins and their
receptors outside the nervous system suggests additional
roles for these ligand/receptor pairs during morphogen-
esis. Indeed, Netrins and their receptors have been im-
plicated in other developmental processes, including
regulation of apoptosis (for review, see Arakawa 2004),
lung branching morphogenesis (Liu et al. 2004) and
mammary gland development (Srinivasan et al. 2003). In
addition, Netrins have recently been implicated in an-
giogenesis. Park et al. (2004) have reported in vitro ex-
periments that suggest a promitogenic and promigratory
effect of Netrin-1 on primary endothelial and smooth
muscle cells. Antibodies directed against the neogenin
receptor blocked smooth muscle-cell migration induced
by Netrin-1. In contrast, Lu et al. (2004) have provided
genetic evidence for a negative role of Netrins in vessel
guidance, suggesting that Netrins may act as attractants
or repellents in both the nervous and the vascular sys-
tem. Lu and colleagues have shown that among the
Netrin receptors, the UNC5B receptor is selectively ex-
pressed in the vascular system, with very little expres-
sion in the nervous system during early mouse develop-
ment. UNC5B expression in the vasculature is observed in
arteries, a subset of capillaries, and endothelial tip cells.
Inactivation of the Unc5b gene in mice led to embryonic
lethality associated with significantly increased branching
of capillaries in the central nervous system. Vessel branch-
ing was selectively affected in Unc5b-deficient mice, as
neither changes in arterio–venous marker expression, nor
in vessel-wall assembly or endothelial-cell proliferation
and apoptosis could be detected.

Treatment of endothelial cells with the ligand Net-
rin-1 resulted in tip cell filopodial retraction (Fig. 3), and
this effect was abolished in Unc5b-deficient mice, sug-
gesting that Netrin-1 mediates repulsive guidance of cap-
illary tip cells through UNC5B signaling. Morpholino
knockdown of the zebrafish ortholog of Unc5b or its
ligand Netrin-1a also led to aberrant pathfinding of the
intersegmental vessels (ISVs). Interestingly, the pheno-
type affected a particular step of vessel guidance. ISV
sprouting into the intersegmental space and initial dor-
sal migration were unaffected. Aberrant pathfinding oc-
curred at the level of the horizontal myoseptum (which
normally expresses the highest levels of Netrin-1a),
where instead of extending dorsally, ISVs in both Netrin-
1a and Unc5b morphants deviated laterally (Lu et al.
2004). These results suggest that the Netrin–UNC5B li-
gand/receptor pair may act at specific guideposts for de-
veloping vessels, which, in zebrafish, are localized at the
level of the horizontal myoseptum.

Slits in vessel development

Slit was originally identified in Drosophila as an extra-
cellular cue to guide axon pathfinding (Rothberg et al.
1990). In mammals, three Slit family members, Slit-1,
Slit-2, and Slit-3, are expressed in the nervous system
midline, with Slit-2 and Slit-3 also being expressed on
other cell types (Holmes et al. 1998; Itoh et al. 1998;

Figure 1. Dermal lymphatic vessels fail to sprout in mice lack-
ing the PDZ-binding site of ephrinB2. At post-natal day 2, the
primary lymphatic capillary plexus is remodeled by the forma-
tion of new sprouts. This remodeling process is deficient in
mice lacking the PDZ-binding site in ephrinB2. Adapted with
permission from Makinen et al. (2005).
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Piper et al. 2000; Marillat et al. 2002). Midline Slits act as
chemo-repellents, preventing ipsilateral axons from
crossing the midline and commissural axons from re-
crossing it (Kidd et al. 1999; Long et al. 2004). Slit actions
are mediated by binding to Roundabout (Robo) receptors
(Fig. 2). Four Robo receptors, Robo-1–Robo-4, are known
in mammals (Kidd et al. 1998a,b; Huminiecki et al.
2002), with Robo-4 (also referred to as Magic Round-
about) being structurally divergent from the other pro-
teins. Similar to Netrins, Slits are also implicated in de-
velopmental processes outside of the nervous system,
notably in leukocyte trafficking (Wu et al. 2001), kidney
induction (Grieshammer et al. 2004), and in muscle pre-

cursor cell migration in Drosophila (Kramer et al. 2001).
In the latter process, Slit initially acts as a repellent on
early phase migrating muscle precursors, but switches
its action to an attractant during the late phase of myo-
fiber attachment to the epidermis (Kramer et al. 2001).

Several recent studies have also implicated Slits and
their receptors in angiogenesis. Notably, Robo4 is ex-
pressed in developing ISVs in mouse embryos (Park et al.
2003) and primary human endothelial cells, including
microvascular endothelial cells and umbilical vein endo-
thelial cells (Suchting et al. 2005). Results on Robo4
binding to Slits are controversial; while one study re-
ports binding of Robo4 to Slit-2 (Park et al. 2003), an-
other report fails to observe binding of this receptor to
any Slit protein (Suchting et al. 2005). In vitro studies
also yield controversial results; in one study, exposure of
microvascular endothelial cells to Slit-2 inhibited endo-
thelial cell migration (Park et al. 2003). Conversely,
Slit-2 treatment of umbilical vein endothelial cells,
which were shown to express Robo1, stimulated endo-
thelial cell chemotaxis in vitro and tumor angiogenesis
in vivo (Wang et al. 2003). The role of the Slit family and
their Robo receptors in vascular guidance thus remains
to be clarified.

Repulsive tip cell guidance by Semaphorin
3E–PlexinD1 signaling

Semaphorins comprise a large family of phylogenetically
conserved secreted and membrane-bound proteins. More

Figure 2. Schematic structure of neural guid-
ance molecules implicated in angiogenesis. (A)
Ligands (top) and receptors (bottom) directly im-
plicated in angiogenic remodeling and guidance,
including ephrinB2, EphB4, Netrin, UNC5B, Slit,
Robo4, and Sema3E and its receptor PlexinD1.
For EphrinB, Netrin, and Slit ligands, only one
member of a larger family is shown, as detailed in
the text. For Eph and Robo receptors, only one
family member is represented, while expression
of additional members of both families in endo-
thelial cells has been reported (Adams et al. 1999;
Fuller et al. 2003; Wang et al. 2003). Abbrevia-
tions for domains are from SMART (http://smart.
embl-heidelberg.de). Abbreviations modified from
Dickson (2002). (B) Simplified model of signaling
through Neuropilin receptor complexes. (Left)
Functional association of Nrp-1 and Nrp-2 recep-
tors with Plexin-signaling receptors transduce
Sema3 signals. Nrp-1 is known to bind Sema3A
and Sema3C, while Nrp-2 binds Sema3C and
Sema3F. This mode of signaling is thought to sig-
nal axon repulsion in the nervous system (Pas-
terkamp and Kolodkin 2003) and during cardiac
remodeling (Gitler et al. 2004). (Right) In the vascular system, Nrps associate with VEGF tyrosine kinase receptors to transduce VEGF
signals. Nrp-1 was shown to bind different VEGF family members, as well as the VEGF165 isoform (Neufeld et al. 2002). Nrp-2 binds
some of these VEGF family members as well as VEGF-C (Karkkainen et al. 2001). Signal transduction of VEGF-165 through VEGFR-2
is enhanced in the presence of Nrp-1, as shown in stably transfected PAE cells (Miao et al. 1999). VEGF-165 signaling through Nrp-1
was also shown to control migration of the cell bodies of the facial nerve (Schwarz et al. 2004), but the coreceptor implicated has not
been identified.

Figure 3. Effect of Netrin-1 on endothelial tip cell filopodia.
(A,B) Confocal images of post-natal mouse retina stained with
isolectinB4. (A) Endothelial tip cells at the periphery of the retina
extend numerous filopodia (arrows). (B) After intraocular injection
of Netrin-1 protein, most filopodia have retracted (arrow).
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than 20 semaphorins are known to date, all characterized
by a large N-terminal semaphorin domain, which medi-
ates receptor binding. Eight semaphorin subclasses are
distinguished based on structural features and sequence
similarities; subclasses 1 and 2 comprise invertebrate
semaphorins, subclasses 3–7 represent vertebrate sema-
phorins, and subclass V comprises viral semaphorins (for
review, see Pasterkamp and Kolodkin 2003). Semaphor-
ins have been shown to function as potent axon che-
morepellents, both by in vitro and by genetic studies in
Drosophila and mouse. As observed with Netrins, alter-
ation of the cytosolic cyclic nucleotide level can convert
repulsion to attraction (for review, see Fiore and Puschel
2003). Semaphorins thus appear to represent bifunc-
tional guidance cues, endowed with attractive or repul-
sive activities, similar to Netrins and Slits (for review,
see Dickson 2002; Huber et al. 2003). Semaphorins me-
diate their actions by binding to two major receptor
families, Plexins and Neuropilins (Nrps) (Fig. 2). To date,
two Nrps and nine Plexins have been identified in mam-
mals (for review, see Fujisawa 2004). Neuropilins also
bind members of the VEGF growth-factor family (see be-
low). Invertebrate semaphorins, vertebrate membrane-
associated semaphorins, and viral semaphorins directly
associate with plexins, while vertebrate class 3-secreted
semaphorins (Sema3s) bind receptor complexes consist-
ing of Nrps as binding subunits and plexins as signal trans-
ducers (Pasterkamp and Kolodkin 2003; Fujisawa 2004).

An exception to this rule is Sema3E, which directly
binds to PlexinD1, independently of Nrps (Fig. 2; Gu et
al. 2004). The PlexinD1–Sema3E interaction was recently
shown to mediate repulsive vessel guidance. PlexinD1 is
expressed in developing blood-vessel endothelial cells (van
der Zwaag et al. 2002). Loss-of-function of plexinD1 in
zebrafish and mouse embryos leads to perturbed vessel
pathfinding (Gitler et al. 2004; Gu et al. 2004; Torres-
Vazquez et al. 2004). In zebrafish, loss-of-function muta-
tions of plexinD1 are responsible for the out-of-bounds
(obd) mutation (Childs et al. 2002; Torres-Vazquez et al.
2004). As observed in Netrin1a and in Unc5b mutant
embryos, assembly of the dorsal aorta and cardinal vein,
artery-vein specification, and endothelial-cell prolifera-
tion are normal in obd fish. However, selection of the
appropriate site of sprouting of the ISVs from the dorsal
aorta is perturbed in obd; ISVs do not respect anteriopos-
terior intersomitic boundaries and erroneously branch
throughout the somites, particularly in the ventral
trunk. Thus, obd selectively perturbs ISV sprout-site se-
lection and initial dorsal extension of the forefront mi-
grating endothelial cell. Compared with the phenotype
of Netrin1a or Unc5b mutant fish, obd thus appears to
act at a different guidepost.

In mouse embryos, knockout of plexinD1 also results
in intersomitic vessel patterning defects (Gitler et al.
2004; Gu et al. 2004). PlexinD1-deficient mouse mutants
show exuberant branching of intersomitic blood vessels
and loss of the normal segmented blood-vessel pattern.
The ligand involved in PlexinD1 signaling appears to be
Sema3E (Gu et al. 2004). Sema3E is expressed in the cau-
dal region of the somite, immediately adjacent to the

intersomitic blood vessels expressing PlexinD1. Sema3E
and plexinD1 mouse mutant embryos exhibit a highly
similar vascular phenotype (Gu et al. 2004). As men-
tioned above, this phenotype does not depend on Nrps;
double-mutant mice deficient in Nrp-2 and in the Nrp-1
Sema3-binding site showed normal segmental blood ves-
sel patterns. COS cell binding and collapse assays
showed that Sema3E directly signals through PlexinD1,
independently of the presence of Nrps. Blood vessels
avoid chick embryo somites that overexpress Sema3E,
suggesting that this molecule mediates endothelial
cell repulsion. Thus, Sema3E directly signals through
PlexinD1 to restrict blood vessel growth to the inter-
somitic boundaries (Gu et al. 2004).

Neuropilin receptors and the patterning of the vascular
and nervous systems

The two related Nrp receptors Nrp-1 and Nrp-2 are ex-
pressed in both the nervous and vascular systems, bind
two classes of structurally unrelated ligands, secreted
Sema3s as well as certain VEGF isoforms, and associate
with two different types of receptors to mediate signal
transduction (for review, see Neufeld et al. 2002; Paster-
kamp and Kolodkin 2003). These observations place the
Nrps at the heart of the cross-talk between the nervous
and the vascular systems and raise the question as to
how they function. In the nervous system, Sema3 bind-
ing to a complex of Nrp and Plexin receptors leads to
axonal growth cone collapse (Pasterkamp and Kolodkin
2003). In endothelial cells, signal transduction is medi-
ated via VEGF receptor-2 (VEGFR-2), as shown by the
enhanced migratory response of endothelial cells to
VEGF165 in vitro in the presence of both receptors
(Soker et al. 1998; Miao et al. 1999). In this setting,
Sema3A and VEGF165 compete with each other for bind-
ing to Nrp-1, and Sema3A binding to Nrp-1 in the pres-
ence of VEGFR-2 can inhibit VEGF-dependent angiogen-
esis (Miao et al. 1999). These results suggest that Sema3s
could influence endothelial cell migration indirectly by
competing with VEGF for Nrp binding. Consistent with
this idea, several recent studies have reported a role for
Sema3 signaling in angiogenesis. For instance, Sema3A
is expressed by endothelial cells of developing blood ves-
sels in chick and mice, and inhibits endothelial migra-
tion by interfering with integrin function (Bates et al.
2003; Serini et al. 2003). Sema3F inhibits tumor angio-
genesis and metastasis in mouse xenograft models
(Bielenberg et al. 2004; Kessler et al. 2004). However,
these studies could not exclude alternative possibilities
for Sema3 action on vascular cells, including a direct
action by binding to Nrp–Plexin complexes, or action
through other signaling pathways. Gu et al. (2003) per-
formed genetic manipulation in mice to selectively dis-
rupt Nrp-1 interactions with Sema3, while retaining
VEGF binding. Neural development was severely af-
fected in these mice, while overall vascular development
was normal, indicating that Sema3/Nrp signaling is dis-
pensable for vascular development. In contrast, endothe-
lial-specific ablation of the nrp1 gene led to severe mal-
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formations of the vascular system, consistent with the
idea that VEGF binding to Nrp-1 is responsible for its
effects on vascular development (Gu et al. 2003).

In the vascular system, both Nrps are coexpressed in
yolk-sac endothelial cells during vasculogenesis (Herzog
et al. 2001). Combined knockouts for both Nrp-1 and
Nrp-2 receptor lead to vasculogenesis defects and failure
to assemble the primary vascular plexus (Takashima et
al. 2002). At later stages, Nrp-1 is preferentially ex-
pressed in arterial endothelial cells, while Nrp-2 labels
venous and lymphatic endothelium (Herzog et al. 2001;
Moyon et al. 2001; Yuan et al. 2002). In the vascular
system, nrp2 deficiency selectively affects the develop-
ment of small lymphatic vessels and capillaries (Yuan et
al. 2002). Conventional, as well as endothelial-specific
ablation of nrp1 is embryonic lethal, the mice exhibit
cardiac defects as well as defects in vessel branching in
the outflow tract and the central nervous system (Ka-
wasaki et al. 1999; Gu et al. 2003; Gerhardt et al. 2004).
Vessel-branching defects in nrp1-deficient mice point to
a role in tip cell guidance, but mouse mutants lacking
the Nrp-1-binding VEGF164 isoform show distinct ves-
sel patterning defects (Ruhrberg et al. 2002), suggesting a
more selective requirement of Nrp-1 during vessel
branching that remains to be clarified. Consistent with
its arterial-specific expression, however, Nrp-1 has re-
cently been implicated in arterial differentiation. Arter-
ies of the embryonic dermis, unlike the veins, are aligned
with peripheral nerves, and arterial differentiation is de-
pendent on the production of VEGF by sensory and mo-
toneurons and Schwann cells and on the expression of
Nrp-1 in arterial endothelium (Mukouyama et al. 2005).
In agreement, absence of peripheral sensory nerves or
Schwann cells prevents proper arteriogenesis, while a
disorganized network of nerves leads to alignment of ar-
teries with misrouted axons (Mukouyama et al. 2002).

Increasing attention has been given to a possible role
for VEGF as a guidance cue in the nervous system.
VEGFR-2, the main signal transducer for VEGF, is ex-
pressed by neurons and growth cones of regenerating
axons (Sondell et al. 2000). In vitro experiments have
shown that VEGF/VEGFR-2 signaling can promote axo-
nal outgrowth (Sondell et al. 1999), although the normal-
ity of mice deficient of VEGFR-2 in neuronal cells sug-
gests that VEGF/VEGFR-2 signaling has no significant
autocrine role in CNS development (Haigh et al. 2003).
VEGF is also expressed by ependymal cells at sites of
neurogenesis and can enhance self-renewal and prolifera-
tion of neurons and neuronal stem cells. Clear genetic
evidence for a direct role of VEGF in neuronal develop-
ment comes from a recent study focusing on facial bran-
chiomotor neurons in the hindbrain of mouse embryos
(Schwarz et al. 2004). The cell bodies (somata) of these
neurons are born in the hindbrain segment rhombomere
4 and extend axons into the second branchial arch to
form the seventh cranial nerve. Simultaneously, the so-
mata of the facial branchiomotor neurons themselves
also move in a caudal direction into rhombomere 6 to
form the motor nuclei of the seventh cranial nerve.
Guidance of motor axons is dependent on signaling

through Sema3A and its receptor Nrp-1, as axon fascicu-
lation does not occur in the absence of either ligand or
receptor. Migration of the somata of these neurons is
also arrested in Nrp-1 mutants. Although both Nrp-1
ligands Sema3A and Sema3C are expressed in the hind-
brain in a spatiotemporal pattern consistent with a role
in facial branchiomotor soma migration, this migration
occurred normally in the absence of either ligand. In ad-
dition, mouse embryos genetically engineered to express
a Nrp-1 receptor that cannot bind Sema3 also showed
normal soma migration, suggesting that the movement
of somata is regulated differently from the movement of
axons. Interestingly, soma movement of facial branchio-
motor neurons requires VEGF164 (Schwarz et al. 2004).
In mice that do not express this isoform, soma migration
shows pathfinding defects reminiscent of those seen in
nrp1−/− mice. Pathfinding of somata thus does not de-
pend on the presence of axons or on the formation of a
vascular network, and the picture emerging from these
studies is that guidance depends on the binding of two
types of ligands to the Nrp-1 receptor; Sema3A binding
triggers signals that regulate axon guidance, while
VEGF164 binding triggers signals that regulate soma mi-
gration. While these experiments provide evidence for a
role of VEGF in neuronal guidance, the molecular
mechanisms responsible for VEGF164 and Sema3A sig-
naling through Nrp-1 in neurons and in endothelial cells
remain to be clarified.
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