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Abstract Many organs, such as lungs, nerves, blood and
lymphatic vessels, consist of complex networks that carry
flows of information, gases, and nutrients within the body.
The morphogenetic patterning that generates these organs
involves the coordinated action of developmental signal-
ing cues that guide migration of specialized cells. Precision
guidance of endothelial tip cells by vascular endothelial
growth factors (VEGFs) is well established, and several
families of neural guidance molecules have been identified
to exert guidance function in both the nervous and the vascu-
lar systems. This review discusses recent advances in VEGF
research, focusing on the emerging role of neural guidance
molecules as key regulators of VEGF function during
vascular development and on the novel role of VEGFs in
neural cell migration and nerve wiring.

Keywords Axon guidance - Angiogenesis - VEGF -
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Introduction

The nervous and the vascular systems are highly branched,
ramified networks extending into nearly every part of the
human body. The near-perfect alignment of some blood
vessels with peripheral nerve fibers probably reflects mutual
dependency between the two systems. Indeed the nerv-
ous system requires vascularization to ensure nutrient and
oxygen supply, and nerve cells control vascular caliber
and blood flow to tissue. The close structural resemblance
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between the nervous and vascular networks has raised the
question of whether the developmental mechanisms that
shape the non-random spatial patterns of nerves and vessels
may be conserved. An important step in identifying these
common mechanisms was the characterization of specialized
endothelial cells situated at the tips of developing vascular
sprouts [1, 2]. These so-called tip cells extend filopodia-
and lamellipodia-like processes in the direction of vascular
expansion and exert pulling forces on non-migrating trailing
cells, the stalk cells, which form the capillary lumen and
exhibit proliferative behavior. Endothelial cells with filopo-
dia are also seen at the tip of vessels in the lymphatic system
[3, 4]. Tip cells are for developing vessels, the counterparts
of the neuronal growth cones, described almost a century
earlier by neurologist Cajal, which are found at the leading
edge of both growing axons and migrating neurons [5, 6].
Endothelial tip cells and neuronal growth cones function as
sensory and motor structures that regulate substrate-adhe-
sion and migration as well as directional sensing of external
cues.

Precision guidance of endothelial tip cells is ensured
by several growth factors, among which VEGFs and their
receptors (VEGFRs) play a major role. Over the past years,
it has become apparent that endothelial tip cells also respond
to neural guidance signals that are employed to ensure pre-
cise wiring in the developing nervous system. These include
the four canonical families of guidance cues: Netrins, which
bind to UNCS5 and DCC family receptors, Slits which bind
Robo receptors, Semaphorins, whose receptors are Neuro-
pilins and/or Plexins, and Ephrins and their Eph receptors.
Each family of guidance receptors has at least one member
expressed by developing blood vessels, and recent evidence
indicates that neural guidance signaling cues directly
regulate tip cell migratory behavior and patterning of blood
vessels (reviewed in [7, 8]). Taking this parallel further,
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studies have investigated a reciprocal implication of factors
involved in the development and physiology of the vascular
system as potential regulators of nervous system wiring [9],
and recent works have demonstrated the important roles of
VEGFs and VEGFRs in neuron migration and axon guid-
ance (see below).

Intense research in the vascular system has identified the
responsible intracellular signal transduction networks that
mediate VEGF effect on cell migration as well as the other
regulatory functions of VEGF on endothelial cell prolif-
eration, survival, and vascular permeability (reviewed in
[10]). A major challenge now is to fully understand how
VEGEF signaling is regulated to evoke cell type-specific
and context-dependent responses. For example, what are
the cell intrinsic differences in the initiation of VEGF
receptor signaling that favor a migratory response in
tip cells while inducing proliferation in stalk cells? Do
receptors for VEGF and neural guidance cues interact at
the plasma membrane to specify or diversify incoming
signals? Does VEGF use similar transduction networks to
stimulate migration and guidance of tip cells and neuronal
growth cones? This review focuses on recent advances
addressing these questions and contains two sections. We will
first discuss experimental advances that establish critical,
mechanistic links between neural guidance factors and
VEGF signaling during tip cell migration and vascular
patterning. In the second part of this review, we will
summarize the novel activities of VEGFs and VEGFRs in
neuronal patterning and highlight the essential differences
that emerge between modes of VEGF signaling in vascular
and neural systems.

Functional links between axon guidance molecules
and VEGF signaling in vascular patterning

Two distinct mechanisms, called vasculogenesis and angio-
genesis, operate during vascular network formation in the
embryo. Vasculogenesis is the de novo assembly of the
primordial vessels by differentiation, migration, and aggre-
gation of mesodermally derived endothelial cell progenitors.
Later on, angiogenesis, which defines the formation of new
blood vessels from these pre-existing vessels, expands and
remodels the primary vascular network into more complex
vascular structures. The cellular events accompanying the
sprouting of new capillaries during angiogenesis are tightly
regulated by pro-angiogenic VEGF signals. The VEGF
family includes six homologous factors: VEGF-A, VEGF-
B, VEGF-C, VEGF-D, VEGF-E, and the placenta growth
factor (PIGF). The secreted signaling protein VEGF-A and
its associated receptor VEGFR2 are the main effectors of
vascular growth and pattern formation [2]. VEGF-A exists in
different isoforms that are generated by alternative splicing
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of a single gene: VEGF-A ,,, VEGF-A ¢, VEGF-A 44 in
mice (human VEGF-A is one amino-acid longer: VEGF-
A5, VEGF-A 45, VEGF-A g9). These isoforms differ in
their ability to bind heparan sulfate proteoglycans (HSPG):
VEGF-A ,, lacks heparin-binding affinity and is freely dif-
fusible, VEGF-A 45 has the highest affinity to HSPG and
is retained in the extracellular matrix after secretion, and
VEGF-A 4, the most common splicing isoform gener-
ated from the VEGF-A gene has intermediate properties
[11]. Collectively, the expression of the various isoforms
builds steep extracellular gradients of VEGF-A in develop-
ing tissues, which promote the polarization of tip cells and
the directional extension of filopodia. In addition, VEGF-
A/VEGFR?2, together with Delta/Notch signaling, patterns
endothelial cell population into tip and stalk cells (reviewed
in [12]). Recent studies have suggested that dynamic regu-
latory interactions between the VEGF-C/VEGFR3 axis
and the Delta/Notch pathway regulate this process as well
[13-15].

Shortly after the development of blood vessels, the blind-
end network of lymphatic vessels develops. The primary
lymphatic sacs originate by lymphatic endothelial cells bud-
ding from veins. The lymphatic vessels then spread from
these sacs into surrounding tissue and organs through a pro-
cess known as lymphangiogenesis (reviewed in [16, 17]).
Although less well understood, the cellular mechanisms of
lymphangiogenic spouting are believed to be similar to those
described for angiogenesis. However, one molecular differ-
ence is in the role of VEGF-C and its receptor VEGFR3 as
the most potent lymphangiogenic factors controlling tip cell
filopodia extension [3, 18, 19].

Similar to neuronal axons, vascular sprouts can also be
guided by attractive or repulsive cues that belong to the four
major families of neural guidance cues. Because the instruc-
tive roles of neural factors on the guidance of tip cells have
been discussed in details elsewhere [7, 8, 20], we will not dis-
cuss them here. Instead, the following chapters will present
evidence that supports additional roles for neural guidance
molecules in fine-tuning VEGF ligand/receptor activities
during physiological angiogenesis and lymphangiogenesis.

Neuropilins

Neuropilin-1 conveys VEGF-A signaling during
angiogenesis

Neuropilin-1 is a type-I transmembrane receptor capable of
mediating different types of protein—protein interactions.
The function of Neuropilin-1 and their Plexin co-receptors
has been studied extensively in the nervous system, where
they play important roles in axonal patterning as a receptor
for some class 3 (secreted) Semaphorins [21, 22]. In addi-
tion to its action in neurons, Neuropilin-1 is also expressed
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in endothelial cells of growing blood vessels [23] and can
bind the heparin-binding VEGF-A 4, isoform [24].

During development, Neuropilin-1 is dispensable for
vasculogenesis, but is required for angiogenic remodeling
of the primary vascular system. Evidence for the in vivo role
of Neuropilin-1 comes from analysis of Neuropilin-1-null
mice, which are embryonic lethal, and whose most notable
defects are impaired yolk sac vasculature [25, 26], reduced
vascular sprouting and branching in the embryo [26, 27]
and defective great vessel remodeling. Defects in vascu-
lar plexus remodeling are also observed in the developing
retina after inhibiting Neuropilin-1 with function blocking
antibodies [28]. Moreover, mice with conditional deletion
of Neuropilin-1 in endothelial cells exhibit similar vascular
defects than that seen in the null allele [29], indicating that
Neuropilin-1 is required within endothelial cells for vascu-
lar development. Further analyses have indicated that the
primary role for Neuropilin-1 in angiogenesis is as a regula-
tor of endothelial cell migration. It has been demonstrated
in vivo that altered vascular morphology of yolk sacs in
Neuropilin-1 mutants directly correlates with an abnormal
pattern of endothelial cell migration while endothelial cell
proliferation is unaffected [25]. Another detailed study on
brain vasculature of Neuropilin-1 mutants has revealed that
Neuropilin-1 is not required for endothelial sprout initiation
and growth, but rather directs vessels by promoting selective
filopodia extension of the tip cells [27].

A major question has been to determine whether the vas-
cular defects in Neuropilin-1 mutants are due to deficiency
of Semaphorin-Neuropilin-1 and/or VEGF-A-Neuropilin-1
signaling. Some angiogenesis defects have been reported in
Sema3a null mice bred onto one specific genetic background
[30]. However, other studies have reported that the vascu-
lature of Sema3a mutants is indistinguishable from that of
wild-type mice in this and other genetic backgrounds [31, 32]
and that mice expressing a Neuropilin-1 variant defective
for Semaphorin binding (Neuropilin-1**"7) also lack an
observable vascular phenotype [29, 32]. In fact, two recent
reports indicate that the function of Sema3A/Neuropilin-1
in vessel formation is restricted to the lymphatic system,
where it is crucial for lymphatic valve development [31, 33].
On the other hand, mice producing only VEGF-A ,,, a non-
Neuropilin-1 binding isoform [2, 34], show defective neural
vascularization [32]. Moreover, inhibition of Neuropilin-1
function in the retina with an antibody specific for the VEGF
binding domain reproduces the defects observed in Neuro-
pilin-1-null mutants [25]. Thus, the opinion is now widely
accepted that Semaphorin signaling through Neuropilin-1 is
not essential to the formation of blood vessels networks, but
that Neuropilin-1 preferentially transmits VEGF-A ¢, sign-
aling in the vascular system.

The mechanisms by which Neuropilin-1 mediates
VEGF-A 4, activity are still unclear. Neuropilin-1 has a

small cytoplasmic domain (consisting of 44 amino acids)
lacking intrinsic catalytic function and so far there is sparse
evidence that it may be able to directly transduce signals
into cells [35]. In fact, no defect in developmental angio-
genesis has been noted in mice expressing a Neuropilin-1
variant deleted from it cytoplasmic domain [36], indicating
that the extracellular domain of Neuropilin-1 is sufficient
to regulate vessel patterning. Thus, Neuropilin-1 is unlikely
to transmit VEGF-A 4, signal itself and rather acts as a
co-activator of VEGFR?2. Indeed, Neuropilin-1 has been shown
to enhance the binding of VEGF-A ¢, to VEGFR2, and both
Neuropilin-1 and VEGFR2 are required for enhanced chem-
otaxis of endothelial cells toward a gradient of VEGF-A ;5
[24]. Importantly, Neuropilin-1 is dispensable for the pro-
liferative effect of VEGF-A on endothelial cells [28]. The
mechanism by which Neuropilin-1 regulates cell migration
response is poorly understood. It has been proposed that
blocking Neuropilin-1 function in endothelial cells reduces
VEGFR2 surface expression and tyrosine phosphoryla-
tion levels [28, 37]. However, these effects are modest and
too general to fit with a role of Neuropilin-1 in determin-
ing outcome of VEGF-A signaling. It is therefore expected
that Neuropilin-1 may also have more specific influence on
downstream pathways of VEGFR2. For example, a recent
report has established that VEGF-A-induced tyrosine phos-
phorylation of the scaffold protein p130%®, which plays an
essential role in chemotactic endothelial cell migration, is
strictly dependent on the expression of Neuropilin-1 [38],
thus identifying a potential mechanism for the selective
effect of Neuropilin-1 on VEGF-A-mediated endothelial
cell migration.

Neuropilin-2 conveys VEGF-C signaling during
lymphangiogenesis

Neuropilin-2 is a transmembrane receptor closely related to
Neuropilin-1 that is also expressed on neurons and endothe-
lial cells. Neuropilin-2 has been initially characterized as a
receptor for selected class 3 Semaphorins, and plays a key
role as a partner in receptor signaling complexes, for exam-
ple with Plexins, in nervous system patterning [39, 40].
However, like Neuropilin-1, it also acts as an isoform-
specific VEGF-A receptor, which binds to VEGF-A ¢, as
well as VEGF-A 4, a rare VEGF-A variant expressed in the
placenta and in epithelial ovarian carcinoma cells [41-43].
In addition, Neuropilin-2 also binds to the lymphangiogenic
factor VEGF-C [44]. During development, Neuropilin-2 is
initially co-expressed with Neuropilin-1 on primary vessels,
but later on its expression become restricted to veins and
lymphatic vessels [45]. Unlike Neuropilin-1-deficient mice
that die early during development, Neuropilin-2 knockout
mice are viable and show a grossly normal blood vascular
system [45]. However, Neuropilin-2 deficiency results in
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impaired lymphatic vascular system, with normal formation
of the main lymphatic vessels but a reduction of the small
lymphatic vessels and capillaries [19, 45]. Time course anal-
ysis of lymphatic network formation after in vivo modula-
tion of Neuropilin-2 with a blocking antibody indicated that
these defects result from a specific reduction of lymphatic
sprouting [19]. At the time of sprout formation, Neuropilin-2
expression is particularly strong in lymphatic tip cells and
their filopodial extensions [19], suggesting a specific role
of Neuropilin-2 on regulation of tip cell behavior. Indeed,
loss of Neuropilin-2 function in vivo was associated with
tip cells rarefaction and misshaping [19]. In vitro time-lapse
analysis of lymphatic endothelial cell sprouting in the pres-
ence of blocking antibodies to Neuropilin-2 revealed that
Neuropilin-2 is not essential for initiation of lymphangi-
ogenic sprouting but is selectively required for sprout elon-
gation, with its main function being to prevent stalling and
retraction of tip cells [19].

It has now been clearly established that Neuropilin-2
mediates lymphangiogenic effects by acting as a co-recep-
tor for VEGF-C signaling, a function reminiscent of that
played by Neuropilin-1 in blood vessel development. In
vivo evidence comes from the use of an anti-Neuropilin-2
antibody that selectively blocks the binding of VEGF-C to
Neuropilin-2 while preserving the binding of other ligands,
including the growth factors FGFs, HGF, and Semaphorins
[46]. Neonatal mice treated with this antibody phenocopy
the lymphatic defects reported in Neuropilin-2-null mice
[19], indicating that Neuropilin-2 conveys VEGF-C signal
in lymphatic endothelial cells. VEGF-C has the ability to
bind to VEGFR2 and VEGFR3 receptors, both of which are
expressed in developing lymphatic vessels and can interact
with Neuropilin-2 [47]. Analysis of compound Neuropi-
lin-27"=, vegfr3*'~ mice showed sprouting defects that were
similar to the homozygous Neuropilin-2~'~ mice, providing
direct evidence for a genetic interaction between Neuropi-
lin-2 and VEGFR3 [19]. On the other hand, double hete-
rozygous Neuropilin-21'~, vegfr2*'~ mice showed normal
lymphatic development [19]. Thus, Neuropilin-2 acts as a
co-receptor with VEGFR3 to modulate VEGF-C function in
lymphatic development.

Neuropilin-2 regulates lymphatic endothelial tip cell
migration induced by VEGF-C but does not appear to par-
ticipate in other functions of VEGF-C during lymphatic
network formation, such as lymphatic endothelial cell pro-
liferation. From a mechanistic point of view, very little is
known about VEGF-C/VEGFR3 signal modulation by Neu-
ropilin-2. It has been proposed that Neuropilin-2 increases
VEGF-C signaling through VEGFR3, but this is unlikely to
be the sole explanation [46, 47]. Interestingly, in VEGF-C-
treated lymphatic endothelial cells, Neuropilin-2 co-localizes
with VEGFR3 in endocytic vesicles [48]. While receptor
internalization is required for proper VEGF-C signaling,
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the presence of Neuropilin-2 is not an absolute require-
ment for VEGFR3 endocytosis [48]. However, the PDZ
(postsynaptic density 95, PSD-85; discs large, Dlg; zonula
occludens-1, ZO-1) adaptor protein Synectin, reported to
be implicated in intracellular trafficking of endocytosed
membrane receptors [49-52], has been shown to geneti-
cally interact with VEGFR3 and Neuropilin-2 to regulate
lymphangiogenic sprouting in zebrafish [53]. Since Syn-
ectin can directly bind to Neuropilin-2 [54], it is tempting
to speculate that Neuropilin-2 is required for intracellular
trafficking of endocytosed VEGFR3 and its co-localization
with specific downstream signaling molecules that produce
its functional outcome.

In conclusion, Neuropilins are important key regulators
of vessel remodeling and sprouting. Like in the nervous sys-
tem, where both receptors are primarily involved in guid-
ance of motile neuronal growth cones, Neuropilin-1 and -2
are required in the vascular system to confer specificity to
the ability of VEGFs to stimulate and guide the movement
of motile tip cells. While Neuropilin/Semaphorin signal-
ing in neurons is essentially involved in repulsive activities,
Neuropilin/VEGF signaling is instead permissive to vessel
sprouting. These negative or positive effects of Neuropi-
lin ligands depend on the different signaling co-receptors
involved (Plexins in repulsion versus VEGFRs in attraction).
Although Neuropilins may have been considered as simple
molecular adapters, bringing together ligands and signaling
co-receptors, it is undeniable that they play additional piv-
otal roles in modulating the signaling capacity of their part-
ner receptors, whether they are VEGFRSs or Plexins [55]. A
future challenge will be to fully understand the mechanisms
by which Neuropilins modulate their incoming signals and
whether Neuropilin/VEGF signaling in tip cells can operate
independently of VEGFRs, as it has been reported in neural
cells (see below).

Eph and ephrins

Eph receptors are receptor tyrosine kinases that function
together with their membrane-bound ephrin ligands in a num-
ber of different developmental processes including neuronal
migration (reviewed in [56]) and axon guidance (reviewed
in [4, 57, 58]). Eph/ephrin complexes present the interesting
feature to signal bidirectionally: forward signals that depend
on Eph kinase activity propagate in the receptor-expressing
cell, and reverse signals are also transmitted in the ephrin-
expressing cell (reviewed in [57]). In the developing vascular
system, the transmembrane ligand ephrin-B2 is exclusively
expressed on arteries, whereas its cognate EphB4 receptor is
expressed on veins [59, 60]. Studies of EphB4 and ephrin-
B2 null mice have suggested a requirement for reciprocal
signaling between Eph receptors and ephrins in vascular
morphogenesis [59-64]. However, the respective function
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and mechanism of action of EphB4 forward and ephrin-
B2 reverse signaling in vivo remain unclear. Recent data
in zebrafish have indicated that EphB4/ephrin-B2 interac-
tions regulate sorting and segregation of arterial and venous
angioblasts during the formation of the first embryonic artery
(dorsal aorta) and vein (cardinal vein), which arise from a
common precursor vessel [65]. Interestingly, in this system,
VEGF-A signaling has been shown to regulate the expres-
sion of ephrin-B2 in arterial angioblasts, therefore limiting
their ventral migration and excluding them from the EphB4-
expressing venous vessel [65].

More recently, a novel molecular relationship between
ephrin-B2 and VEGEF signaling was revealed to be essential
for vessel sprouting. Analysis of mice expressing an ephrin-
B2 variant mutated in the PDZ binding motif—which pro-
vides docking sites for intracellular signaling molecules
[66]—showed that ephrin-B2 signaling is required for
sprouting activity during both blood vessel and lymphatic
vessel development [67, 68]. These observations, com-
bined with the fact that ephrin-B2 localizes to the filopodia
of tip cells [68], suggest a role of ephrin-B2 in regulating
endothelial cell motility. Indeed, microinjection of ephrin-
B2 encoding plasmid in endothelial cells induces protrusion
of filopodia and cell migration, and these effects are depend-
ent on ephrin-B2 PDZ signaling ([18, 68].

Defective angiogenesis and lymphangiogenesis in ephrin-
B2 mouse mutants appear to be the result of altered cellu-
lar responses to VEGF ligands. Indeed, ephrin-B2-deficient
endothelial cells show reduced chemotaxis to VEGF-A ¢, in
vitro. The level of VEGFR2 gene expression is unaffected in
these cells [18, 61], however, receptor trafficking is severely
compromised. Indeed, ephrin-B2 was found to physically
interact with VEGFR2 to induce its internalization [68]. Inter-
nalization of VEGFR?2 has been previously shown to allow its
signaling from intracellular compartments, which is required
for efficient VEGFR2 receptor activity [69]. Consistently,
phosphorylation of VEGFR2 on intracellular tyrosine resi-
dues and activation of the downstream pro-angiogenic sig-
nal Akt is compromised in ephrin-B2 PDZ signaling mutants
[68]. In a similar way, VEGF-C induced internalization of
VEGFR3 was inhibited in endothelial cells from ephrin-B2
knockout mice, leading to reduction of VEGFR3 tyrosine
phosphorylation and activation of Akt and Racl, a regulator
of cell motility and protrusion formation [18].

It remains to be understood how ephrin-B2 becomes
activated in sprouting vessels to regulate VEGFR func-
tion. Interestingly, the EphB4 receptor is also expressed on
sprouting lymphatic and blood vascular capillaries [59, 60,
67, 70]. Thus, a model is emerging where EphB4/ephrin-
B2 interactions, occurring during direct cell—cell contacts
between endothelial cells or within the same cell, activates
ephrin-B2 PDZ signaling to control VEGF-induced tip cell
filopodial dynamics.

Semaphorins and Plexins

As mentioned in previous chapters, Semaphorin signal-
ing through Neuropilins is dispensable in most, if not all,
aspects of vascular development. Despite this, some Sema-
phorin ligands have been proven essential for vascular devel-
opment through mechanisms that involve the endothelial
cell-enriched PlexinD1 receptor [71-73]. The best exam-
ple is Sema3E, an atypical class 3 (secreted) Semaphorin,
which binds directly and with high affinity to PlexinDI,
independently of Neuropilins [72]. Sema3E functions as a
guidance cue to coordinate circuit formation in the central
nervous system [55, 74]. In addition, Sema3E guides migra-
tion of endothelial cells during both vasculogenesis [75]
and sprouting angiogenesis [72] through repulsive inter-
actions with PlexinD1 receptor. Another Semaphorin, the
transmembrane Sema4A, also binds to PlexinD1, although
with 10-fold less affinity than Sema3E [76]. However, since
Sema4A-null mice show grossly normal vascular develop-
ment and patterning, it is unclear what role, if any, Sema4 A
plays in embryonic vessel formation [76].

Accumulating evidence indicates the existence of func-
tional relationships between Semaphorin/PlexinD1 and
VEGF-A signaling. First evidence was initially reported in
angiogenesis model in vitro, where Sema3E and Sema4A
ligands were found to inhibit VEGF-A ¢, signal [76, 77]. In
two recent articles, the repressive effect of PlexinD1 signal-
ing on VEGF-A activity has been found essential for tip cell
formation and vascular patterning in vivo, but the mecha-
nisms involved appear to differ.

The first study investigated arole of Semaphorin/PlexinD 1
signaling in spatially confining the sprouting of new blood
vessels in the embryo [78]. During development, trunk
intersomitic vessels (ISVs) emerge from the dorsal aorta by
sprouting into the spaces that separate individual somites.
VEGEF-A signaling mediates the selection of tip cells within
the parent vessel that will initiate the sprouts (reviewed in
[12]). However, tip cell selection in the dorsal aorta occurs
in a uniform VEGF-A environment (Fig. 1a; [78]), raising
the question of the mechanisms limiting sprouting of ISVs
to the intersomitic spaces. PlexinD1 deficiency in obd (out
of bounds) zebrafish embryos was found to result in exces-
sive sprouting from the dorsal aorta, with ectopic sprouts
that were not confined to intersomitic spaces (Fig. 1b; [78]).
These defects are causally related to enhanced VEGF-A
signaling in obd mutants [78]. From a mechanistic point of
view, Semaphorin/PlexinD1 signaling in endothelial cells
has been shown to induce the production of a soluble form
of VEGFRI1, designated sVEGFR1, both in vitro and in vivo
[78]. Generated by differential splicing of the VEGFRI
mRNA, sVEGFRI carries only the extracellular domain of
VEGFRI as well as a 31-amino-acid stretch derived from
an intron, and acts as an inhibitor of VEGF-A bioactivity
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Fig. 1 Functional relationships between Semaphorin/PlexinD1 and
VEGF-A signaling in angiogenic sprouting. a Schematic of endothe-
lial sprouting during the development of trunk intersomitic ves-
sels (ISVs) in the zebrafish embryo. Class 3 Semaphorins (Sema3)
secreted from the somites act on endothelial cells of the dorsal aorta
to antagonize VEGF-A activity and restricts sprout formation to the
intersomitic spaces. b Loss of Sema3-PlexinD1 activity in endothelial
cells (PlexinD1~/7) alters the abundance and distribution of sprouts
along the dorsal aorta. ¢ Sema3-PlexinD1 signaling acts as a repres-
sor of tip cell formation and endothelial sprouting by inducing the
secretion of sSVEGFR1, which antagonizes VEGF-A pro-angiogenic
activity. d Schematic of angiogenic sprouting in the early postnatal

by binding and sequestering VEGF-A. Endothelial cells that
express sSVEGFR1, and therefore have reduced VEGF-A
signaling activity, are expected to be less likely to adopt a
tip cell phenotype and sprouting behavior (Fig. 1c). Indeed,
endothelial cell-specific overexpression of sSVEGFR1 inhib-
ited ISV sprouting in zebrafish embryos. On the contrary,
partial reduction of both PlexinD1 and sVEGFR1 resulted in
aberrant sprouting of endothelial cells from the dorsal aorta,
confirming a genetic interaction between both molecules
[78]. Thus, a model to set up local discontinuities in angi-
ogenic potential along the dorsal aorta and ensure proper
patterning of the trunk vasculature has emerged where
somite-derived Semaphorin(s) act in a paracrine manner on
PlexinD1-expressing endothelial cells to antagonize VEGF-A
signal (Fig. 1c). As a consequence, only endothelial cells
that occupy the intersomitic spaces and do not receive Sem-
aphorin signals have the potential to be selected as tip cells
and extend sprouts.

The second study further identified a reciprocal regula-
tion of VEGF-A and Semaphorin/PlexinD1 signaling path-
ways that regulates the formation of the proper number
of tip cells required for correct sprouting and branching
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mouse retina. The centrifugal expansion of retinal vessels depends on
a gradient of VEGF-A laid down by astrocytes. Sema3E is secreted
from the neural retina and is evenly distributed throughout the retina.
e Genetic ablation of Sema3E (Sema3E~") or endothelial PlexinD1
(PlexinD17/~) disrupts the pattern of retinal vascular sprouting and
decreases tip cell numbers. f PlexinD1 expression is induced by
VEGF-A at the forefront of sprouting vessels. In turn, Sema3E-Plex-
inD1 signaling negatively regulates VEGF-A-induced Delta-Notch
signaling, which controls the balance between tip and stalk cells. DA
dorsal aorta; S somite; SC stalk cell; sVEGFRI soluble VEGFR1; TC
tip cell

patterns [79]. The expression of PlexinD1 in vessels is
highly dynamic: it is elevated in tip cells and actively grow-
ing vessels but almost completely absent from quiescent
vessels [79]. Evidence shows that PlexinD1 expression is
directly regulated by VEGF-A/VEGFR?2 signaling [79, 80].
In mouse neonates, inhibiting VEGFR2 function using
blocking antibodies abolished PlexinD1 expression in the
retinal vasculature, whereas treatment with VEGF-A leads
to expansion of PlexinD1 expression on retinal vessels,
especially in the central retina where low levels of VEGF-A
are normally detected [79]. Thus, VEGF-A acts on endothe-
lial cells to induce PlexinD1 expression, rendering them
sensitive to the paracrine activity of Sema3E, which is
expressed by the neural retina. In turn, Sema3E/PlexinD1
negatively regulates the Delta-Notch signaling pathway
that functions downstream of VEGF-A signaling to control
tip- and stalk cell fate. VEGF-A signaling through VEGFR2
is known to promote the production of the membrane-bound
Notch ligand Delta-like 4 (DI114) in tip cells, which acti-
vates Notch receptors in adjacent cells to laterally suppress
tip cell fate [§1-83]. In the neonatal mouse retina, gain of
function of Sema3E was shown to decrease D114 production



VEGEF in vascular and neuronal patterning

1691

in the vasculature, whereas loss of Sema3E function led to
an opposite increase in D114 expression and a subsequent
increase of Notchl receptor activation in adjacent cells [79].
Enhanced DIl4-Notch signaling in Sema3E or PlexinDI1-
deficient mice was accompanied by reduced tip cell forma-
tion, disrupted endothelial cell sprouting and caused uneven
vessel growth in the retina [79]. These vascular patterning
defects could be rescued by lowering Notch activity in the
mutants using a gamma secretase inhibitor, which blocks
Notch endoproteolysis [79]. Hence, this study defines a
negative feedback loop by which VEGF-A stimulates the
expression of PlexinD1, a key upstream regulator of the
VEGF-A-induced Delta/Notch signaling pathway that acts
to shape the vascular network finely (Fig. 1d—f).

The above studies reveal essential roles of Semaphorin/
PlexinD1 in establishing the adequate ratio between tip
and stalk cells required for correct sprouting and branching
patterns. However, tip cell/stalk cell assignment is tran-
sient and continued competition and positional shuffling
between tip and stalk cells is observed along extending
vessel sprouts both in vitro and in vivo [84, 85]. It is cur-
rently unknown how a tip cell switches to a stalk cell but
it is interesting to postulate that the dynamic regulation of
the Delta/Notch lateral inhibition and/or sVEGFR1 expres-
sion by Semaphorin/PlexinD1 signaling might cause the
tip cell to lose its competitive position over the followers
and to become a stalk cell. In support of this idea, elegant
mosaic experiments in the zebrafish embryo indicated that
endothelial cells deficient for PlexinD1 expression have a
higher probability of acquiring the leading position when
competing with wild-type neighboring cells [78].

Robo4

Robo4 is another neural guidance family member, which
has been shown to regulate VEGF-A signaling in endothe-
lial cells. Robo4 belongs to the roundabout proteins family,
which encodes transmembrane receptors for secreted repel-
lent Slit proteins. Robol to 3 have an important function in
axon guidance in the nervous system. In contrast, Robo4
is mostly expressed in the vascular system [86], while its
expression and function in the developing nervous system
remains poorly described [87].

Robo4 has first been suggested to mediate the repellent
function of Slit proteins, mainly Slit2, in endothelial cells
[88]. More recently, an alternative model of Robo4 action
has been proposed, in which Slit/Robo4 signal antagonizes
VEGF-A signaling. This effect is mediated through inhibition
of signaling pathways downstream of VEGFR?2 activation,
including the Src-Racl and GIT1 (ARF GTPase-activating
protein)-Arf6 signaling axis [89, 90]. However, contro-
versy remains as to whether Robo4 is able to directly bind
Slit ligand [91] and it is presumed that reception of Slit

requires a co-receptor, such as Robo1 or the heparin sulfate
proteoglycan Syndecan [92-94]. Interestingly, a search for
Robo4-binding partners has revealed that Robo4 can act
as a ligand for another vascular-specific “axon guidance”
receptor, UNC5B [95]. Importantly, Robo4/UNC5B sign-
aling also counteracts VEGF-A/VEGFR2 signaling in
endothelial cells by decreasing Src activation and associa-
tion of phosphorylated Src to VEGFR2 [95].

Despite evidence of cross-talks between Robo4 and
VEGF-A signaling, mice treated with anti-Robo4 antibod-
ies or Robo4 null mice show normal development of inter-
somitic, retinal, and cephalic vasculature [89, 95], indicating
that Robo4 function is dispensable for vascular patterning.
This may be related to the fact that Robo4 is preferentially
expressed by endothelial stalk cells and not tip cells. In fact,
it has been shown in several experimental models of patho-
logical angiogenesis that activation of Robo4 on stalk cells
helps in maintaining blood vessel integrity at least in part
by counteracting VEGF-A activity [89, 96]. Nevertheless,
Robo4 could in some contexts regulate VEGF-A-mediated
sprouting angiogenesis, as suggested by the finding that
Robo4 null mice show enhanced blood vessel development
in the mammary gland during pregnancy [90].

Conclusion

Recent studies on the roles of neural guidance molecules in
vascular patterning have revealed that in addition to their
conventional function as guidance cues for sprouting ves-
sels, they also regulate VEGF signaling, either positively or
negatively, during tip cell selection and migration in devel-
opmental angiogenesis. Some neural guidance receptors
interact with and regulate VEGFR activity directly, while
others intersect with VEGFR signaling pathways. Together,
these findings have led to the hypothesis that neural guid-
ance molecules may be used to regulate VEGF/VEGFR
signaling in pathological contexts where vascular growth is
not desired or, conversely, where VEGF treatment is inef-
fective. In these contexts, strategies to target regulators of
VEGEF, such as Neuropilins, PlexinD1, or Robo4 proteins,
have already shown success [28, 46, 77, 80, 89].

VEGEF in nervous system wiring and patterning

Over the past few years, a growing body of evidence has
established that the VEGF family of ligands and VEGFRs
are expressed in neural cells of the developing brain and
nervous system [97-101]. In vitro studies have established
that VEGF-A signaling controls multiple aspects of neural
development, including proliferation, survival, cell migra-
tion, and neurite outgrowth [98, 102-109]. However, the
intricate relationship between nervous and vascular cells has
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made it difficult to study the roles of VEGF-A in the devel-
oping nervous system in vivo, as VEGF-A may act directly
on neural cells or indirectly by influencing the development
of the blood vessels providing oxygen and nutrients to brain
tissue. Clear evidence for a direct function of VEGF-A on
neural progenitor cell proliferation and differentiation has
been provided by studies of neurogenesis in the embryonic
chick retina, which is entirely devoid of blood vessels [110].
In contrast, in the mouse brain, the proliferative and neuro-
trophic effects of VEGF-A on developing neurons is largely
believed to be a secondary consequence of its activity on
brain vascularization [111], although evidence for a direct
survival activity of VEGF-A has been recently reported for
gonadotropin releasing hormon (GnRH) neurons ([112];
Fig. 4a). In this part of the review, we will focus on recent
in vivo studies that demonstrate a direct function of VEGF-
A as a chemotropic cue for migrating neurons and axonal
growth cones, hence allowing VEGF-A to be added to the
growing list of brain-wiring molecules. A central concept
that is emerging from these studies is that Neuropilin-1
and VEGFR?2 receptors, which cooperate in mediating the
activity of VEGF-A in the vascular system, instead act inde-
pendently from each other to relay the neural guidance func-
tions of VEGF-A.

Control of neuronal migration
VEGF-A/Neuropilin-1 controls neuronal migration

VEGF-A has first been reported to control neural cell
migration in a study on the development of the facial motor
nucleus, which contains branchiomotor neurons that control
the movement of the muscles of facial expression (Fig. 2a, b;
[113]). In the mouse, facial branchiomotor (fbm) neurons
are generated in the hindbrain segment, or rhombomere,
4 and migrate caudally into rhombomere 6 where they form
the facial motor nucleus. Concomitantly, fbm axons exit the
neural tube and extend into the second branchial arch (ba2)
to make synapses on their appropriate target muscles. The
migration behavior of fbm neurons is severely perturbed in
Neuropilin-1-null embryos, leading to mispositioned and
misshaped facial motor nuclei [113]. In contrast, normal
fbm migration was found in endothelial cell-specific Neuro-
pilin-1 mutants, indicating that somata migration defects in
full Neuropilin-1 knockout were not secondary to vascular
defects [113]. In fact, proper somata migration was shown
to rely on a chemotropic activity of VEGF-A¢,, which is
expressed along the migratory path of fbm neurons and
in a domain corresponding to the facial nucleus assembly
site. Indeed, blocking VEGF-A 4, function using blocking
antibodies or using mouse embryos expressing only the
VEGF-A |, isoform caused somata migration defects similar
to that observed in Neuropilin-1-deficient mice (Fig. 2a, b).
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Interestingly, in addition to its effect on somata migration,
Neuropilin-1 also regulates axonal projections of fbm neurons
into ba2, which appear defasciculated in Neuropilin-1-null
embryos. This effect, however, was found independent of
VEGF-A 4, function and was rather due to a loss of response
to the axon guidance molecule Sema3A, another ligand of
Neuropilin-1 [113]. Thus, the different Neuropilin-1 ligands
appear to cooperate to pattern different compartments of the
facial nerve, with VEGF-A controlling somata migration
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«Fig. 2 VEGF-A regulates neural cell migration. a Schematic of
facial branchiomotor neuron migration in the segmented mouse
hindbrain. Facial branchiomotor neurons express Neuropilin-1 and
migrate along a VEGF-A 4,-rich pathway from rhombomere (r) 4
into r6 where they form the facial motor nucleus (VIIn). b Disrup-
tion of VEGF-A¢,-Neuropilin-1 signaling leads to mispositioned
and mishaped facial motor nucleus. ¢ Schematic of neural crest cell
migration from r4 to the second branchial arch in the chick embryo.
VEGF-A is expressed in the ectoderm overlying the NCC migra-
tory stream and in the second branchial arch tissue. d Neural crest
cells fail to properly invade the second branchial arch when VEGF-
A or Neuropilin-1 signaling is disrupted. e Schematic of cerebellar
granule cell migration during early postnatal mouse development.
Granule cell precursors in the external granule cell layer prolifer-
ate, then differentiate and migrate through the molecular layer past
the Purkinje cells to their destination, the internal granule cell layer.
A radial concentration gradient of VEGF-A isoforms provide one
of the directional signals responsible for the inward migration of
VEGFR2-expressing granule cells. f Inhibition of VEGF-A-VEGFR2
signaling delays granule cell migration. ba2 second branchial arch;
EGL external granular cell layer; fbm neurons facial branchiomo-
tor neurons; GC granule cells; /GL internal granular cell layer; ML
molecular layer; NCC neural crest cells; nt notochord; PCL Purkinje
cell layer; r, rhombomere; VIIn facial motor nucleus

within the hindbrain and Sema3A guiding axons in the
periphery.

A prominent role of Sema3A, and a general lack of effect
of VEGF-A, in the patterning of peripheral axon projec-
tions has been confirmed in the developing mouse limb
[32], although, as we will discuss below, VEGF-A has the
potential to guide axons in the central nervous system. The
expression of VEGF-A in peripheral tissues is primarily
involved in patterning of the vascular network instead [32].
Nevertheless, a recent study reported that peripheral expres-
sion of VEGF-A also contributes to the migration of neural
crest cells (NCCs), a stem cell population that delaminates
from the developing neural tube and migrates to different
regions of the embryo where they differentiate into various
cell types (Fig. 2c, d). In the cranial region, NCC deriva-
tives include neurons and glia of the cranial ganglia as well
as bone and cartilage of the face and neck [114-117]. An
RNAi-based approach in the chick embryo has identified a
cell-autonomous function of Neuropilin-1 in regulating the
entry of cranial NCCs derived from rhombomere 4 into ba2
[118]. VEGF-A is expressed in the surface ectoderm of the
growing ba2 that overlays the rhombomere 4 NCC migra-
tory stream, suggesting a potential influence of VEGF-A
on NCC migration [119]. This was indeed demonstrated in
vivo where ectopic sources of VEGF-A 45 chemoattracted
cranial NCCs through a mechanism requiring Neuropilin-1
in NCCs [119]. Moreover, NCCs failed to migrate properly
into ba2 when VEGF-A signal was disrupted using the com-
petitive antagonist sVEGFR1 (Fig. 2c, d; [119]).

Together, these studies indicate that VEGF-A/
Neuropilin-1 signaling controls the migration of developing
neurons and NCCs, some of which contribute to neurons

and glia of the peripheral nervous system. It remains to be
seen whether Neuropilin-1 functions on its own or with a
co-receptor in VEGF-A signaling (Fig. 4a). Although
VEGFR2 is expressed in chick cranial NCCs [119], its
ability to act a signal transducing component in VEGF-A-
induced migration has not been directly evaluated in this
model. Neuropilin-1 can also partner with several other
receptors, such as Plexins [22], IgCAM (L1, CHL1) [120,
121], Roundabout (Robo1) [122], and c-Met [123-125], all
of which are expressed in neural cells.

VEGF-A/VEGFR?2 signaling in control of neuronal
migration

Although the expression of VEGFR2 in a variety of neuronal
and glial cell types has been recognized for about a decade,
its function in the developing nervous system has remained
unknown until very recently. This probably stems from the
fact that nervous system-specific deletion of Vegfr2 in mice
did not cause any gross cerebral abnormalities, in contrast
to the severe effects that lowering VEGF-A levels had on
brain development [111]. Therefore it has often been argued
that neural VEGFR2 only plays a minor role, if any, in
mediating VEGF-A activity in development. In fact, the first
function of neural VEGFR2 discovered was independent
of VEGF-A family ligands, but involved VEGFR2 acting
as a co-receptor for Neuropilin-1 and PlexinDI1 in sema-
phorin signaling (see below, [126]). Shortly after, a role for
VEGF-A/VEGFR2 was identified during neuronal migra-
tion in the developing mouse cerebellar cortex (Fig. 2e, f;
[127, 128]).

During early postnatal development in the mouse, the
granule cells (GCs), the most abundant interneurons in the
cerebellum, proliferate in the external granular cell layer
(EGL) and migrate radially across the molecular layers
(ML) past the Purkinje cell layer (PCL) to form the internal
granular cell layer (IGL). The Bergmann glia, a specialized
type of astrocyte with radial processes, provides a scaffold
for GC migration [129]. In addition, molecular cues pro-
vide motogenic and chemotactic signals that orchestrate
the migration of GCs toward their proper target positions
[130-132]. VEGF-A has recently been identified as a novel
extrinsic factor that controls GCs directional migration. In
the postnatal mouse cerebellum, migrating GCs express
VEGFR?2 and VEGF-A is expressed by Purkinje cells and
to a lesser degree by Bergmann glia [128]. The use of trans-
genic mice expressing only VEGF-A,,, an isoform lack-
ing affinity for HSPGs, revealed diffuse VEGF-A staining
distant from the cell bodies of PCL, whereas mice predomi-
nantly expressing the heparin-binding VEGF-A 4¢ isoform
localize VEGF-A distribution around the cell bodies and
dendrites of Purkinje cells [128]. Thus VEGF-A distributes
along a radial concentration gradient, with high levels in
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the PCL and progressively lower levels in the upper layers
(Fig. 2e; [128]). Loss- and gain-of-function experiments
performed in vivo or in cerebellar slices have shown that
VEGF-A attracts migration of GCs from the EGL toward
the IGL (Fig. 2f). This effect, however, was transient, and
GCs eventually resumed migration in adult mice. Elegant
experiments additionally provided evidence that the matrix
binding activity of VEGF-A is required for this activity.
Indeed in knock-in mice expressing only the heparin-bind-
ing, short range isoform VEGF-A g, GC migration was
enhanced. Conversely, in knock-in mice expressing only the
diffusible VEGF-A |, isoform, fewer GC reached their final
destination in the IGL [128].

The chemotactic activity of VEGF-A for GCs is medi-
ated by direct activation of VEGFR2 in GCs, independently
of its angiogenic activity, since selective inactivation of
Vegfr2 in GCs using an inducible Cre/Lox-mediated trans-
genic approach was found to inhibit GC migration (Fig. 2e,
f; [128]). Importantly, this activity appears independent of
Neuropilins, whose expression is not detectable in migrat-
ing GCs [128]. In fact, analysis of the signaling mecha-
nism downstream of VEGF-A has implicated N-methyl
D-aspartate  (NMDA)-type glutamate receptors, which
have been previously shown to regulate the radial migra-
tion of GCs [133-136]. In migrating GCs, NMDA recep-
tors are composed of NR1 and NR2B subunits, with the
latter being particularly important in regulating the calcium
influx that helps the cells migrate to their final position
[135]. Stimulation of VEGFR2 by VEGF-A has been shown
to induce clustering of VEGFR2 and NR2B, to increase
tyrosine phosphorylation of NR2B via Src Family Kinase
and to amplify NMDA-mediated calcium influx and cur-
rents in GCs (Fig. 4b; [127]). These findings thus identify
VEGF-A/VEGFR?2 signaling as a critical pathway involved
in the proper migration of neurons and revealed an unex-
pected cross-talk between VEGF-A and a receptor of a
classical neurotransmitter.

Role of VEGF family ligands in the migration of glial cells

VEGF family ligands and receptors are expressed in glial
cells of the developing brain [100, 137, 138]. In vitro,
VEGF-A, VEGF-C, and VEGF-D have been reported to
exert a chemokinetic effect on glial cell precursors, includ-
ing oligodendrocyte precursor cells or OPCs [98, 100, 137].
The migratory effect of VEGF-A on OPCs from postnatal
cerebral cortex is mediated by VEGFR2 and involves the
production of reactive oxygen species and activation of two
focal adhesion—associated proteins, focal adhesion kinase
(FAK), and paxillin [98]. VEGF-C, on the other hand, has
been reported to increase the non-directional migration of
OPCs from the embryonic optic nerve. VEGF-C likely acts
through VEGFR3, since a recombinant mutant VEGF-C,
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which is unable to bind to VEGFR?2 and therefore selectively
activates VEGFR3 [139], efficiently stimulates OPC migra-
tion [100]. Yet, the physiological and developmental signifi-
cance of these in vitro responses is unclear, and although
Vegfc-deficient mouse embryos showed a reduction in the
number of OPCs colonizing the optic nerve [100], it remains
to be determined whether this results from a direct effect
of VEGF-C on OPC migration or from another biological
function of VEGF-C.

Control of axon growth and guidance

Concomitant with the migration of neuronal cell bodies to
their final destination in the developing nervous system,
neurons extend axons toward long-distance targets. The
directed growth of neuronal axons is regulated by attrac-
tive or repulsive extracellular signals that exert their actions
either locally or after diffusing away from their source of
origin. The list of instructive cues for growing axons has
grown considerably since the discovery, in the late 1990s,
of four families of canonical guidance cues (Semaphorins,
Ephrins, Netrins and Slits). It now includes a number of sig-
nals primarily involved in other aspects of embryo develop-
ment that also serve a role in axon guidance, one of the best
examples being the morphogen family proteins (reviewed
in [140]). The following chapters will review recent studies,
which provide novel in vivo evidence that VEGF-A and
VEGFR2 can function together or independently from each
other to control axonal growth cone behavior and pattern
projections in the nervous system.

VEGFR?2 conveys Semaphorin signal during axon
development

The first evidence that VEGFR2 can direct axon growth
in vivo comes from the study of the development of the
hippocampal formation, a key structure for the coding of
anxiety, learning, and memory in the brain. The subicu-
lum is a pivotal subregion of the hippocampal formation,
whose projections form the major hippocampal output path
to the mammillary bodies [141-143]. In the prenatal rodent
brain, VEGFR?2 is expressed in neurons of the subiculum
around the time that they elaborate their axonal projections
[99, 126]. It is also detected in glial fibrillary acidic protein
(GFAP)-positive astroglial cells in the fimbria of the
hippocampus, through which the fibers of the subiculum
pass [126]. Analysis of mice with a conditional inactivation
of Vegfr2 in neurons and glial cells (Nestin-Cre) revealed
an abnormal development of the subiculo-mammillary tract,
with axons failing to fasciculate properly and to project all
the way down to their target (Fig. 3a, b; [126]). In contrast,
GFAP-Cre-mediated deletion of Vegfr2 did not affect the
development of subiculo-mammillary projections (F. Mann
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Fig.3 Novel role for VEGF-A in axonal wiring. a Schematic
representation of the pathways taken by subiculo-mammillary
projections in the developing mouse brain. VEGFR2 expression by
subicular axons is involved in the recognition mechanism of the
attractive/growth-promoting factor Sema3E, supplied locally by effer-
ent CA1/3 axons. b Genetic ablation of Sema3E or neural VEGFR2
results in a hypoplastic subiculo-mammillary tract with few axons
reaching their appropriate target, even at adult stages. ¢ Schematic of
spinal commissural axon projection toward and across the floor plate
in the mouse embryo. Commissural axons express VEGFR2 and are
attracted to the ventral midline by VEGF-A secreted from the floor
plate. d Deleting VEGFR?2 in spinal commissural neurons or lowering
VEGF-A levels in the floor plate cause commissural axon pathway

and J. Haigh, unpubl. obs.). Thus, VEGFR2 appeared to be
required cell-autonomously for the proper development of
subicular projections.
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defects, including defasciculation and axonal misprojections to the
lateral edge of the spinal cord. e Schematic representation of the rout-
ing of retinal ganglion cell axons at the optic chiasm to the appro-
priate hemisphere of the mouse brain. Ganglion cells giving rise to
uncrossed axons are located in the ventrotemporal retina, whereas
ganglion cells in the other retinal quadrants cross over the optic chi-
asm. Crossing axons express Neuropilin-1 and are guided across the
optic chiasm by VEGF-A 4. f Disrupted VEGF-A¢,-Neuropilin-1
signaling induces axon defasciculation and ipsilateral misprojections.
CA1/3 Cornu Ammonis 1 and 3; D dorsal retina; MB mammillary
bodies; N nasal retina; RGC retinal ganglion cells; SCN spinal com-
missural neurons; Sub subiculum; 7 temporal retina; V ventral retina

The impairment in subiculo-mammillary tract develop-
ment in the absence of neural VEGFR2 suggested that the
receptor is involved in the detection of environmental cues
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promoting and/or directing axon growth. Surprisingly, none
of the VEGF family ligands known to interact with VEGFR2
(including VEGF-A ¢,, VEGF-A ,,, VEGF-C and VEGF-D)
were able to stimulate elongation of subicular axons in vitro
[126]. Instead, neural cell-specific Vegfr2 mutants showed
a subiculo-mammillary phenotype similar to the previ-
ously reported Sema3FE null mice (Fig. 3a, b; [55]), point-
ing to a possible link between Semaphorin signaling and
VEGFR?2 function. While Semaphorins most frequently act
as repulsive guidance cues, instead, Sema3E attracts sub-
icular axons and enhances their growth along the subiculo-
mammillary pathway [55]. Subicular neurons harvested
from Vegfr2 mutants, however, failed to respond to Sema3E
in vitro [126]. On a mechanistic point of view, it has been
shown that VEGFR?2 is part of a tripartite receptor complex
for Sema3E, which comprises the Sema3E binding subunit
PlexinD1 as well as the “gating” co-receptor Neuropilin-1
required to switch responses to Sema3E from repulsion to
attraction (Fig. 4c; [55, 126]). In attempts to reconstitute a
functional receptor complex in heterologous neuronal cells,
co-expression of VEGFR2 with truncated PlexinD1 and
Neuropilin-1 both lacking intracellular domains was suffi-
cient to enable axon growth response to Sema3E, indicating
that VEGFR2 serves as the signal transducing subunit [126].
Binding of Sema3E to the trimeric PlexinD1/Neuropilin-
1/VEGFR2 receptor complex induces tyrosine phospho-
rylation of VEGFR2 on Tyr 1175 and 1214, with Tyr 1175

Nrp1
coreceptor 7

VEGF-A

—

//\<

being sufficient to activate the PI3K/Akt/GSK-3 signal-
ing pathway, which is essential for subicular axon growth
response to Sema3E (Fig. 4c). Here, the downstream cas-
cade is not followed further but it is intriguing to speculate
an involvement of CRMP2 or other microtubule associated
proteins, which have been shown to regulate axon growth
though GSK-3 [144-146].

Together, these results revealed a novel interplay between
vascular and neural guidance molecules and an unexpected
VEGF-independent function of VEGFR2, which can regu-
late growth and guidance of neuronal axons in response to
Semaphorin cues.

VEGF-A as an axon guidance cue

Two recent reports have provided physiological evidence
that VEGF-A exerts a direct effect on growing axons to pat-
tern neuronal connections in the mouse central nervous sys-
tem ([147, 148]; Fig. 3c—f). These studies investigated how
axon tracts, known as commissures, cross the midline that
separates the two halves of the nervous system. One of the
most studied models of crossing regulation is the develop-
ment of commissural interneurons of the spinal cord. Com-
missural interneurons located in the dorsal aspect of the
spinal cord grow to the ventral midline in response to long-
range chemoattractants emanating from this region. Two
major guidance cues have been implicated in commissural

PlexinD1

VEGF-A

VEGFR2

PI3K/AKT MAPK/ERK ? ? ca* SFKs PI3K [ AKT | GSK-3
Meuronal MNeuranal Axon Growth MNeuronal Axon Axon Growth
Survival Migration and Guidance Migration Guidance and Guidance

Fig. 4 VEGEF signaling in the developing nervous system. Schematic
outline of the interactions of VEGF-A with its receptors Neuropi-
lin-1 (a) and VEGFR2 (b) in neural cells. The network of intracellu-
lar signal transduction pathways results in biological responses such
as neural survival, migration, axon growth, and guidance, which are
required for nervous system patterning and wiring. ¢ Schematic dia-
gram of Sema3E receptor complex. VEGFR2 heterodimerizes with
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its coreceptors Neuropilin-1 and PlexinD1 and transduces growth-
promoting and attractive Sema3E signal. See the main text for details.
ERK extracellular signal-regulated kinases; GSK-3 glycogen syn-
thase kinase-3; MAPK mitogen-activated protein kinase; NMDAR
N-methyl-p-aspartic acid receptor; Nrpl Neuropilin-1; PI3K phos-
phoinositide 3-kinase; SFKs Src family kinases; Tyr tyrosine residue
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interneurons guidance, including Netrin-1 and the morpho-
gen Sonic Hedgehog (Shh) (reviewed in [149]). A search for
additional guidance factors has revealed that the growth fac-
tor VEGF-A is expressed and secreted by the midline floor
plate at the time when commissural axons project ventrally
[148]. Lowering VEGF-A expression in the floor plate with
a Hoxal-cre based recombination approach, without affect-
ing the other floor plate chemoattractants, caused commis-
sural axons to grow in a disorganized and defasciculated
manner. While the majority of them eventually reached the
midline, a subset of fibers was found projecting ectopically
to the lateral edge of the spinal cord (Fig. 3c—d; [148]).
Thus, VEGF-A appears to function as an attractive guidance
cue to direct the growth of commissural interneuron axons
towards the midline.

The other study reports the expression of VEGF-A at the
optic chiasm midline, a structure where retinal axons from
either eye enter the brain and diverge to project ipsilater-
ally or contralaterally, a first step toward the generation of
binocular vision (Fig. 3e, f; [147]). The mechanisms driving
ipsilaterally projecting axons have begun to be understood
and involve ephrin-B ligands in repulsive sorting of ipsilat-
erally projecting axons in the chiasm [150, 151]. In con-
trast, the mechanisms that allow contralaterally projecting
axons to extend across the chiasm midline have remained
unknown. An important function of VEGF-A 4, in this pro-
cess has been demonstrated through the analysis of retinal
projections in mice expressing VEGF-A ,, only. Despite
normal vascular development and appropriate expression of
other midline cues, the mice displayed an increased propor-
tion of axons that did not grow across the optic chiasm and
projected into the ipsilateral optic tract, which appeared
abnormally defasciculated (Fig. 3e, f; [147]). This study
thus supplied additional evidence that VEGF-A 4, is an
essential cue that provides growth-promoting and chemoat-
tractive signal for midline crossing axons.

While both studies support a role of VEGF-A in regu-
lating axon guidance and fasciculation, they also highlight
important differences in the modes of action of VEGF-A
between the two systems. The first difference lies in the
cell surface receptor mediating VEGF-A signal. Indeed, the
two VEGF-A binding receptors VEGFR2 and Neuropilin-1
present mutually exclusive expression profiles in midline
crossing axons of the spinal cord and retina (Fig. 3c—f). Spi-
nal commissural neurons express VEGFR2, but not Neu-
ropilin-1, and conditional deletion of Vegfr2 in the dorsal
spinal cord (Wntl-cre) of mouse embryos caused defects
in commissural axon pathfinding, which appeared qualita-
tively similar, albeit more severe, to those caused by low-
ering VEGF-A levels at the midline [148]. The possibility
that axonal VEGFR?2 acts downstream of a midline-derived
Sema3E signal was ruled out, since Sema3E does not affect
the growth of commissural axon either in vitro or in vivo

[148]. In contrast, neurons of the retina that send their axons
to the contralateral half of the brain express Neuropilin-1,
but not VEGFR2 [147]. In vivo loss of Neuropilin-1 func-
tion induced ectopic ipsilateral projections, similar to what
observed in mice expressing only the non-Neuropilin-bind-
ing VEGF-A,,, isoform [147]. Moreover, development of
visual projections proceeded normally in mouse embryos
expressing the Neuropilin-1°*"*" variant, confirming that
Neuropilin-1 mediates VEGF-A, but not Semaphorin sig-
nals, in this system [147]. Thus, unlike the situation in the
vascular system where VEGF-A directs endothelial cell
migration by signaling through a Neuropilin-1-VEGFR2
complex, VEGF-A selectively engages one or the other mol-
ecule to mediate its effects on developing axons.

Comparisons between the two studies reveal further
differences in the range at which the guidance effects of
VEGF-A are manifested. In the spinal cord, VEGF-A drives
pre-crossing commissural axon growth toward the mid-
line, indicating that it functions far away from its source
of production, as a long-range guidance cue. In the chiasm
model, however, axon extension toward the midline is inde-
pendent of VEGF-A, which only regulates axon behavior
at the midline choice point, indicating a local, short range
action. VEGF-A isoform-specific signaling through Neuro-
pilin-1 and VEGFR2 receptors could explain these differ-
ences. Indeed, in vitro and in vivo Neuropilin-1 mediates
the guidance function of VEGF-A 4, but not that of the
freely diffusible VEGF-A,, [147], suggesting that retinal
axons sense and respond to cell and matrix-bound VEGF-
A isoforms locally expressed at the optic chiasm. Whether
different VEGF-A isoforms have differential effects on
VEGFR2-expressing commissural axons in the spinal
cord has not been addressed. However, since VEGFR2 can
bind all VEGF-A isoforms, one can expect that VEGFR2-
expressing commissural axons respond to both VEGF-A ,,
and VEGF-A ¢,, which may diffuse from the spinal cord
midline and together form a long-range concentration gra-
dient [2]. Differences between short and long-range actions
of VEGF-A could also be due to proteolytic processing by
the serine protease plasmin [152, 153] or matrix metallo-
proteinases (MMPs) [154], two mechanisms that contribute
to regulate the bioavailability of VEGF-A by generating
soluble VEGF-A species. In this context, it is particularly
interesting to note that tissue-type plasminogen activator
(tPA), an enzyme which converts plasminogen to plasmin,
is expressed specifically in the floor plate of the developing
spinal cord, but no in the optic chiasm [155]. Locally high
concentration of plasmin at the spinal cord midline may
thus serves to cleave bound forms of VEGF-A, releasing a
soluble factor that exerts its effect at some distance from the
midline.

Experiments that have examined in details the effect of
VEGF-A on axon behavior in vitro revealed an additional
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level of complexity. VEGF-A exerts a chemoattractive
effect on both spinal and retinal commissural axons, how-
ever VEGF-A can stimulate the outgrowth of retinal axons,
but not spinal cord commissural axons [147, 148]. It can be
argued that axon growth and guidance are the result of the
same pathways: directional turning of axons being viewed
as an asymmetric outgrowth response in a non-uniform con-
centration of guidance cues. Consistently, several guidance
factors have the ability to regulate both axon growth and
guidance. There are, however, exceptions. Some factors,
including Sema7A and Neuregulin-1, display axon out-
growth activity, while having no guidance activity on the
same neuronal population [156, 157]. On the other hand,
the midline factor Shh, similar to VEGF-A, attracts spi-
nal commissural axons, but does not promote their growth
[158]. The reasons underlying these differential activities
remain unknown. The lack of outgrowth response in VEGF-
A-mediated signaling through VEGFR?2 is intriguing given
the fact that signaling by VEGFR2 receptor controls axon
outgrowth in response to Sema3E in another neuronal cell
type [126]. One possibility is that ligand-dependent activa-
tion of different downstream signaling pathways produces
different cellular responses. For example, VEGFR2 medi-
ates the outgrowth effect of Sema3E through activation of
the PI3K/Akt/GSK3 signaling pathway [126], whereas the
guidance effect of VEGF-A relies on VEGFR2-induced
activation of Src kinase ([148], Fig. 4b). By making a par-
allel with the vascular system, where internalization of
VEGFR2 is required for Akt activation (see above), it can be
hypothesized that VEGFR2 may undergo different intracel-
lular trafficking pathways when signaling axon outgrowth
or axon guidance.

Responsiveness of navigating axons to extracellu-
lar guidance cues is under constant and tight regulation.
Silencing of responses to attractive midline-derived cues
is particularly important to enable crossing commissural
axons to grow past this intermediate target and progress
along their pathway (reviewed in [159]). How spinal com-
missural axons modulate their sensitivity to VEGF-A at
the midline is not known. Studies in the vascular system
have provided several mechanisms by which VEGF-A
signal can be silenced, including expression of the “decoy
receptor” sVEGFR1 or up-regulation of the novel fam-
ily of VEGFxxxb splice variants that act as competitive
antagonists of VEGFR2 [160]. It will be interesting to
determine whether similar mechanisms operate in the
developing nervous system. Furthermore, almost all con-
ventional axon guidance cues have bifunctional activities,
acting as attractants or repellents, and several mechanisms
have been proposed to regulate the switch between these
activities. While VEGF-A has been clearly shown to exert
attractive effect on commissural axons, it now remains to
be determined if it can repellent or inhibit these or other
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axon types. So far, it has been reported that axonal out-
growth of cultured subicular neurons is reduced in the
presence of exogenous VEGF-A ,, [126]. Whether this in
vitro observation has in vivo significance awaits further
study.

Conclusions

VEGF induces endothelial cells to sprout and migrate to
form new blood vessels during vascular development.
The directed growth of nascent vessels responds to gra-
dients of VEGF as well as other dynamic cues expressed
in the extracellular environment, such as members of the
“classical” neural guidance families that cooperate to pro-
vide instructions for proper patterning of vascular networks.
In addition, neural guidance molecules have functions other
than guidance in endothelial cells and exert control over
VEGF-mediated tip cell selection and migration. VEGF also
influences neuronal growth cone migration and directional
guidance in the developing nervous system. In the future, it
will be interesting to examine how vascular and neural guid-
ance cues are integrated in growth cones in order to estab-
lish stereotypical neuronal pathways and how molecular
interplays between VEGFRs and classical guidance recep-
tors participate in the patterning process.
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