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Abstract The vascular network is closely linked to the
neural system, and an interdependence is displayed in
healthy and in pathophysiological responses. How has close
apposition of two such functionally different systems
occurred? Here, we present a hypothesis for the evolution
of the vascular network from an ancestral neural guidance
system. Biological cornerstones of this hypothesis are the
vascular endothelial growth factor (VEGF) protein family
and cognate receptors. The primary sequences of such
proteins are conserved from invertebrates, such as worms
and flies that lack discernible vascular systems compared to
mammals, but all these systems have sophisticated neuronal
wiring involving such molecules. Ancestral VEGFs and
receptors (VEGFRs) could have been used to develop and
maintain the nervous system in primitive eukaryotes.
During evolution, the demands of increased morphological
complexity required systems for transporting molecules and
cells, i.e., biological conductive tubes. We propose that the
VEGF–VEGFR axis was subverted by evolution to mediate
the formation of biological tubes necessary for transport of
fluids, e.g., blood. Increasingly, there is evidence that

aberrant VEGF-mediated responses are also linked to
neuronal dysfunctions ranging from motor neuron disease,
stroke, Parkinson’s disease, Alzheimer’s disease, ischemic
brain disease, epilepsy, multiple sclerosis, and neuronal
repair after injury, as well as common vascular diseases (e.g.,
retinal disease). Manipulation and correction of the VEGF
response in different neural tissues could be an effective
strategy to treat different neurological diseases.
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Introduction

Growth factors are soluble proteins that act as molecular
cues to regulate animal development and its interaction
with the environment. A classical model is the synthesis
and secretion of soluble growth factors into the extracellular
medium and subsequent binding to different high-affinity
membrane-bound receptors. Such receptor–ligand complexes,
through intracellular signaling, are capable of triggering
a myriad of changes including metabolic pathways, gene
expression, cell survival, migration, proliferation, and
apoptosis. The vascular endothelial growth factor (VEGF)
family and its cognate receptors define a class of proteins that
regulate many aspects of vascular physiology, but they are
being increasingly implicated in neural function. Here, we put
forward the hypothesis that the VEGF receptor–ligand system
was originally used to specify neural cell fate, wiring, and
survival, but was evolved to regulate biological tube
formation and to maintain the vascular network. The
discovery that the nervous and vascular systems involve
common growth factors suggests that they have evolved in an
interconnected way.
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Evolution of the VEGF System of Growth Factors
and Receptors

The current idea is that the VEGF and receptor protein
superfamily were evolved to mediate the formation and
regulation of biological tubes (blood vessels) and used to
transport fluids among different organs in a complex
eukaryote system. However, increasing evidence suggests
that these molecules have more than superficial links
between the vascular system and the neural network; this
has been extensively reviewed by Carmeliet et al. [1–4]. A
key question is how the VEGF family of proteins and
receptors have evolved to regulate vascular function. One
approach towards formulating a conceptual framework in
this understanding is to first analyze the sequence similarity
of VEGF and receptor gene products among eukaryote
orthologs. The VEGF gene family comprises five members,
including placental growth factor (A, B, C, D, and PlGF).
In addition, the parapoxvirus Orf virus genome also
encodes a related protein termed VEGF-E, whereas certain
vipers produce venoms containing a related protein called
VEGF-F. These gene products show remarkable complexity
with multiple splice variants encoded by single genes: the
human VEGF-A gene alone encodes at least 6 different
splice variants or protein isoforms of 121, 145, 165, 183,
189, and 206 residues in length. These VEGF-A isoforms
have different degrees of pro-angiogenic activity; however,
a detailed comparison has been lacking due to the need for
functional recombinant protein isoforms for biochemical
and cellular studies.

There is also evidence of additional complexity within
the VEGF-A subfamily with the discovery of isoforms
bearing anti-angiogenic activity. More recently, it has been
shown by Bates et al. [5] that alternate splicing of the
human VEGF-A primary RNA transcript can replace the
terminal six amino acids to produce additional VEGF-A
isoforms with different biochemical properties. Such isoforms
have been termed VEGF-Axxxb (i.e., VEGF-A165b etc.).
Although evidence for the existence of such isoforms has not
as yet been forthcoming in other mammals including mice,
recombinant human VEGF-A165b can block angiogenesis in
mouse models [6]. The complexity and range of human
VEGF-A protein isoforms alone suggest that such isoforms
may be preferentially expressed or selected during multicel-
lular eukaryote evolution. Comparison of the human VEGF
protein sequences suggest that VEGF-A is the primordial
ancestor that was subverted and encoded within the Orf virus
genome (Fig. 1a).

How conserved is VEGF during evolution? Examination
of different eukaryote species is highly revealing (Fig. 1a).
The jellyfish Podocoryne carnea is a member of the aquatic
phylum Cnidaria and lacks a dedicated vascular bed, but
has a gastrovascular system. It expresses VEGF and VEGF

receptor (VEGFR)-related sequences [7], suggesting a role
for these proteins in the formation and regulation of its
biological tube system. The VEGF family is highly
conserved in vertebrates including marine animals such as
the zebrafish Danio rerio. However, in less complex
multicellular eukaryotes, such as the worm Caenorhabditis
elegans and the fruit fly Drosophila melanogaster, an
ancestral VEGF- and platelet-derived growth factor
(PDGF)-related protein called PDGF/VEGF-like factor
(PVF) is found [8–10]. Interestingly, marine animals such
as the Florida lancelet (amphiouxus) and jellyfish P. carnea
contain equivalent proteins that are more closely related to
the PVF orthologs from worms and flies (Fig. 1a). A
common ancestor for the PDGF and VEGF families is
further supported by the primary sequence similarity
between these two sets of functionally distinct cytokines
(Fig. 1a). Crystallographic analysis shows that VEGF and
PDGF growth factors form homodimers with a “cystine
knot” comprising four intrachain and interchain disulfide
bonds involving eight different cysteine residues [11, 12].
Interestingly, sequence alignment of VEGF, PDGF, and
fibroblast growth factor (FGF) proteins argue for a common
evolutionary ancestor (Fig. 1a). However, although the
VEGF, PDGF, and FGF receptor tyrosine kinases show
significant sequence similarity and domain organization
[13], the FGF family is structurally unique, with these
growth factors existing as disulfide-linked monomers.

The VEGF, PDGF, and FGF receptor tyrosine kinases
share significant similarity including an extracellular domain
composed of immunoglobulin-like repeats and an intracellular
split tyrosine kinase domain [14, 15]. Both VEGFR and
platelet-derived growth factor receptors (PDGFR) protein
family expression is largely found in the hematopoietic or
vascular system and in blood vessel tissues such as the
endothelium. VEGFRs were initially described as endothe-
lial specific, but it has been clearly established that these
receptors are expressed in a multitude of non-vascular cells
such as the ependymal cells, neuronal stem and adult
neuronal cells, retinal pigment epithelium, lens epithelial
cells, skeletal muscle progenitor cells, bone cells, follicular
cells and kidney podocytes. For example, VEGFR1 has been
shown to regulate the epithelial–mesenchymal transition
[16], proliferation of retinal progenitor cells [17] and
cardiomyocyte function [18]. In contrast, VEGFR2 is more
narrowly expressed in endothelial tissues, although it appears
to be an increasingly important marker for stem cell
differentiation and development [19–21]. Both VEGFR1
and VEGFR2 appear to be expressed in different subsets of
neural cells and functionality in such tissues is less clear (see
later). The VEGFR3 protein is found on both endothelial and
lymphoid cells and is also increasingly detected in other
tissues such as the brain where it may have a role in glial
function [22].
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Fibroblast growth factor receptors (FGFR) expression is
more widely distributed including skin, connective tissues,
peripheral, and central nervous system. The sequence
similarity between these receptors would thus argue that
the VEGFR system was derived from an ancestral system
resembling that found in D. melanogaster and C. elegans
(Fig. 1b). Although an archetypal receptor tyrosine kinase
can be used to depict the VEGFR–PDGFR–FGFR molecule,
there are other VEGF receptors such as neuropilins that are
structurally different, lack tyrosine kinase activity and use
different VEGF binding sites (Fig. 1c). These neuropilins
appear to function as co-receptors that modulate endothelial
and neuronal guidance by forming a VEGF–VEGFR–
neuropilin signaling complex at the plasma membrane [23].
The neuropilins also bind secreted, extracellular soluble

ligands called “semaphorins” that regulate axon guidance,
neuronal patterning, and synaptogenesis [24]. Evolutionary
conserved transmembrane semaphorin–plexin signaling sys-
tems govern various aspects of axonal guidance in invertebrates
such as D. melanogaster [25] and vertebrates, and epidermal
morphogenesis in C. elegans [26]. In addition, a recent study
describes that the semaphorin family member, secreted
Sema3E, directly binds to VEGFR2, is expressed by neurons
of the subiculum in developing mouse brain and associates
with the PlexinD1/Neuropilin-1 receptor complex to control
axon growth [27]. These findings implicate VEGFR2 in
axonal wiring through a mechanism that is dependent on
Sema3E and independent of VEGF ligands.

An analysis of neuropilin-related sequences revealed
orthologs in many vertebrates including marine animals
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Fig. 1 Sequence similarity of the VEGF, PDGF, and FGF protein
families. a A phylogram tree showing homology between VEGF,
PDGF, and FGF family members derived using the ClustalW2
program using default parameters. Sequences used were Homo
sapiens (Hs), D. melanogaster (Dm), C. elegans (Ce), jellyfish P.
carnea (Pc), habu snake viper (Vip), Orf virus (Orf), and amphioxus
(Amphx). PVF denotes PDGF–VEGF ancestral gene ortholog. The D.
melanogaster ligand branchless (Bnl) shares distant similarity to
FGFs. b A phylogram tree showing homology between VEGFR,

PDGFR, and FGFR family members. Sequences compared were as
previously described and the yellowfever mosquito Aedes aegypti
(Mos). PVR denotes PDGFR–VEGF receptor ancestral gene ortholog.
c Schematic representation of an ancestral PDGF/VEGFR/FGFR
molecule. In comparison, the vertebrate neuropilins contain a Cub
(or CUB) domain, coagulation factor FV/FVIII repeat, MAM domain
for homodimerization and an intracellular PDZ domain for cytosolic
protein–protein interactions
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such as zebrafish and pufferfish. However, comparisons to
invertebrate genomes reveal the presence of other proteins
containing modules such as the CUB domain, but it is
unclear as to whether these are orthologs or functionally
unrelated. However, vertebrate neuropilin displays similarity
to tolloid-related proteins found in organisms such as D.
melanogaster which also have metalloprotease-like domains,
but its relevance to the PVF system is unknown.

VEGF Function in Higher Eukaryotes

The function of the VEGF family of growth factors and
receptors has been reviewed extensively [15, 28, 29]. These
proteins regulate many aspects of vascular physiology, but
their roles in other tissues are only gradually emerging. One
problem is that mouse knockout models for VEGF-A
[30, 31], VEGFR1 [32], or VEGFR2 [33] display early
embryonic lethality making it difficult to assess gene
function in different adult tissues. However, the advent of
tissue-specific gene manipulation in mouse models has
enabled better understanding of VEGF and receptor func-
tion. Depletion of VEGF in skeletal muscle [34], lung [35],
and retina [36] can produce a variety of pathological
phenotypes associated with perturbation of vascular function
in these tissues. A mechanistic framework towards under-
standing VEGF function is that high affinity homo- and
heteromeric receptor complexes bind different VEGFs and
transduce signals that regulate cellular physiology including
cell survival, migration, proliferation, angiogenesis, and
vasculogenesis. Such receptor–ligand complexes undergo
post-translational modifications (phosphorylation, ubiquitina-
tion) that determine turnover and degradation which further
influence cellular outputs [37].

There is increasing interest in understanding VEGFR
and neuropilin function in neural tissues. The exact
function of these membrane-bound receptors in the nervous
system is unclear, but evidence suggests that their function
is linked to neural guidance, replenishment and/or survival
in response to soluble ligands such as VEGF. One
hypothesis is that VEGF receptor–ligand complexes were
part of an ancestral neural guidance system used to set up
and maintain complex circuits during multicellular eukaryote
development. The VEGF-A gene and its expression profile
alone reveals substantial complexity with between six and 12
possible splice isoforms and both pro- and anti-angiogenic
capability associated with different VEGF-A isoforms [5].
The complex range of protein isoforms generated by
alternate RNA splicing of the carboxy-terminal exon 8 in
the VEGF-A gene on chromosome 6 raises many interesting
but unanswered questions. Certain VEGF-A splice variants
produced by normal tissues can inhibit growth of micro-
vessels or capillaries. In many human tissues (vitreous fluid,

renal cortex, normal colonic epithelium, bladder smooth
muscle, lung and pancreatic islets) and primary cultured cells
(podocytes, retinal pigment epithelium, colonic epithelial
cells), the VEGF-A165b isoform generated by RNA splicing
of exon 8b, constitutes more than or close to half of the total
VEGF-A detected in circulatory fluids. VEGF-A165b is
characterized by replacement of the …CDKPRR–COOH
sequence with …SLTRKR–COOH. These differences have
profound implications for receptor–ligand interactions and
cellular function(s). The anti-angiogenic properties of VEGF-
Axxxb have thus opened an avenue for targeting regulators of
alternative RNA splicing (e.g., splicing factors) as potential
therapeutic agents in angiogenic pathologies [38].

Increasing length of VEGF-A gene products is associated
with increasing insolubility and association with the extracel-
lular matrix, including retention of heparin-binding ability for
interaction with complex polysaccharides found on both
soluble and membrane-associated factors. One likelihood is
that some forms of VEGF-A are better retained by the
extracellular matrix whereas other (shorter) isoforms are
poorly retained, but circulate freely in the extracellular
medium (Fig. 2). Recent findings using primary cultured
endothelial cells further support this idea with differences in
VEGFR2-linked intracellular signaling depending on VEGF-
A solubility or extracellular matrix-associated VEGF-A [39].
Retinal development is regulated by VEGF-dependent blood
capillary formation and a balance between soluble and
ECM-bound VEGF-A isoforms appears to be essential for
maintenance of visual acuity [40].

One hypothesis is that a “molecular trail” of VEGF can
guide endothelial cells towards their targets, including
tissues and solid tumors. For example, insoluble VEGF
associated with the ECM can be recognized by endothelial
VEGFRs to mediate cell guidance, sprouting, and new
blood vessel formation towards vascular patterning and
growth in the developing organism (Fig. 2). The balance
between soluble and insoluble VEGFs could thus mediate
different biological outputs such as cell growth, migration,
and guidance towards target tissues [1]. In support of this
hypothesis, the different VEGF-A isoforms display differen-
tial solubility and association with the ECM, with longer
isoforms being more insoluble, a property that is associated
with the carboxy-proximal heparin-binding domain. In
addition, the abundant VEGF-A165 isoform can itself
undergo cleavage by proteases such as plasmin to generate
smaller, more soluble and diffusible species such as VEGF-
A111 [41, 42]. This has pathological significance as such
processes are elevated in chronic wounds in human [43] and
mouse [44] models. Mutational and functional analysis of
VEGF-A suggest that such proteolysis is required for VEGF-
A-stimulated cell proliferation [45]. Intriguingly, ultraviolet
radiation and genotoxic drugs can stimulate production of
proteolysis-resistant VEGF-A111 in a human–mouse xeno-
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graft tumor model [46], suggesting that VEGF-A cleavage
could be a post-translational mechanism to control bioavail-
ability for tissue remodeling.

What factor(s) could govern the balance of VEGF-A
isoforms in a particular niche or environment? This is
unclear, but recent work by Bates et al. [5] indicates that
intracellular signaling can influence VEGF-A splice site
selection. In epithelial cells, insulin-like growth factor-1
and tumor necrosis factor favored increasing VEGF-Axxx

families, whereas transforming growth factor β1 favored
increasing VEGF-Axxxb splice isoform levels involving the
p38 MAPK pathway and phosphorylation of splicesome
subunits [47]. More recent work in this system also
implicates roles for the spliceosome protein kinase and
protein kinase C in production of VEGF-A splice isoforms
(VEGF-A165 vs. VEGF-A165b) that have differing effects
on angiogenesis [38]. One hypothesis is that in a vascular–
neural niche, neural VEGFRs respond to such VEGF
“trails” as cues to guide neuronal and/or neural cells
towards targets or modulate neural function [1]. For
example, there is evidence that neuropilins regulate
neuronal patterning in response to VEGF-A [48].

VEGF-C and VEGF-D, which bind and activate
VEGFR3 as well as VEGFR2, are mitogenic for cultured
endothelial cells and occur also in the developing brain.
Furthermore, VEGF-C and VEGF-D are paracrine factors
essential for lymphangiogenesis [22], and have been
implicated in tumor spread to the lymphatic system. In
several human cancers, increased expression in primary
tumors of VEGF-C is correlated with formation of
peritumor lymphatics vessels, tumor cell chemotaxis, intra-
lymphatic intravasation, and regional lymph node metastasis
[49]. The balance of VEGF-A and VEGF-C can also dictate
cell survival such as kidney podocytes [50]. Intriguingly,
additional VEGF-C isoforms produced by mouse podocytes
have recently been discovered [51] suggesting additional
complexity in VEGFR2 and VEGFR3 regulated responses.
However, the cellular mechanism of de novo lymphangio-
genesis in human diseases is currently controversial. It could
involve division of local pre-existing endothelial cells or
incorporation of circulating progenitors.

The VEGFR3 gene is highly transcribed in postnatal brain
both in a subset of retinal neurons and in glial precursor cells
[52], whereas VEGF-C and VEGF-D are variably produced
by different neuronal and glial cells [22]. In addition, VEGF-
C receptor VEGFR3 is expressed in neural progenitor cells
in Xenopus laevis and mouse embryos [53].

VEGF Function in Lower Eukaryotes

The conservation of the PVF–PVR (PDGF/VEGF receptor)
system in the mosquito, fruit fly and nematode indicates an
essential role in invertebrate development and physiology.
How can we reconcile VEGF function in vertebrate such as
mammals in comparison to invertebrates that lack a recog-
nizable vascular system? One likelihood is that an ancestral
VEGF-VEGFR complex was the PVF–PVR system (Fig. 1)
which was used to promote formation of multicellular
network such as neural circuits. In the nematode C. elegans,
the PVF gene product still retains the capacity to bind to the
vertebrate VEGFR1 and VEGFR2 membrane proteins [8].
However, in the fruit fly D. melanogaster, the PVF–PVR
system acts to guide border cells towards the developing
oocyte using long cellular extensions in “pathfinding” [9,
54]. This system is also required to guide embryonic
hemocyte precursor cells and for cell survival [55, 56].
Intriguingly, the PVF–PVR system mediates the movement
of cells needed for the formation of adult male terminalia
[57], suggesting that PVF–PVR-coded molecules can medi-
ate tissue “sculpting” needed for complex membrane and
tube systems. Age-related changes in D. melanogaster also
increases expression of soluble PVF2, and potentially
modulating the formation of intestinal stem cells and
progenitor cells in midgut tissues [58]. Recent work shows
that PVR functionality is dependent on both the Rab11 GTPase
and an E3 ubiquitin ligase, suggesting that receptor trafficking,
ubiquitination and degradation regulate PVF–PVR function
[59]. Other invertebrates, such as the yellow fever mosquito
Aedes aegypti and Florida lancelet (amphiouxus), also express
VEGF-related orthologs, again suggesting potential roles in
cellular network formation in different tissues.

Soluble 

ECM 

VEGF-A121                                VEGF-A165 VEGF-A189 

Fig. 2 Differential VEGF solubility mediates cell guidance. Cartoon
depicting differential VEGF solubility exemplified by VEGF-A121

(highly soluble), VEGF-A165 (intermediate solubility), and VEGF-

A189 (highly insoluble) resulting in different concentrations of VEGF-
A found associated with the ECM. Adapted from [1]
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During angiogenesis, in addition to VEGF signaling,
angiopoietin/Tie signaling is also involved. Lymphatic and
blood vascular endothelial cells are regulated by two
endothelial specific receptor tyrosine kinase systems,
VEGFRs and the Tie receptors, activated by the VEGF
and angiopoietin ligands, respectively. The angiopoietin/Tie
system controls endothelial cell survival, vascular matura-
tion and integrity, and quiescence. The angiopoietin family
includes four ligands (Ang-1, Ang-2, and Angi-3/4) and two
corresponding tyrosine kinase receptors (Tie1 and Tie2).
Ang-1 and Ang-2 are specific ligands of Tie2, binding the
receptor with similar affinity. Tie2 activation promotes vessel
assembly and maturation by mediating survival, antiapoptotic
signals for endothelial cells and regulating the recruitment of
mural cells. Ang-1 (secreted by smooth cells and pericytes)
acts in a paracrine, obligate, agonistic manner inducing Tie2
autophosphorylation, activates PI3-K and Akt pathway,
and subsequent vessel stabilization. Ang-1 induces lymphatic
vessel enlargement, sprouting and proliferation in a VEGFR-
3-dependent manner. In contrast, Ang-2 is produced almost
exclusively by endothelial cells (stored in Weibel–Palade
bodies), functions as a switch of vascular responsiveness to
exogenous stimuli (VEGF, FGF-2, hypoxia), and acts rapidly
as an autocrine antagonist of Ang-1-mediated Tie2 activation
signaling. Ang-2 thereby primes the vascular endothelium to
exogenous cytokines and induces vascular destabilization at
higher concentrations. Ang-2 is strongly expressed in the
vasculature of many tumors and it has been suggested that
Ang-2 may act synergistically with other cytokines such as
VEGF to promote tumor-associated angiogenesis and tumor
progression [60].

In contrast to the VEGF lineage, the existence of
angiopoietin-like molecules and their receptors in simple
invertebrates without a vascular system has not been
demonstrated. Members of angiopoietin family and receptor
tyrosine kinase Tie-2 may be considered a later highly
conserved evolutionary achievement needed for complexity
in endothelial cell migration, patterning, and maturation of
vascular network [61].

Evolutionary Perspectives on Vascular System
Development

In invertebrates, such as insect (avascular CNS in D.
melanogaster) and crustacean, interaction between neurons
and perineural glial cells, through septate and tight
junctions, is central in establishing a functional blood–
brain barrier (BBB). An evolutionary perspective suggests
that glia–barrier system in lower invertebrates evolved into
an endothelial barrier system in higher invertebrates beyond
elasmobranch [62]. It was likely due to evolutionary
selective pressure needed to preserve ionic homeostasis

from any fluctuation around the synaptic active zones and
to restrict substances that could damage the neuronal cells.
Phylogenetically, true microcirculatory vessels appeared in
some anellids (nemerteans). Invertebrates, such as cephalo-
pod mollusc cuttlefish Sepia officinalis, which has a closed
circulatory system, already have a BBB formed by
perivascular glia cell processes in the microvessels lined
with an endothelium, and venous vessels. This also reveals
the existence of pericytes in arterial vessels, which may be
considered a later development in BBB structure [63].

There is no phylogenetic theory about the origin of
endothelial cells in vertebrates. It has been proposed that
proto-endothelial cells originated from a type of specialized
migratory blood cells, called amoebocytes (coelomic origin,
i.e., derived from coelomic epithelium during development)
which acquired an epithelial phenotype [64]. The presence
of the VEGFR-like ortholog (PVR) on hemocytes from D.
melanogaster supports this hypothesis.

An intriguing aspect of the molecular mechanisms that
have been conserved during evolution is the vessel tubular-
sprouting capacity of the open colonial circulatory system
of ascidian Botryllus schlosseri, resembling that occurring
during vertebrate angiogenesis. The interzooidal vessels are
limited by a simple, flat epithelium, originated by epidermal
extrusion, with the basal lamina lining the lumen. The
regenerating structures of the extracorporeal circulatory
system were found to be under the control of the VEGF
pathway [65, 66].

Evolution of Primary Signaling Events
in VEGF-Regulated Physiology

Based on our knowledge described above, it may be
instructive to take an evolutionary glance on one part of
the complex intracellular signaling events immediately
downstream of the VEGFR multiprotein complexes.
Interaction of VEGF with particular receptor subtypes
possessing an internal tyrosine kinase domain activates
different pathways, e.g., phosphoinositide 3-kinase (PI3K)/
PTEN/Akt, Ras/Raf-MEK/ERK, endothelial nitric oxide
synthase/nitric oxide and inositol triphosphate/calcium ion
signaling events. The PTEN gene encodes a phosphatase that
antagonizes PI3K signaling by removing the 3′ phosphate
from phosphatidylinositol 3,4,5-trisphosphate. PI3K, c-Akt
and PTEN are involved in a very ancient signaling system,
and are highly conserved proteins among organisms as
diverse as amoeba Dictyostelium discoideum, platyhel-
minthes (planarian Schmidtea mediterranea; trematode
Schistosoma mansoni), nematodes (C. elegans), and verte-
brates [67–73]. The PTEN gene is conserved in the
invertebrate D. melanogaster and undergoes alternative
RNA splicing [74] (Fig. 3).
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Cell growth and cell divisions are two fundamental
biological processes for cells in multicellular organisms.
Thus, it is not surprising that molecules involved in these
processes are highly conserved within eukaryotes, including
plants and unicellular organisms such as yeast. In the genome
of sea squirt Ciona intestinalis, the genes encoding compo-
nents of the PI3K pathway, that have importance for cell
growth, differentiation, survival, adhesion and chemoattrac-
tant gradient sensing, have been examined [75]. It was found
that the genome of this invertebrate encodes all the essential
constituents of the PI3K pathway. In addition, genes
encoding the class IB PI3K catalytic and regulatory subunits,
which had not previously been known in animals other than
mammals, were found to be present in this genome. Since
this ascidian is regarded as one of the most primitive extant
chordates, such an analysis gives insight into how funda-
mentally important genes were conserved during chordate
evolution [75]. Clearly, a great deal remains to be learned
about how this leading signaling pathway started to function
in primordial cells.

Evolution of Biological Tubes

There are only two cell types that form the lumen of tubular
systems: either endothelial cells in the vascular system or

epithelial cells in all other organs. The sprouting of the
tracheal system in the fruit fly D. melanogaster results in an
interconnected network of gas-filled epithelial tubes that
develop during embryogenesis and functions as the main
gas exchange organ in the larva. This process is driven by
an FGF-like ortholog called branchless that is secreted by
non-tracheal cells and whose function is inhibited by
Sprouty/Notch [76]. Furthermore, larval tracheal cells
respond to hypoxia by activating a program of branching
and growth that is driven by hypoxia-inducible factor (HIF-
1α, sima) dependent expression of the breathless gene
which encodes an FGF receptor orthologue [77]. Thus, a
single growth factor is reiteratively used to pattern each
level of tracheal branching, and the change in branch
patterning results from a switch from developmental to
physiological control of its expression. This reactive
respiratory (tracheal) system seems to have features in
common with the mammalian circulatory system due to an
angiogenesis-like, hypoxic response. A rather astonishing
number of similarities between the developing tracheal
system and the formation of blood vessels via angiogenesis
have recently emerged. The vertebrate vasculature is first
assembled from scattered endothelial precursor cells, and is
then enlarged and remodeled by the sprouting, splitting, and
regression of branches. Gerhardt et al. [78] have shown that
VEGF-A regulates angiogenic sprouting by guiding filopo-
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Fig. 3 Model showing the primary steps for VEGFR and PVR
signaling. Growth factor binding to a membrane receptor tyrosine
kinase activates signaling cascade via the MAP kinases. In parallel,
the PI3K/Akt pathway can be activated by the receptor tyrosine kinase
or inactivation of the tumor suppressor, PTEN. PI3K activation causes
synthesis of PI(3,4,5)P3, resulting in recruitment of the serine/
threonine kinase c-Akt (protein kinase B) to the plasma membrane.

The PDK1/2 kinase phosphorylates and activates membrane-bound c-
Akt, which in turn phosphorylates multiple targets including glycogen
synthase kinase 3 (GSK-3), the transcriptional activator CREB, mdm2
forming a complex with the p53 tumor suppressor, and regulators of
apoptosis such as Bad or caspase-9. PI3K and PTEN encoding genes
have been also found in invertebrates
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dial extensions from specialized endothelial cells situated at
the tip of vascular sprouts. There is thus much similarity to
how neural growth cones and tracheal cells navigate
through the developing embryo.

A key feature in evolution is the development of
biological tubes to mediate the movement of molecules
and cells over relatively long distances within a multicel-
lular organism. Within a relatively simple nematode such as
C. elegans, there is a single long alimentary canal in
addition to organs such as oviducts, ovaries, uterus, and
vulva. How does the PVF–PVR system regulate tissue and
organ development within this organism? That is currently
unknown, but one speculation is that the PVF–PVR system
may be used to regulate the neuronal network found in the
adult animal. In addition, this system could be used to
regulate the formation of the gut. The D. melanogaster
ortholog is also implicated in diverse events ranging from
cell migration to cell size [79].

How have endothelial-based vascular tubes evolved
from simple multicellular organisms? One postulate is that
a primitive PVF–PVR system used to form multicellular
networks in tissues such as neurons or the gut was evolved
towards forming long-range vascular tubes to enable
movement of molecules and nutrients (e.g., blood) and
circulatory cells (e.g., hemocytes, leukocytes). This system
needed cells to be initially aligned in a linear manner,
followed by accumulation and membrane fusion of intra-
cellular vesicles and vacuoles (Fig. 4). Subsequent fusion of
these large vacuoles with the endothelial plasma membrane
enables formation of a central lumen linking the aligned
endothelial cells. Live cell imaging studies in the zebrafish
D. rerio has provided evidence for such a model for new
blood vessel formation [80]. How does this mechanism

compare to other “biological tube” networks found in
multicellular organisms? In mammals, epithelial and neural
tissues have been noted to also undergo regulated programs
of cellular alignment such as the formation of epithelial
tubes (e.g., renal tubules in the kidney) and the embryonic
neural tube which is the precursor for the brain and spinal
cord. One speculation is that conserved mechanisms
resembling the VEGF–VEGFR system exists in these other
tissues to specify epithelial or neural cells to align and
promote the formation of the central lumen. This raises the
question whether the VEGF–VEGFR system can be
responsible for such phenomena in these other tissues. In
the case of the epithelium, it has been observed that
VEGFR1 is expressed in a wide range of primary and
transformed epithelial cells, suggesting a functional role for
this receptor in different epithelial tissues. The VEGFR1
mouse knockout, although showing that this gene is essential
for vascular and mammalian development [32], does not shed
any light on its potential role in other tissues. Intriguingly, an
in vitro model for human colonic differentiation shows that
the VEGF-A–VEGFR1 axis is required for cell survival and
the epithelial–mesenchymal transition [16]. In contrast, the
VEGFR2 gene product is essential for embryonic and
vascular development [33], but its expression is largely
restricted to cells of hematopoietic and endothelial origin.

What is the molecular mechanism underlying biological
tube formation within a collection of endothelial cells? In
the case of the mammalian endothelium, remodeling of
actin and microtubule networks is essential for mediating
membrane and vesicle movements needed for the formation
of a central lumen. The endothelial α2β1 integrin mediates
interaction with extracellular matrix components such as
collagen leading to activation of the Cdc42 GTPase and
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Fig. 4 A model for formation
of the vascular lumen by endo-
thelial cells (ECs). ECs become
aligned end-to-end in response
to a vasculogenesis and angio-
genesis cues such as VEGF-A.
These endothelial cells are an-
chored through homophilic cell–
cell interactions at the plasma
membrane using membrane
proteins such as VE–cadherin.
The increasing accumulation of
endothelial vesicles and
vacuoles drives fusion and
formation of large intracellular
vacuoles. This results in the
formation of a central lumen
around which subsequent newly
formed endothelial cells are
organized to form the endothe-
lium. Adapted from [80]
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actin remodeling; this also involves other factors such as
Par6b, Par3, and junction adhesion molecules [81]. The
VE-cadherin adhesion molecule also modulates angiogenesis
involving Rho GTPases, Rho kinases, and myosin light chain
kinase [82]. The phosphorylation of myosin-II is thus
implicated in modulating actin dynamics necessary for
angiogenesis and blood vessel formation.

Neural Guidance and Survival

How does VEGF-A regulate neuronal function? The majority
of evidence suggests neural requirement for VEGF-A but the
extent of this role is a matter for much debate. Neurons
generally appear to express VEGF-A, VEGFR2, VEGFR3,
and neuropilins, but lack VEGFR1 [83]. The balance between
guidance molecules and angiogenic factors working through
neuropilins and VEGFRs could modulate neuronal and
neural progenitor cell proliferation, migration, apoptosis, or
survival [84]. Increasing evidence suggests that VEGF-A-
mediated activation of neuronal VEGFR2 stimulates intra-
cellular signaling pathways that control cell survival and
apoptosis [85]. One study suggests that VEGF-A is a
survival factor for retinal neurons and provides critical
neuroprotective functions during ischemia [86]. As VEGF-
A was originally identified as a hypoxia-inducible factor
that stimulates endothelial function and neovasculariza-
tion, it is interesting to evaluate the effects of hypoxia in
the nervous system. The nervous system is exquisitely
sensitive to reduced oxygen conditions such as hypoxia
which can result in impaired function and cell death. Hypoxia
triggers a highly conserved cellular circuit which stimulates
expression of the VEGF-A gene products that regulate many
aspects of vascular physiology. A similar mechanism is
activated in neural tissues in response to ischemia resulting
in increased VEGF-A mRNA synthesis, expression and
secretion [87].

In neurons, protection from hypoxic ischemia leading to
increased VEGF-A synthesis, VEGFR2 activation and
MAP kinase signaling is linked to phosphorylation and
activation of a global transcriptional activator, i.e., cAMP-
responsive element-binding protein (CREB). VEGF-A-
stimulated VEGFR2 activation and signaling is protective
against hypoxia in both hippocampal and cortical neurons
with reduced cell death and increased survival [88]. In an
animal spinal cord injury model, VEGF-A administration
led to decreased apoptosis and improved neuronal function
[89]. Thus, one hypothesis is that VEGF-A acts as an
autocrine survival signal in neural tissues to protect against
the damaging effects of stress conditions such as hypoxia.
This becomes especially important in terminally differentiated
tissues that lack capacity for self-regeneration and renewal,
e.g. adult neurons.

Intriguingly, there is evidence that VEGF-A regulates
neural stem cell renewal and interaction with the surrounding
vascular network including the endothelium [90, 91]. In one
study, VEGF-A acts as a chemoattractant that guides neural
cell progenitors and involves intracellular signaling through
VEGFR2 [92]. On pluripotent embryonic stem cells, VEGF-
A displayed a marked ability to act as an autocrine survival
factor in contrast to other growth factors including PDGF
and FGF [85]. Studies on cells derived from embryonic
mouse knockouts suggest that VEGF directly inhibits
primitive neural stem cell survival but promotes definitive
neural stem cell survival [93]. Human embryonic stem cells
respond to VEGF by directly elevating expression of genes
such as Sox1 and nestin that are implicated in neurogenesis
[94]. It has been also suggested that cerebral microvascular
endothelial cells can mediate recruitment of neural stem cells
to the neurovascular niche through a VEGF-A-regulated
mechanism [95, 96].

Interestingly, other neural cells, such as astrocytes and
glial cells, also display VEGF-regulated responses but with
subtle differences. For example, astrocytes express VEGF-
A and VEGFR1 but not VEGFR2 [97]. In different neural
cells, the role of VEGF-A may be to support neuro-
protection and survival [98]. One likelihood is that different
neural populations of progenitors and terminally differen-
tiated cells respond to VEGF cues using different receptor
combinations to modulate cell proliferation, apoptosis or
survival to control both central and peripheral nervous
system function. However, there must be a note of caution
with more work needed to assess the requirement and role
of VEGFs in neural function: one view is that VEGF-A
expression is an effect rather than a cause of dysfunctional
states [99].

VEGF and Neural Pathophysiology

An increasingly important aspect of the many properties
associated with the VEGF is the role played by such growth
factors in neural function and pathophysiology. In principle,
better understanding of such phenomena raises possibilities
for VEGF-linked therapy in a variety of neurological
diseases. Such diseases generally appear to fall into two
categories: those in which VEGF-A expression is lowered
in neural tissues, and those in which VEGF-A expression is
elevated in both neural cells and surrounding tissues. In
both cases, perturbation in VEGF-A-stimulated signaling
pathways appears to trigger significant CNS and/or PNS
dysfunction, highlighting a key role for VEGF receptor–
ligand complexes in regulating neural function.

A striking example of VEGF-linked pathophysiology is
motor neuron disease or amylotrophic lateral sclerosis
(ALS) [100]. Patients with ALS display reduced VEGF-A
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levels in the brain and in circulatory fluids [101], a
condition consistent with lowered responses to VEGF-A
by motor neurons. The mouse VEGF-A δ/δ model, where
hypoxia-stimulated VEGF-A expression is ablated, shows
adult-onset motor neuron degeneration and an altered
profile of gene expression [102]. Multiple factors likely
contribute to this disease pathology: this is illustrated by a
mouse model of ALS based on the superoxide dismutase
SOD1-G93A allele where VEGF-A administration prevents
motor neuron degeneration [103]. A likely mechanism to
explain the effects of SOD1 alleles on ALS involves an
RNA stabilization factor that binds to the 3′ non-translated
region of the VEGF-A mRNA and is redistributed from the
nucleus to the cytoplasm upon expression of mutant SOD1
[104]. Expression of this mutant human SOD1 in zebrafish
D. rerio embryos also caused motor neuron death [105].
Overexpression of VEGF-A in neurons of a double-
transgenic ALS mouse model [106] or a zebrafish model
[105] appears to alleviate axonopathic disease symptoms.
However, more evidence is still needed for conclusive
proof that VEGF deficiency causes ALS [107] as there are
genetic studies that shown no association between genetic
polymorphisms in VEGF-A and the incidence of ALS
[108].

In a rat Parkinson’s disease model, the loss of dopami-
nergic neurons could be ameliorated by VEGF-A infusion
into the striatum [109] or VEGF-A viral gene therapy [110].
Furthermore, in a rat Huntington’s disease model, motor
impairment was improved by VEGF-A administration into
the brain striatum [111]. Intriguingly, VEGF-A dysfunction
is also associated with Alzheimer’s disease (AD) [4]. One
possibility is that non-coding polymorphisms within the
vicinity of the VEGF-A locus influence protein expression
and/or alternate RNA splicing, leading to an altered
expression profile of VEGF-A isoforms that modulate
neural function. Low levels of serum VEGF-A are
associated with AD predisposition [112], but high intrathecal
VEGF-A levels can be found in AD cerebrospinal fluid
[113]. The β-amyloid peptide, implicated in causing AD,
can bind VEGF-A and thus modulates intracellular signaling
in endothelial cells and blood-brain barrier permeability
[114]. This is further supported by evidence for increased
VEGF-A accumulation in plaque deposits from AD patients
[115]. There is evidence for genetic polymorphisms in
VEGF-A correlating with increased risk of AD [116], but
there are also opposing conclusions from similar studies on
different populations [117].

Cerebral ischemia such as stroke can be linked to
VEGFR2 allelic variants [118]. There are elevated VEGF-
A levels in the human brain after a stroke incident: this is
likely to be a physiological and neuroprotective response to
counter the damaging effects of hypoxia [119]. It has been
noted that increased VEGF levels is associated with altered

BBB permeability and temporal lobe epilepsy [120]; such
phenomena may be age-related [121]. There is also
increasing interest in the VEGF-B gene product which
can have neuroprotective and anti-apoptotic effects in
stroke models [122]. Intriguingly, the neuroprotective
effects of VEGF-B appear to be mediated through VEGFR1
and by suppression of expression of pro-apoptotic regula-
tory factors [122]. A key switch in this pathway is likely to
be the c-Akt serine/threonine protein kinase which can
phosphorylate multiple targets associated with cellular
homeostasis and survival [123] (see Fig. 3). There is thus
a critical balance between VEGF-induced neural survival
and repair and increased blood–brain barrier permeability
that could trigger hemorrhage or stroke.

VEGF-A and VEGFR1 levels are elevated in lumbar
motor neurons after sciatic nerve crush injury [124]. Local
administration of two different molecules, VEGF-A or
angiostatin, to a spinal cord injury model showed reduced
cellular apoptosis consistent with improved blood vessel
homeostasis and neurotrophic effects on neurons and/or
glial cells [89]. In a rat spinal cord injury model, ex vivo
administration of virally transduced NSCs overexpressing
VEGF-A also enhanced proliferation of glial progenitors
[125]. Increased neural VEGF-A levels in multiple sclerosis
(MS) may be a contributory factor in myelin sheath
degeneration. VEGF levels were higher in MS patients
with disease or relapse compared to controls or MS patients
in remission [126]. A condition resembling MS can be
induced in rat models by simultaneous immunization with
myelin oligodendrocyte protein and intraspinal injection of
VEGF-A [127]. Increased VEGF-A may thus “prime” an
autoimmune reaction resulting in myelin sheath breakdown
leading to disease pathology.

Altered VEGF levels are also associated with a number of
retinal diseases, including altered angiogenesis mediated by
the retinal vasculature [4]. Eye tissues can encounter both
hypoxia and hyperoxia conditions which markedly alter local
VEGF-A levels [128]. VEGF-A regulates retinal progenitor
cell proliferation and commitment towards formation of
postmitotic neurons [129]. Again, VEGF-A appears to act as
an autocrine survival factor for retinal neurons, Müller cells
[130], and protects against ischemia [86].

In a branch retinal vein occlusion model, rapid and
transient VEGF-A expression is associated with modulated
potassium channels, aquaporin function and osmotic swelling
in Müller cells [131]. Intriguingly, another regulatory factor
is the group IV phospholipase A2 (PLA2) enzyme which
undergoes calcium-stimulated activation to produce arach-
idonic acid. It has been noted that during retinal angiogenesis,
neovascularization and hypoxia, this group IV PLA2 enzyme
is activated [132], whereas inhibition of the downstream
cyclooxygenase-2 enzyme diminishes VEGF-A production
in Müller cells in response to hypoxia [133].
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One intriguing correlate between brain dysfunction and
angiogenesis is cerebral cavernous malformation (CCM).
This pathology, which exhibits lesion in the brain or spinal
cord, also shows a cluster of enlarged or irregular
capillaries which are thinner, less elastic and leaky. At least
three different genes associated with this disease have been
designated CCM1, CCM2, and CCM3. Genetic analysis of
D. rerio CCM1 and CCM2 genes shows functional
requirement for blood vessel development: loss of either
CCM1 or CCM2 causes dilated and leaky blood vessels
[134]. Functional analysis of the Rap1b GTPase, associated
with CCM1 gene product in D. rerio, also disrupts
endothelial cell–cell junctions further pointing to functional
cooperativity between these two proteins to maintain blood
vessel integrity in different tissues [135]. Recent studies
have suggested that CCM1, Rap1b, and VE-cadherin form
a multiprotein complex that regulates endothelial cell
polarity and lumen formation [136].

Concluding Remarks and Future Perspectives

An emerging pattern is that different VEGFs have the
capacity to bind cognate receptors expressed by cells of the
PNS and CNS includes neurons, glia, astrocytes, neural
progenitors, and stem cells to modulate cellular and animal
physiology. In contrast to the VEGFRs, the neuropilins
have capacity to bind both semaphorin and VEGF ligands
to trigger intracellular signaling and neural “pathfinding”,
suggesting complex temporal and spatial mechanisms to
ensure correct wiring and maintenance of neural circuits.
Polymorphisms or altered levels in VEGFs, membrane
receptors and associated signaling factors can not only
affect vascular physiology but also neural function and
homeostasis. It is also likely that some of these factors have
unique functions that have yet to be revealed: for example,
some of the VEGF splice variants could trigger neural-
specific responses. Neural dysfunction such as decreased
VEGF-A levels causing motor neuron death (e.g., ALS)
could potentially be reversed by administration of the
growth factor VEGF-A. Due to the potent effects of the
most commonly used isoform (VEGF-A165), it may be
worthwhile evaluating different VEGF isoforms for their
capacity to rescue motor neuron survival. For example, it
has been reported that VEGF-B may have unique neuro-
protective activity in this context [122, 137]. Alternatively,
under conditions where excessive VEGF levels are a
problem, e.g., MS, a different strategy may be needed.
One way would be to use humanized blocking antibodies to
interfere with receptor–ligand complex formation; however,
side effects are again an issue with potential multiple role(s)
for VEGF-A alone in vascular and non-vascular tissues. A
different approach may be to use VEGFs, soluble receptor

isoforms or engineered hybrids that compete for or interfere
with key brain- and disease-specific pathway(s) but allow
other pathways to proceed normally.

The development of VEGFR tyrosine kinase inhibitors
for blocking angiogenesis in aggressive diseases such as
metastatic colorectal carcinoma (e.g., Sutent) raises the
possibility of using such therapies to inhibit the effects of
elevated VEGF-A levels in MS patients. Finally, the use of
gene therapy to express specific VEGFs, receptors or
engineered proteins locally in neural tissues offers promise.
One approach may be to inject viral vectors carrying
specific transgenes for expression of proteins in different
tissues. Alternatively, it may be better to take primary cells
from the patient and generate stable transgene expression in
vitro before transplantation into the appropriate neural
tissue. In this context, the discovery that neural stem cells
and progenitors respond to VEGFs suggests that cellular
manipulation in vitro using gene therapy and/or VEGF-
linked treatments could be a prelude for transplantation
back into the patient to replenish or repair damaged tissues.

In conclusion, our view is that the vascular network is an
ancestral neural guidance system that was co-opted by
evolution towards the development of biological tubes to
move molecules and cells around a complex multicellular
animal. Much work needs to be done to test this idea: the
use of genetically tractable vertebrate models (e.g., zebrafish),
invertebrates (fruit fly, nematode) can test aspects of this
evolutionary hypothesis. As in life, the road forwards in
understanding complex biological mechanisms is better
informed by our view of history, i.e., the evolution of this
unique system in complex multicellular eukaryotes.
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