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Abstract: VEGF is a canonical angiogenic factor. In addition, its role as a stimulator of neurogenesis was recently

uncovered. Vascular and nervous networks share common molecular mechanisms underlying their morphogenesis. VEGF

is likely to regulate both processes during development and in adult organisms.
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Until recently, a central belief in the field of neuroscience
had been that new neurons do not arise in the adult
mammalian brain. A few years ago, however, studies firmly
established that neurogenesis takes place throughout adult
life [1-11]. It is now widely accepted that undifferentiated
neural stem/progenitor cells (NPCs) are maintained in
specialized microenvironments in some brain regions [12-
15]. In rodents and primates, these spontaneously neurogenic
brain regions are the subventricular (SVZ) and the
subependymal zone, and the subgranular zone (SGZ) of the
dentate gyrus (DG) in the hippocampus [1, 6, 8, 9, 16]. That
vessels form de novo in adult organisms, on the other hand,
is a fact that has been known for centuries [17]. A canonical
regulator of the process of vasculogenesis or angiogenesis,
both in physiological conditions and as a consequence of
injury is vascular endothelial growth factor (VEGF)[18, 19].
VEGF stimulates the division and migration of endothelial
cells (ECs), is strongly induced by hypoxia [20-23], and
couples hypoxia to angiogenesis in diverse tissues including
the brain [24, 25].

Vascular and nervous networks show similar, parallel
patterns of arborization during their ‘choreographed’
morphogenesis [26-29]. Recent discoveries suggest that
these anatomical similarities may arise from shared
molecular mechanisms and the notion of ‘mutual guidance’
has been proposed to explain the alignment of nerves and
vessels in the adult [29]. While VEGF is critical for the
guidance of ECs to their targets during development [30],
several families of classical axon guidance molecules such as
semaphorins [31, 32], ephrins [33, 34] and netrins [35, 36]
have been shown to mediate vascular guidance effects as
well. That the converse may be true is suggested by the
ability of neuropilins to function simultaneously as
semaphorin and VEGF receptors [37-39] (Fig. 1), and by a
role of VEGF in determinating both cell fate in the
developing retina [40] and neuronal patterning in the facial
nerve [41]. In vitro, VEGF acts as a chemoattractant for
neuronal progenitors [42], increases axonal outgrowth [43],
improves neuronal survival [44] and protects cells against
ischemic [45], serum withdrawal-induced [46] and
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glutamate-mediated injury [47]. A direct effect of VEGF in
the stimulation of proliferation of neuronal precursors was
demonstrated by Zhu et al. in vitro [48]. Suggesting that the
association between vasculogenesis and neurogenesis
extends into the adult stage, VEGF stimulates spontaneous
neurogenesis in the adult songbird[49] and rodent brain [50].
NPCs exist preferentially in close association with
proliferating vascular elements in the DG and in the SVZ
[49, 51], where dividing neuronal and endothelial precursor
cells are contiguous [51]. Moreover, those ECs that are
enriched in the environment surrounding clusters of NCs
regulate their proliferation, and secrete factors that favor
adoption of a neuronal fate in vitro [51].

Synaptogenesis [52] and neurogenesis [53] in neurogenic
areas of the brain are strongly induced by experience such as
enriched housing, learning/training and voluntary exercise.
These behavioral interventions induce the expression of
trophic factors such as brain-derived neurotrophic factor
(BDNF), nerve growth factor (NGF), fibroblast growth
factor-2 (FGF-2) and insulin-like growth factor-I (IGF-1)
[54-58]. Likewise, VEGF expression is strongly induced by
and mediates the neurogenic effects of running [59]. During
et al. demonstrated that environmental enrichment and
training in the Morris water maze also induce VEGF
expression in rat hippocampus. Moreover, enforced
expression of VEGF is sufficient to increase neurogenesis in
the SGZ and enhance performance in tests of associative and
spatial learning that depend on hippocampal function [60].
This could be attributed to VEGF’s neurogenic, but not
angiogenic, activity, as expression of placental growth factor
(PGF) (a VEGF family member that interacts with VEGFR1
but not with VEGFR2 and that, like VEGF, stimulates
angiogenesis) has negative effects on neurogenesis and
inhibited learning, although it similarly stimulates
angiogenesis. In addition, downregulation of VEGF
expression using RNA interference abolishes enrichment-
induced NPC proliferation, pointing out to a causal
relationship between VEGF action and experience-
stimulated neurogenesis.

Following stroke, VEGF promotes angiogenesis in the
penumbra of the ischemic lesion [60] and reduces infarct size
[61], possibly through a reduction in cell injury during the
acute phase. The effect of VEGF after ischemia likely
involves its neurogenic properties, as VEGF treatment
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augments neuronal precursor proliferation and enhances
long-term survival of newborn neurons both in the SGZ and
the SVZ [62].

While underlying cellular processes in neurogenesis
activated by EGF, FGF-2, BDNF and erythropoietin have
been documented, comparatively little is known about the
mode of action of VEGF. VEGF binds to its tyrosine kinase
receptors, VEGFR1/Flt1 and VEGFR2/Flk-1 (Fig. 1), which
are expressed not only in vascular tissues but also in neurons
[63-65]. The available evidence suggests that the neurogenic
effects of VEGF may be mediated by its binding to VEGFR2
[45, 60]. In vitro, the proliferative effect of VEGF on
neuronal cultures is inhibited by inhibitors of classic
proliferative signaling activities such as extracellular signal-
regulated kinase kinase (MEK), phospholipase C (PLC),
protein kinase C (PKC), and phosphatydilinositol 3-kinase
(PI3K) [45, 66]. In vivo, protection against hypoxic neuronal
injury by VEGF involves the inhibition of caspase-3 activity
and enhancement of injury-induced neurogenesis in SVZ and

SGZ [62, 67]. Interestingly, several recent reports have
implicated other known neurogenic trophic factors such as
BDNF [49, 68] and FGF-2 [42] in a VEGF–mediated
pathway. It is thus possible that an important aspect of
VEGF’s mode of action is the release of other stimulatory
growth factors, which may have dual role(s) in the
angiogenic and neurogenic pathways activated by VEGF and
mediate a feed-forward amplifying trophic effect.

Discovering how VEGF exerts its neurogenic and
neuroprotective effects is likely to be of clinical relevance, as
increased spontaneous adult neurogenesis may underlie the
observed association between increased participation in
intellectual, social and physical aspects of daily life and
reduced risk of AD or slower cognitive decline [69] in the
healthy elderly. Moreover, adult neurogenesis is stimulated
by brain injury and may have a role in repair. VEGF has
been implicated in the stimulation of neurogenesis in both
scenarios. The ongoing investigation of VEGF’s role in
neurogenesis will allow us to define its preventive and
remedial therapeutic potential.

Fig. (1). A role of VEGF in angiogenesis, neuroprotection and neurogenesis.
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