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Introduction

Research findings of the last decade have led to the concept 
of the neurovascular link describing the similarities between 
the vascular and the nervous system and how the two sys-
tems communicate and regulate each other. Unexpectedly, 
aside from exerting its angiogenic functions, VEGF also 
acts directly on different neural cell types. Since these 
recent discoveries, VEGF has been considered a multifunc-
tional factor for the nervous system during development and 
adulthood and in disease conditions.

VEGF-A (in this review termed VEGF) is the founding 
member of a family of homodimeric disulfide-bound glyco-
proteins. In mammals, the family comprises the following 
members: VEGF, VEGF-B, VEGF-C, VEGF-D and pla-
centa growth factor (PlGF). VEGF, VEGF-B and PlGF exist 
in different isoforms and VEGF-C and VEGF-D are proteo-
lytically processed to a mature form [1]. Each of them has a 
highly conserved common cysteine knot motif involved in 
inter- and intramolecular disulfide bonds [2]. VEGF family  
members bind to different cell surface receptors with  
different affinities and selectivities. Three VEGF receptor 
tyrosine kinases have been identified and termed VEGFR-1, 
-2 and -3. VEGF family members also bind to nontyrosine 
kinase receptors of the neuropilin (NRP) family, NRP1 and 
NRP2 (also receptors for semaphorins), which are consid-
ered to function as coreceptors for the VEGFRs. VEGF 
binds to VEGFR-1, VEGFR-2, NRP1 and NRP2. Of the 
other members, VEGF-B binds to VEGFR-1 and NRP1, 
all PlGF isoforms bind to VEGFR-1 (PlGF-2 isoform also 
binds NRP2 and NRP1), while VEGF-C and VEGF-D inter-
act with VEGFR-3, VEGFR-2, NRP1 and NRP2 [1]. All 
VEGF family members have been found to exert a direct 
function on different neural cells (in vitro or in vivo) upon 
binding to their different VEGF receptors (Table 1).
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In order to establish an adult neuronal network, neural 
cells in development need to differentiate, migrate, grow 
neurites and extend their axons to specific targets and 
establish precise synaptic contacts. Notably, VEGF ligands 
and receptors have been implicated in each of these pro-
cesses. VEGF family members also regulate neurogenesis 
and serve as neuronal survival factors [3, 4]. Because of 
recent reviews reporting the role of VEGF in the nervous 
system [4, 5], we focus here on the most recent findings 
showing effects of VEGF family members in neurons and 
in glia, their signaling mechanisms and their importance 
during development and adulthood as well as in neurode-
generative diseases.

VEGF ligands and receptors in neurogenesis

Since there are two other reviews in this issue of Cellular 
and Molecular Life Sciences (Wittko-Schneider and Plate, 
and Licht and Keshet) which provide a more detailed over-
view of this topic, we will only briefly mention here some 
key findings indicating a role for VEGF in neurogenesis. 
The generation of neurons from neural stem and progeni-
tor cells (neurogenesis) occurs both during development 
and in the adult. In adult mice, neural stem cells (NSCs) 
reside in vascular niches located in two defined central nerv-
ous system (CNS) regions, the subventricular zone (SVZ) 
and the subgranular zone (SGZ) of the hippocampal dentate 
gyrus. NSCs proliferate in these areas in close apposition to 
growing capillaries. Endothelial cells influence proliferation 
of NSCs and VEGF participates in the crosstalk between 
endothelial cells and NSCs [3]. Several in vivo studies have 
indicated that VEGF induces adult neurogenesis. First, in 
adult birds, testosterone-induced neurogenesis is mediated 
by upregulation of VEGF, which signals to endothelial cells 
to stimulate angiogenesis in the vocal cord. In response to 
VEGF, endothelial cells secrete brain-derived neurotrophic 
factor, which then stimulates neural cell proliferation [6]. 
Second, intracerebroventricular (ICV) delivery of VEGF, or 
neuronal specific overexpression of VEGF, stimulates neu-
rogenesis in the SVZ and SGZ both under basal conditions 

and upon middle cerebral arterial occlusion [7–9]. Third, 
hippocampal expression of VEGF is increased in situations 
involving memory learning (i.e. increased environment and 
spatial maze) and overexpression of VEGF via viral gene 
transfer in the hippocampus of adult rats results in increased 
neurogenesis and improved cognition [10]. Overexpres-
sion of a dominant negative mutant form of VEGFR-2 
reduces basal neurogenesis and impairs learning, as well 
as antagonizes VEGF-enhanced effects, without inhibition 
of endothelial cell proliferation [10]. And fourth, antide-
pressant therapy stimulates neurogenesis in part via VEGF 
upregulation in the hippocampus and VEGFR-2 signaling 
[11]. Despite these studies, it still remains unknown if VEGF 
signals in vivo directly to NSCs or indirectly through effects 
on endothelial cells or other cell types. Nevertheless, genetic 
studies in vitro support a direct role for VEGF in NSCs. For 
example, granulocyte colony-stimulating factor (G-CSF) 
stimulates neurogenesis by increasing the expression of 
VEGFR-2 and the release of VEGF in NSCs. Blockage  
of VEGFR-2 signaling inhibits neurogenesis induced by 
G-CSF [12]. The use of neurospheres from mice lacking 
VEGFR-2 in NSCs illustrates that VEGFR-2 signaling 
is essential for survival of cultured NSCs [13]. VEGFR-2 
expression in NSCs seems to be controlled by bFGF  
signaling and to be required for VEGF-induced NSC pro-
liferation [14].

VEGF-B also stimulates neurogenesis in the adult brain. 
BrdU labeling of immature neurons in the SVZ and SGZ is 
reduced in VEGF-B knockout mice and enhanced in VEGF-
B-treated neuronal cultures and in rats given VEGF-B via 
ICV injection [15]. VEGF-C also regulates neurogenesis 
by signaling directly to VEGFR-3 expressing multipotent 
NSCs. VEGF-C, expressed by astroglial and other SVZ 
cells, activates VEGFR-3 in NSCs and induces neurogen-
esis in vitro. In mice, conditional inactivation of VEGFR-3 
in NSCs and blocking of VEGFR-3 with antibodies reduces 
neurogenesis in the SVZ [16]. Consistently, overexpres-
sion of VEGF-C by unilateral injection of adeno-associated 
viruses into the striatum stimulates SVZ neurogenesis. In 
addition, VEGFR-3 is also expressed in oligodendrocyte 
precursor cells (OPCs) and its ligand VEGF-C is required 
for proper OPC proliferation [17, 18].

VEGF ligands and receptors in neuronal survival

VEGF has a survival effect on neural progenitors and dif-
ferent postmitotic neurons of the CNS and peripheral nerv-
ous system in vitro [3]. In primary motor neurons, VEGF 
stimulation enhances survival under basal conditions as well 
as under hypoxic/hypoglycemic conditions, serum depriva-
tion or upon glutamate-induced neurotoxicity [19, 20]. The 
signaling mechanisms via which VEGF mediates neuronal 

Table 1   VEGF ligands and their functions in the nervous system

Ligand Function

VEGF Neurogenesis, neuronal survival and proliferation, 
neuronal migration, axon growth and guidance, glia 
survival, glia migration, oligodendrocyte migration

VEGF-B Neurogenesis, neuronal survival

VEGF-C Neurogenesis, oligodendrocyte precursor proliferation

VEGF-D Dendrite arborization

PlGF-2 Neurite outgrowth
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survival seem to rely on the activation of the PI3K/Akt and 
MAPK pathways [3]. Interestingly, apart from activating the 
classical signaling pathways, VEGF also controls survival 
of the neuroblastoma cell line SH-SY5Y by modulating 
the phosphorylation of the voltage-gated ion channel Kv1.2 
[21]. VEGF also protects primary hippocampal neurons 
against glutamate-induced cell death by activating VEGFR-2 
and reducing the Ca2+ influx via the inhibitory activity of 
the HVA Ca2+ channels [22]. Likewise, VEGF is neuropro-
tective against AMPA receptor-mediated excitotoxicity in 
cultured motor neurons by upregulating the AMPA receptor 
subunit GluR2, which when present in AMPA channels ren-
ders those channels less permeable to Ca2+ [23].

Several other in vivo findings also implicate VEGF as a 
neuronal survival factor. In a transgenic mouse line that consti-
tutively expresses VEGF in retinal ganglion cells but does not 
show prominent vascular abnormalities in the retina, VEGF 
protects axotomized retinal ganglion cells from degeneration 
via signaling through its receptor VEGFR-2 and downstream 
activation of ERK1/2 and Akt pathways in vivo [24]. VEGF 
can also act as a neuronal survival factor under physiological 
conditions. For instance, during development, gonadotropin 
releasing hormone (GnRH) neurons migrate from the nasal 
placode through the nose and forebrain to the hypothalamus, 
where they regulate sexual reproduction. Analysis of differ-
ent VEGF and VEGF receptor transgenic mice (NRP1-null 
mice, neuronal specific NRP1 knockout mice, neuronal spe-
cific VEGFR-2 knockout mice and mice lacking the VEGF164 
isoform) has shown that VEGF164 acts as a survival factor 

in migrating GnRH neurons through NRP1 binding and via 
activation of the PI3K/Akt and MAPK pathways. The exami-
nation of an endothelial cell-specific NRP1 knockout mice 
revealed that VEGF exerts its survival effect in GnRH neu-
rons independently of its effects in the vascular system [25].

VEGF-B is also a survival factor and a potent apoptosis  
inhibitor for neurons. VEGF-B exists in two isoforms, a 
matrix-binding VEGF-B167 form and a diffusible VEGF-
B186 isoform. VEGF-B167, through VEGFR-1 signaling, 
downregulates genes involved in apoptosis pathways such as 
the proapoptotic BH3-only proteins [26]. VEGF-B167 treat-
ment rescues retinal neurons from apoptosis induced by 
N-methyl-d-aspartate (NMDA) in vitro. In mouse models  
of optic nerve crush injury or ischemic neuronal cell death, 
VEGF-B167 treatment prevents neuronal cell death [26]. 
Motoneurons also express VEGFR-1 and VEGF-B. VEGFR-1 
signaling by VEGF-B186 protects motoneurons from degen-
eration [25]. However, VEGF-B186 treatment in motoneurons 
from mice lacking VEGFR-1 signaling (Flt1-TK−/− mice) 
fail to exert a neuroprotective effect, indicating that VEGF-
B/VEGFR-1 signaling is essential for their survival.

VEGF ligands and receptors in neuronal  
and glia migration

VEGF regulates neuronal migration in vivo, independently 
of its vascular effects, both during development and in 
adulthood. Mouse genetic studies, using transgenic lines 

Fig. 1   VEGF regulates neuronal migration. a VEGF controls migra-
tion of FBM neurons in the hindbrain. VEGF164 binds to NRP1 
expressed in the FBM soma and controls their migration in the soma 
from rhombomere 4 (r4) to rhombomere 6 (r6). Axon guidance of 
these neurons is not controlled by VEGF164 but instead by sema-
phorin3A and semaphorin3F (SemaA/3F) which signal to receptor 
complexes formed by NRP1/PlxnA4 or NRP2/PlxnA3, respectively 
(adapted from Schwarz et al. [27]). b VEGF controls cerebellar 

granule cell migration during development. VEGF is expressed in 
Purkinje cells and controls granule cell migration from the external 
granule cell layer (EGL) towards the internal granule cell layer (IGL). 
Granule cells express VEGFR-2. VEGFR-2 forms a complex with 
NMDARs (NR1/NR2B) and VEGF signaling via VEGFR-2 induces 
the formation of VEGFR-2/NR1/NR2B receptor complexes and poten-
tiates NMDAR-mediated currents and Ca2+ influx to control granule 
cell migration
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expressing selective VEGF isoforms, or lacking semaphor-
ins or NRP1 have revealed that VEGF is required for tan-
gential migration of facial branchiomotor (FBM) neurons 
during hindbrain development, independently of its angio-
genic properties [27]. In the developing mouse hindbrain, 
FBM neurons are born in rhombomere 4 and migrate to 
their final destination located in rhombomere 6. FBM neu-
rons express the VEGF receptor NRP1. VEGF164 isoform 
(expressed in the migratory pathway that FBM follows) 
signals via NRP1 to control the caudal migration of these 
neurons in vivo [27]. Interestingly, VEGF164 is not required 
for the guidance of FBM axons in the peripheral nervous 
system, but instead, two other NRP ligands, semaphorin3A 
and semaphorin3F, control this process [27, 28] (Fig. 1a). 
The signaling mechanisms by which VEGF controls FBM 
neuronal migration via NRP1 remain unknown.

VEGF also regulates granule cell (GC) migration dur-
ing cerebellar development. GCs located in the external 
GC layer migrate across the molecular layer and Purkinje 
cell layer to reach their final destination at the internal GC 
layer. In the developing cerebellum, Purkinje cells express 
the VEGF188, VEGF164 and VEGF120 isoforms; these iso-
forms generate a VEGF gradient from the Purkinje cell 
layer towards the molecular layer. VEGFR-2 is expressed 
in migrating GCs [29]. Analysis of different transgenic 
mouse lines has revealed that reduced expression of VEGF 
or a disrupted VEGF gradient (caused by the absence of 
the VEGF164 and VEGF188 isoforms) impairs GC migra-
tion. Similarly, GC-specific elimination of VEGFR-2 leads 
to defects in GC migration in vivo [29] (Fig. 1b). Further 
analysis of the molecular mechanisms by which VEGF con-
trols GC migration has shown that VEGF modulates NMDA 
receptor (NMDAR) channel activity in migrating GCs [30]. 
NMDARs are expressed in migrating GCs and their activa-
tion results in Ca2+ influx (required for proper GC migra-
tion) [31, 32]. In migrating GCs, VEGFR-2 associates in 
a complex with NMDARs (more precisely with NR1 and 
NR2B subunits; Fig. 1b). VEGF signaling in these neurons 
leads to a precise GC migration via the induction of cluster-
ing of VEGFR-2 and NMDARs, the activation of Src family 
kinases (SFKs) and the SFK-dependent phosphorylation of  
the NMDAR subunit NR2B, which results in the potentiation 
of NMDAR-mediated Ca2+ influx and NMDAR-mediated  
currents [30]. Based on these findings, it would be inter-
esting to determine whether VEGFR-2 also associates 
with NMDARs at synapses and whether VEGF modulates 
NMDAR-mediated currents and Ca2+ influx.

VEGF has also been shown to control migration of neural 
progenitor cells (NPCs) along the rostral migratory stream 
(RMS), most likely by directly acting on NPCs independently 
of its effects in blood vessels. As this is the focus of another 
review in this issue, by Wittko-Schneider and Plate, we just 
briefly summarize below the main findings. NPCs express 

VEGFR-2, and VEGFR-2 is activated in NPCs migrating 
within the RMS. Glia cells within the RMS express VEGF 
and its receptor VEGFR-1 [33, 34]. Using mice lacking 
VEGFR-1 signaling (Flt1-TK−/− mice), it was shown that 
VEGFR-1 acts as a negative regulator of NPC migration in 
the RMS by controlling the amount of VEGF available for 
activating VEGFR-2 in VEGFR-2+ NPCs in the RMS [34]. 
Another in vitro study showed that NPCs isolated from the 
SVZ and cultured in the presence of FGF-2 express both 
VEGFR-1 and VEGFR-2 at the mRNA level [35]. Through 
VEGFR-2 activation  and in the presence of FGF-2, VEGF 
exerts a chemoattractant effect on NPCs in SVZ explants [35].

Aside from regulating neuronal migration, other studies 
have indicated that VEGF also controls migration of neu-
roglia. In Drosophila, proper positioning of midline glia is 
a requirement for normal guidance of axons at the midline 
and consequently for maintaining the integrity of the glial 
sheet during axon enwrapment. The Drosophila VEGF 
homologs, PVFs ligands, are involved in this process of 
glia migration. PVF ligands are expressed in midline neu-
rons (MP1 and VUM) while the PDGFR/VEGFR homolog, 
PVR, is expressed in midline glia. PVF/PVR signaling is 
required for midline glial survival and migration during 
axon guidance [36]. Vertebrate glia (oligodendrocyte) pre-
cursors (OPCs) migrate long distances to reach the axons in 
the CNS to ensure and sustain correct myelination. A role 
for VEGF in regulating the migration of OPCs in vitro has 
also been described. OPCs isolated from rat neonatal cor-
tex express VEGFR-2 [18]. Stimulation of cultured OPCs 
with VEGF does not affect proliferation or differentiation 
but promotes OPC migration via VEGFR-2 and focal adhe-
sion kinase-dependent mechanism [18, 37]. Further studies 
are needed to determine if VEGF also controls OPC migra-
tion in vivo. On the other hand, VEGFR-1 is upregulated in 
activated microglia and serves as a microglial chemotactic 
receptor in vitro and in vivo [38].

VEGF in CNS axon growth and guidance

Several reports indicate that VEGF and its receptors regulate 
axon growth and guidance in the CNS during development. 
Initial in vitro experiments showed that VEGF induces neu-
rite outgrowth in ventral mesencephalic neuronal cultures 
[39], in primary cortical neurons and organotypic cortical 
explants [40, 41] and in retinal ganglion cells from retinal 
explants [42]. In all cases, VEGF-induced neurite outgrowth 
is mediated via VEGFR-2, expressed by these different neu-
ronal types. The signaling pathways that VEGF activates 
to induce neurite outgrowth have also been investigated.  
In cortical neurons, one study showed that VEGF activates 
a signaling cascade comprising VEGFR-2 activation, Rho/
Rho kinase (Rho/ROK) activation and phosphorylation of 
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the actin dynamic regulator [41]. Another study using corti-
cal explants showed that VEGF-induced neurite outgrowth 
requires the activation of VEGFR-2, MAPK (MEK1) and 
PI3K/Akt [40]. VEGF-B and PlGF do not stimulate neur-
ite outgrowth in cultured cortical neurons in vitro, consist-
ent with the absence of VEGFR-1 expression [41]. A study 
focused on the growth cone actin cytoskeleton of chicken 
dorsal root ganglia (DRG) neurons revealed that VEGF, 
via VEGFR-2 and NRP-1, induces a rapid effect (within a 
few minutes) on the actin cytoskeleton leading to enhanced 
growth cone area and increased motion [43].

VEGFR-2 is also expressed in neurons of the subicu-
lum (a subregion of the hippocampus formation) during 
embryonic development. Interestingly, analysis of a neu-
ronal specific VEGFR-2 knockout mouse line shows that 
VEGFR-2 mediates axon elongation in a Sema3E-depend-
ent, VEGF-independent manner [44]. Sema3E is expressed 
in the CA1 and CA3 fields of the hippocampus. In vitro 
experiments further show that VEGFR-2 associates with 
a PlexinD1/NRP1 complex and that Sema3E binds to the 
PlexinD1/NRP1/VEGFR-2 receptor complex and acti-
vates VEGFR-2 in a VEGF-independent manner. Sema3E-
dependent VEGFR-2 activation and subsequent signaling 
through the PI3K/Akt pathway in subicular neurons are 
required for the stimulation of axon growth by Sema3E [44] 
(Fig. 2a). These results revealed a novel interplay between 
molecular players of neuronal and vascular development 
and showed for the first time that VEGFR-2 can be activated 
in neurons independently of VEGF binding.

Recent findings indicate that VEGF is also a physiologi-
cal axon guidance molecule, independently of its effects in 
the vascular system. Commissural axon midline crossing 
occurs in different parts of the developing nervous system. 
In the developing mouse spinal cord, commissural neurons 
located in the dorsal part of the spinal cord send axons that 
project to the ventral side, chemoattracted by guidance fac-
tors secreted from the floor plate such as Netrin and sonic 
hedgehog (Shh). Once there, axons are repelled from the 
midline by guidance cues expressed at the floor plate, they 
cross the midline and project into the contralateral side of 
the spinal cord [45]. VEGF is expressed and secreted from 
the floor plate at the time of commissural axon guidance 
while VEGFR-2 is expressed by commissural neurons. 
Analysis of commissural axon guidance in transgenic 
mouse embryos expressing reduced levels of VEGF at 
the floor plate, or in mouse embryos where VEGFR-2 is 
inactivated in commissural neurons shows that VEGF and 
VEGR-2 act as a new ligand/receptor pair controlling mid-
line axon guidance [46] (Fig. 2b). VEGF/VEGFR-2 signal-
ing does not stimulate axon outgrowth from dorsal spinal 
cord explants or isolated commissural neurons. Instead, in 
vitro experiments have indicated that VEGF controls com-
missural axon growth cone turning via local activation of 

SFKs at the growth cone [46]. Thus, VEGF together with 
Netrin and Shh control commissural axon guidance and fas-
ciculation at the midline.

Another example of commissural axon crossing occurs 
at the optic chiasm. Retinal ganglion cells (RGC) project 
axons from the retina towards the superior colliculus in 
mammals. Some of these axons will remain on the ipsilat-
eral side and others will cross the midline to form the optic 
chiasm [45]. Expression studies have shown that VEGF is 
expressed in the diencephalon, where the optic chiasm will 
form, and that RGC axons express NRP1 when extending 
through the optic chiasm (Fig. 2b). Phenotyping of differ-
ent VEGF isoform, NRP1 and NRP2 transgenic mice shows 
that VEGF164, via NRP1 binding, is essential for contralat-
eral projection and fasciculation of RGC axons at the optic 
chiasm (Fig. 2b). In vitro experiments with retina explants 
or isolated RGCs have demonstrated that VEGF164 promotes 
RGC axon outgrowth and growth cone turning [47]. Hence, 
VEGF164 is a positive growth and guidance signal for RGC 
axons at the optic chiasm, which together with repulsive sig-
nals (Slits and Ephrins), cooperates to sort axons into their 
appropriate tracts.

Taken together, these two studies reveal a new role for VEGF 
as an axon growth and guidance signal, which, depending on 
the neuronal type and developmental process, acts via different 
receptors and different mechanisms to mediate its effects.

VEGF ligands and receptors in dendritogenesis  
and plasticity

In contrast to the increasing number of studies focusing on 
the role of VEGF ligands and receptors in neurogenesis, 
neuronal survival, neuronal migration or axon growth and 
guidance, so far fewer studies have been published suggest-
ing a possible role for VEGF in neurite maturation, dendrite 
formation, and neuronal plasticity. As this is the focus of 
Licht and Keshet’s review in this same issue, we limit our 
description to the main findings in this topic. In primary 
cortical neurons, VEGF, via VEGFR-2 and activation of 
MAPK pathway, promotes the expression of microtubule-
associated protein-2 (a protein enriched in dendrites) and 
neurite maturation [48], suggesting a role for VEGF in den-
dritogenesis. Several studies on primary hippocampal neu-
rons have shown that VEGF enhances synaptic transmission 
and long-term potentiation [49, 50]. Interestingly, the expo-
sure of mice to a short-term enriched environment leads to 
increased expression levels of VEGF in the hippocampus 
(via a HIF-1-mediated transcription) and to a significant 
increase in the number of dendritic spines in hippocampal 
CA1 pyramidal neurons [51]. Consistently, VEGF treat-
ment increases the number of dendritic spines of primary 
hippocampal neurons in vitro and VEGFR-2 knockdown via 
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shRNA abolishes this effect [51]. Further in vivo evidence 
for a role of VEGF in dendritogenesis and modulation of 
synaptic plasticity came from two other recent studies. In 

the first, analysis of a mouse transgenic system that allows 
conditionally knockdown  of VEGF signaling at specific 
areas of the brain revealed that inactivated VEGF expression 

Fig. 2   VEGF regulates axon growth and guidance. a VEGFR-2 regu-
lates axon outgrowth of subicular neurons. Subicular neurons extend 
their axons (red) from the subiculum through the postcommissural 
fornix tract (pf). Sema3E is expressed in the CA1 and CA3 fields 
of the hippocampus (blue). Subicular neurons express VEGR-2. In 
these neurons, VEGFR-2 forms a multiprotein complex with NRP1 
and PlexinD1 and becomes activated in a Sema3E-dependent/VEGF-
independent manner. Activation of VEGFR-2 leads to activation of 
PI3K/Akt and axon growth. b VEGF regulates commissural axon 
guidance at the spinal cord midline. During spinal cord develop-
ment VEGF is expressed in the floor plate (green). Commissural  

neurons and their axons projecting towards the ventral midline 
express VEGFR-2 (red). Floor plate-derived VEGF signals to 
VEGFR-2 in commissural axons, activates SFKs at the growth cone 
and induces growth cone turning, thus controlling axon guidance. c 
VEGF controls retinal ganglion cell (RGC) axon growth and guid-
ance at the optic chiasm. VEGF is expressed at the optic chiasm 
(green). Certain RGC axons express NRP1 (red). VEGF binds to 
NRP1 and guides the axons across the midline to project in the con-
tralateral side. NRP1− RGC axons do not sense VEGF and are not 
attracted to the midline, and instead project ipsilaterally (blue)
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in the adult olfactory bulb caused a marked decrease in the 
density of dendritic spines of granule cells newly integrated 
into the olfactory bulb and in the number of dendrites of 
periglomerular neurons newly integrated into the olfactory 
bulb, with no obvious vascular changes [52]. In the second 
study, experiments using transgenic mouse models for con-
ditional and reversible gain or loss of cerebral VEGF func-
tion demonstrated that VEGF plays a role in modulating 
plasticity of mature hippocampal neurons [53].

Interestingly, a role for VEGF-D and VEGFR-3 in main-
taining dendrite arborization and memory formation was 
recently documented [54]. VEGF-D and VEGFR-3 are 
expressed in the hippocampus at different stages during 
development and adulthood. In primary hippocampal neu-
rons, VEGF-D expression is controlled by basal neuronal 
activity through a mechanism initiated by NMDARs and 
L-type voltage-gated calcium channels and is dependent 
on nuclear calcium calmodulin-dependent protein kinase 
IV (CaMKIV) [54]. Blockage of nuclear calcium signaling 
leads to a decrease in total dendritic length and the complex-
ity of dendrites. Interestingly, these defects are due to the 
downregulation of VEGF-D expression (upon blockage of 
nuclear calcium signaling) as re-addition of VEGF-D res-
cues the phenotype via VEGFR-3 signaling [54]. Consistent 
with the observed phenotype in cultured primary neurons, 
stereotaxic delivery of VEGF-D RNAi to the dorsal hip-
pocampus in adult mice also leads to a reduction of the total 
length of dendrites and their complexity in vivo. Neuronal 
structural changes induced by RNAi-mediated knockdown 
of VEGF-D in vivo also cause cognitive deficits [54].

VEGF ligands and receptors in the peripheral nervous 
system

Several initial studies have shown expression of VEGF 
and its receptors in sensory neurons [3, 55, 56]. In vitro 
experiments using adult DRG in culture have shown that 
VEGF promotes neurite outgrowth, enhances cell survival 
and promotes Schwann cell proliferation [56]. In this 
case, VEGF-induced axonal outgrowth is mediated via 
VEGFR-2 signaling [57]. While these initial findings sup-
port a role for VEGF/VEGFR-2 in sensory neuron axon 
outgrowth, another study, using embryonic and neonatal 
DRGs, has shown that VEGFR-2 is expressed only in 
the vasculature, NRP1 is expressed in DRG neurons, and 
VEGF/VEGFR-2 signaling is only required for formation 
and maintenance of the DRG vasculature [58]. VEGF’s 
effect on DRG growth cone collapse has also been ana-
lyzed using DRGs from newborn rats. Newborn DRG neu-
rons express high levels of NRP1 and much lower levels 
of VEGFR-2 [59]. In vitro functional studies have indi-
cated that VEGF prevents sensory neuron growth cone 

collapse via NRP1. The presence of PlGF2 isoform (which 
binds NRP1 and VEGFR-1 but not VEGFR-2) also inhib-
its growth cone collapse, supporting NRP1 as the main 
VEGF receptor in newborn DRG neurons [59]. Whether 
the observed differences between the above-mentioned 
studies might be due to differences in the developmental 
stage analyzed (adult versus embryonic and newborn) and/
or to the in vitro culture conditions needs further investiga-
tion. Sensory neuron-derived VEGF also acts on adjacent 
aligned blood vessels and promotes arterial differentiation 
via NRP1 signaling [60, 61].

Genetic evidence for a role of VEGF and VEGFR-2 
in neuroprotection of adult sensory neurons was recently 
obtained using adult transgenic mice that had altered 
VEGFR-2 expression in postnatal neurons [62]. Treatment 
of isolated DRGs from wild-type mice with paclitaxel (a 
chemotherapeutic agent that causes neuropathy as a side 
effect) induces signs of neuronal stress, which are reduced 
upon treatment with VEGF. DRGs from transgenic mice 
overexpressing a wild-type form of VEGFR-2 under the 
neuron-specific Thy1.2 promoter (active in sensory neu-
rons) are protected against paclitaxel-induced effects when 
pretreated with VEGF. Consistent with this, DRG sensory 
neurons from mice overexpressing a dominant-negative 
form of VEGFR-2 (lacking the intracellular domain) in 
Thy1.2+ neurons show aggravated sensory nerve defects 
[62]. In vivo studies have further shown that neuron- 
specific overexpression of VEGFR-2 protects against 
paclitaxel-induced neuropathy, whereas dominant-negative 
inhibition of neuronal VEGFR-2 induces a painful sensory 
neuropathy.

Recently, a role for VEGF-B and its receptor VEGFR-1 
in sensory neurons has also been shown [63]. VEGF-B and 
VEGFR-1 are expressed in sensory neurons. Under healthy 
conditions, VEGF-B is not essential for survival of sen-
sory neurons. However, DRG neurons isolated from adult 
VEGF-B knockout mice or from transgenic mice expressing 
a truncated form of VEGFR-1 (Flt1-TK−/− mice) exhibit 
increased neuronal stress under baseline culture conditions 
and are also more sensitive to stress stimuli. In vivo, when 
challenged with paclitaxel, VEGF-B-deficient mice, or 
Flt1-TK−/− mice, display increased signs of neuropathy and 
are more susceptible to retrograde degeneration of nerves. 
Consistent with a role for VEGF-B/VEGFR-1 signaling 
in protection of sensory neurons, transgenic mice overex-
pressing VEGFR-1 or VEGF-B specifically in neurons are 
protected against distal-induced neuropathy [63]. Interest-
ingly, another study has shown that intramuscular PlGF-2 
transfer ameliorates sensory neuropathy in diabetic mice 
without affecting the vascular system [64]. Whether PlGF-2 
in diabetic adult mice signals directly to sensory neurons 
or whether it signals via VEGFR-1 and/or NRP1 remains 
unknown.
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Apart from acting on the sensory/somatic system, sev-
eral findings suggest that VEGF ligands and receptors also 
participate in different processes of the autonomic nervous 
system. The autonomic nervous system transmits impulses 
from the CNS to the peripheral organs in order to regulate 
their functions and homeostasis. It is subdivided into the 
sympathetic and parasympathetic nervous systems. Initial 
studies have shown that VEGF and VEGF receptors are 
expressed in sympathetic neurons and VEGF stimulates 
neurite outgrowth and enhanced cell survival of adult supe-
rior cervical ganglia neurons via VEGFR-2 signaling in 
vitro [56, 57].

Postganglionic sympathetic neurons innervate blood ves-
sels and control blood pressure and flow. For example, by 
releasing neurotransmitters, sympathetic neurons control 
thermoregulation in the skin and redistribution of flow from 
internal organs to the brain in stress conditions. Within the 
last 3 or 4 years, several studies have shown a role for VEGF 
as a modulator of vascular sympathetic innervation. Postgan-
glionic neurons and vascular smooth muscle cells covering 
innervated arteries express VEGF [65]. Postganglionic neu-
rons also express VEGFR-1, VEGFR-2 and NRP1 [65–67]. 
In sympathetic neurons, VEGF and VEGFR-2 expression are 
regulated by NGF signaling [68, 69]. In vitro, VEGF induces 
growth cone enlargement via VEGFR-1 signaling and coun-
teracts Sema3A-induced growth cone collapse of cultured 
sympathetic neurons [66]. The use of an in vitro culture 
system to evaluate sympathetic neurite outgrowth towards 
innervated vessels (femoral artery) or sparsely innervated 
vessels (carotid artery) show that vessel-derived VEGF 
and Sema3A drive selective sympathetic neurite outgrowth 
towards vessels. VEGF expression is similar in both types of 
vessels, but Sema3A expression is higher in carotid arteries, 
suggesting that the chemorepulsive cue Sema3A limits sym-
pathetic outgrowth and innervation in carotid arteries. In this 
experimental setting, VEGF promotes vascular innervation 
via VEGFR-2 and NRP1 but not VEGFR-1 [67]. Whether 
VEGFR-1 and VEGFR-2 have different functions in sympa-
thetic neurons, one controlling specifically growth cone mor-
phology and the other controlling neurite outgrowth, remains 
unknown. In vivo evidence for a role of VEGF in vascular 
innervation has also been documented. First, treatment with 
a functional VEGF-blocking antibody reduces femoral arte-
rial reinnervation after local nerve damage in wild-type mice 
[66]. Second, transgenic mice overexpressing VEGF show a 
denser femoral sympathetic innervation than wild-type lit-
termates [67]. And third, mice with reduced levels of VEGF 
(VEGF∂/∂ mice, see below) have impaired vascular regulation 
of resistance arteries and as a consequence exhibit defects in 
thermoregulation [65]. The analysis of these mice shows that 
VEGF, which is expressed by smooth muscle cells (SMCs) 
and sympathetic neurons not only regulates innervation of 
resistance arteries but also controls the maintenance of the 

perivascular autonomic nerve plexus. It does so by regulating 
differentiation of vascular SMCs and maintaining them in a 
fully differentiated contractile state. SMCs express VEGFR-
1, suggesting a possible autocrine mechanism [65]. In addi-
tion, VEGF also acts directly on sympathetic neurons, which 
express VEGFR-1 and VEGFR-2, and controls arterial neu-
roeffector junctions, the size of the varicosities and the width 
of the junctional cleft [65]. Short-term administration of a 
VEGF inhibitor to wild-type mice results in functional and 
structural defects of neuroeffector junctions with no defects 
in SMCs, supporting a direct effect of VEGF in sympathetic 
neurons.

VEGF in neurodegenerative diseases

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disease characterized by progressive motor neuron 
degeneration in the brain and spinal cord leading to muscle 
atrophy, paralysis and death within 3–5 years of diagnosis. 
ALS exists in a familial inheritable form and a sporadic 
form. To date, mutations in several genes have been discov-
ered that account for approximately 25–30 % of all familial 
ALS cases; these include the Cu/Zn superoxide dismutase 
gene (SOD1), TAR DNA-binding protein (TARDBP or 
TDP-43), the related RNA-binding protein fused in sarcoma 
(FUS), optineurion (OPTN) and valosin-containing protein 
(VCP) [64]. Recently, the expansion of a hexanucleotide 
repeat in a noncoding region of chromosome 9 (C90RF72) 
has been associated with 46 % of familial ALS and 21 % of 
sporadic ALS cases [70, 71], making it the most common 
genetic cause of ALS identified to date.

A role for VEGF in motor neuron degeneration was iden-
tified in VEGF∂/∂ mice, a transgenic mouse line in which 
the hypoxia response element in the VEGF promoter is 
deleted [72]. Due to this deletion, VEGF∂/∂ mice express 
about 25–40 % less VEGF in the CNS (Fig. 3a, b). VEGF∂/∂ 
mice develop adult-onset and progressive motor neuron 
degeneration, reminiscent of ALS in humans. When cross-
ing VEGF∂/∂ with the SOD1G93A mouse model of ALS, 
VEGF∂/∂/SOD1G93A mice show increase severity of motor 
neuron degeneration and earlier onset of muscle weakness. 
Correlating with this finding, when SOD1G93A mice are 
crossed with mice overexpressing VEGF in neurons, double 
transgenic mice show delayed onset of paralysis and pro-
longed survival compared to single transgenic SOD1G93A 
mice [73]. From a therapeutic point of view, ICV admin-
istration of recombinant VEGF to ALS mice delays the 
onset of the disease and prolongs survival [74]. Similar 
results were observed in ALS mice in which the VEGF gene 
was transferred intramuscularly using viral gene transfer 
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methods [75]. Gene variation studies have also suggested 
a link between VEGF and ALS in humans. A meta-analysis 
of different association studies on VEGF in ALS has shown 
that homozygous carriers of the −2578A haplotype (which 
results in reduced VEGF expression) exhibit a significantly 
increased risk of ALS [76]. Clinical trials to evaluate the 
safety of VEGF delivery in ALS patients are ongoing.

VEGF protects from motor neuron degeneration via 
VEGFR-2 signaling by at least two independent mechanisms.  
First, as described above, VEGF has a direct neuroprotective  
effect in motor neurons. Indeed, when mice overexpress-
ing VEGFR-2 under the neuronal Thy1.2 promoter are 
intercrossed with SOD1G93A mice, the resultant double 
transgenic mice show reduced degeneration and improved 
motor performance when compared with single SOD1G93A 
mice [74]. Decreased VEGF expression is detected in spinal 
cords of SOD1G93A mice early in the course of the disease. 
Interestingly, SOD1G93A deregulates posttranscriptional 
processing of glia-derived VEGF by affecting the VEGF 
3′-UTR region, leading to reduced VEGF mRNA and loss 

of protein expression [77] (Fig. 3c). Second, VEGF protects 
motor neurons indirectly by maintaining optimal levels of 
blood vessel perfusion and blood flow in the spinal cord and 
brain [72]. In addition, vascular structural and functional  
abnormalities were described in ALS mouse models even 
prior to motor neuron degeneration [22]. Among them, 
defects in the blood–brain barrier (BBB), due to reduced 
expression of tight junction proteins and of the glucose trans-
ported Glut1 in the endothelium, were observed [78, 79].  
Evidence for a compromised BBB has also been found in 
ALS patients [48, 49].

VEGF-B and VEGFR-1 are also expressed in motor neu-
rons and VEGFR-1 expression is upregulated in activated 
astrocytes of paralyzed SOD1G93A mutant mice [53]. As 
described above, VEGF-B treatment has a neuroprotective 
effect in isolated primary motor neurons via VEGFR-1 sign-
aling. Mice lacking VEGF-B show normal behavior and do 
not suffer from ALS, indicating that VEGF-B is not required 
for the survival of motor neurons under normal conditions. 
However, when VEGF-B-deficient mice or Flt1-TK−/− mice 

Fig. 3   VEGF in neurodegenerative diseases. a Under normal condi-
tions, HIF-1 is complexed with CBP/p300, binds to the HRE in the 
VEGF promoter and drives VEGF expression. b In VEGF∂/∂ mice, the 
HRE is mutated and as a consequence there is a reduced expression 
of VEGF leading to motor neuron cell death and ALS. c In mutant 
SOD1G93A mice, SOD1G93A destabilizes VEGF mRNA leading 
to less VEGF protein expression. d −22578C/A single nucleotide  

polymorphism. −2578A haplotype leads to reduced expression levels 
of VEGF and increases the risk of sporadic ALS in humans. e VEGF 
coaggregates with Aβ and is slowly released from the aggregates 
leading to reduced levels of available VEGF and neuronal and vascu-
lar dysfunction. f PolyQ-ATXN1 represses VEGF transcription lead-
ing to reduced levels of VEGF in the cerebellum and development of 
spinocerebellar ataxia type 1 (SCA1)
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are crossed with SOD1G93A mutant mice, the double trans-
genic mice develop a more severe form of motor neuron 
degeneration. ICV delivery of VEGF-B in SOD1G93A rats 
prolongs their survival without causing undesired angiogen-
esis or BBB leakiness [53]. These results suggest VEGF-B 
as an alternative therapeutic candidate for the treatment of 
ALS.

Multiple sclerosis

Multiple sclerosis (MS) is the most common autoimmune 
inflammatory disorder of the nervous system. It is character-
ized by dynamic inflammatory demyelinating lesions in the 
CNS. BBB permeability, which leads to edema, metabolic 
imbalance, excitotoxicity and ingression of inflammatory 
cells and factors into the CNS, is an early feature in MS 
patients [80, 81]. In MS, VEGF is expressed by reactive 
astrocytes and apart from exerting a neuroprotective effect, 
it could also signal to endothelial cells of the BBB to disrupt 
tight junctions and promote BBB breakdown [82]. Several 
studies have shown a correlation between VEGF expres-
sion levels and the magnitude of the lesion, suggesting that 
VEGF might aggravate disease progression [83, 84]. Inter-
estingly, when mice with specific inactivation of VEGF in 
astrocytes (GfapCre:Vegffl/fl) are challenged with inflam-
matory or demyelinating lesions, reduced BBB breakdown, 
decreased lymphocyte infiltration and reduced neuropathol-
ogy are observed, when compared to wild-type mice [80]. 
Similarly, GfapCre:Vegffl/fl mice subjected to a model of MS 
reveal a significant reduction in clinical disease, associated  
with decreased astrogliosis, BBB breakdown, inflammatory 
cell infiltration, multifocal demyelination and oligodendro-
cyte loss. Further analysis indicates that in CNS endothelial  
cells under inflammatory conditions, VEGF signals via 
VEGFR-2 to activate eNOS and subsequently leads to 
reduced expression of two tight-junctional molecules 
CLN-5 and OCLN [80]. Notably, inhibition of eNOS in MS 
mice during the acute clinical phase protects against paral-
ysis and pathology [80]. Overall, this study suggests that 
blockage of brain endothelial cell VEGF signaling might 
be a protective avenue in patients with MS or other CNS 
inflammatory diseases.

Alzheimer’s disease

Alzheimer’s disease (AD) is a chronic neurodegenerative 
disease characterized by memory loss and cognitive decline. 
The main pathological features are neurofibrillary tangles 
and senile plaques caused by the progressive deposition 
of β-amyloid peptides (Aβ) in the brain, neuronal loss and 
inflammation. Similar to other neurodegenerative disorders, 
BBB dysfunction also contributes to neuronal degeneration 

in AD [77]. As the effect of the neurovascular unit and BBB 
dysfunction in AD have recently been reviewed [22, 77, 85], 
we focus here on findings describing a role for VEGF in AD.

Abnormal regulation of VEGF expression has been 
reported to occur in the pathogenesis of AD [3]. Although 
different association studies with distinct patient cohorts 
were performed, it still remains unclear whether functional 
polymorphisms within the VEGF promoter region that 
lower VEGF expression are associated with AD risk [3, 75]. 
VEGF immunoreactivity is enhanced in clusters of reactive 
astrocytes, in neurons and blood vessel walls, and also colo-
calizes with Aβ plaques [78, 79, 86] (Fig. 3e). Interestingly, 
in in vitro conditions, Aβ can bind the extracellular domain 
of VEGFR-2 and blocks VEGF-induced endothelial cell 
migration and capillary network formation [87]. Although 
VEGF might initially be activated in AD patients to coun-
teract the insufficient perfusion and neurodegeneration, the 
coaggregation of VEGF with Aβ plaques and its slow release 
from the plaques might contribute to AD pathology by 
inhibiting VEGF from acting as a neurotrophic and neuronal 
survival factor as well as a vascular homeostatic factor [73] 
(Fig. 3e). Consistent with this idea, intraperitoneal injection 
of recombinant VEGF in AD mouse models ameliorates the 
cognitive impairment. In these mice, VEGF delivery leads 
to mobilization of CD34+ cells into the peripheral blood, 
homing of endothelial progenitor cells into the brain and 
enhanced hippocampal angiogenesis [88].

As mentioned above, chronic inflammation is a feature 
of AD pathology. One component of this inflammatory 
response is increased microglia mobility and chemotactic 
activity towards Aβ depositions. Interestingly, microglia 
obtained from human AD brain samples exhibit higher 
expression of VEGFR-1 and VEGF than microglia from 
control brains. Immunostaining of post-mortem AD brains 
or of APP23 mouse brains (a transgenic AD mouse model) 
has also confirmed that in AD VEGFR-1 and VEGF are 
expressed at higher levels and colocalize with microglia 
markers and Aβ depositions [38]. In vitro, blockage of 
VEGFR-1 signaling, using a VEGFR-1 functional blocking 
antibody, results in reduced Aβ-induced microglia chemo-
taxis. In vivo, intrahippocampal injection of Aβ leads to 
VEGFR-1+ microglia mobilization in the hippocampus. 
Notably, injection of an anti-VEGFR-1 functional blocking 
antibody into the hippocampus inhibits microglia migration 
towards Aβ depositions and confers partial neuroprotec-
tion [38]. Whether VEGF expressed in microglia activates 
VEGFR-1 to mediate the Aβ-induced effects, or whether 
VEGFR-1 is activated by other VEGF ligands remains to 
be determined. Moreover, it would be interesting to study 
whether vascular remodeling and BBB breakdown in AD is 
affected by VEGF-derived microglia, as occurs similarly in 
MS (see above).
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Parkinson’s disease

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder after AD. It is characterized by the 
loss of dopamine-generating neurons in the substantia nigra 
and a consequent deficit of dopamine released into the stria-
tum. Patients with PD suffer from rigidity, shaking, cogni-
tive dementia, autonomic and psychiatric symptoms. As in 
the other neurodegenerative diseases discussed so far, a dis-
rupted BBB and increased angiogenesis have been detected 
in PD patients [89]. So far, no association between VEGF 
polymorphisms or reduced serum levels of VEGF with PD 
has been found [90].

VEGF has been shown to have a neuroprotective effect 
in PD. When used at very low doses (1–10 ng/ml), VEGF 
protects primary dopaminergic neurons against cell death 
induced by 6-hydroxydopamine (6-OHDA; the most typi-
cal PD model) in vitro [91]. Likewise, transplantation 
of VEGF-secreting cells into the striatum of adult rats 
1 week before induction of lesions by 6-OHDA also pro-
tects dopaminergic neurons against 6-OHDA-induced cell 
death with the highest neuroprotective effect observed 
with low doses of VEGF [91, 92]. Interestingly, VEGF 
protects dopaminergic neurons from cell death even when 
transplantation of VEGF-secreting cells is performed 
after 6-OHDA lesion induction [91]. The protective 
effects are most likely mediated by VEGF’s angiogenic 
and glial proliferative effects, as well as its direct effects 
on dopaminergic neurons [91]. VEGF gene transfer using 
adeno-associated viruses also improves rotational behav-
ior in rat PD models and promotes survival of dopamin-
ergic neurons and fibers [93]. Injection of VEGF/adeno-
associated viruses significantly increases the number of 

reactive astrocytes and of glia-derived neurotrophic factor 
in the striatum but does not seem to induce angiogene-
sis or BBB leakiness when compared to control-injected 
mice [93]. Similar to MS and AD, VEGF overexpression 
has also been detected in reactive astrocytes within the 
substantia nigra of PD patients [13]. However, whether 
VEGF expression in reactive astrocytes contributes to the 
increased blood vessel density and BBB leakage observed 
in PD patients remains unknown. Studies with tissue-
specific knockout mice for VEGF and its receptors are 
required to further elucidate the cellular and molecular 
mechanisms of the effect of VEGF.

Recently, a neuroprotective effect of VEGF-B in PD has 
also been reported. In vitro, rotenone treatment of midbrain 
neuronal cultures (another well-characterized PD model) 
leads to upregulation of VEGF-B, and exogenous VEGF-
B stimulation protects midbrain neurons against rotenone-
induced cell death [94]. Using a 6-OHDA rat in vivo PD 
model, Falk et al. [95] found that a single injection of 
recombinant VEGF-B186 into the striatum prior to 6-OHDA 
lesion induction improves rotational behavior and protects 
dopaminergic neurons in the caudal subregion of the sub-
stantia nigra. These reports suggest that VEGF-B may be a 
new protective factor for PD and open new avenues for fur-
ther research. It would be interesting to determine whether 
the observed effects are due to a direct VEGF-B signaling 
to dopaminergic neurons or due to its effects in other brain 
cell types.

Spinocerebellar ataxia

Spinocerebellar ataxia (SCA) is a group of inherited pro-
gressive neurodegenerative diseases characterized by 

Fig. 4   VEGF in the nervous 
system. a VEGF exerts its 
effects in many different cell 
types in the nervous system. b 
VEGF has a pleiotropic role in 
the nervous systems and plays 
a role in the indicated processes 
(NEJ neuroeffector junction, 
NMJ neuromuscular junction)
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progressive incoordination of gait and motor deteriora-
tion [96]. Ataxia results from degeneration of neurons in 
the cerebellum, brain stem, spinocerebellar tracts and in 
their efferent and afferent connections. SCAs are domi-
nantly inherited. Among the approximately 30 types of 
SCA identified so far, SCA1 is an adult-onset form of 
SCA caused by expansion of a glutamine repeat tract 
(PolyQ) in ataxin-1 (ATXN1). PolyQ ATXN1 alters gene 
transcription and leads to the selective death of mainly 
Purkinje cells in the cerebellum [96]. Interestingly, VEGF 
is expressed in Purkinje cells and its mRNA and protein 
levels are decreased in these cells in a SCA1 mouse model 
(Fig. 3f), before the appearance of any pathological signs 
[23]. Further molecular studies have shown that wild-type 
ATXN1 represses VEGF promoter activity and that the 
extent of the repression directly correlates with the expan-
sion of the glutamine repeats of ATXN1 in vivo. In cor-
relation with the proangiogenic function of VEGF, SCA1 
mice show reduced microvascular density as well as higher 
levels of hypoxia in the cerebellum. Consistent with the 
neurotrophic effect of VEGF, inhibition of VEGF signal-
ing via VEGFR-2 reduces growth and survival of cerebel-
lar neurons in vitro. Pharmacological delivery of recombi-
nant VEGF into the ventricle of SCA1 mice after disease 
onset restores cerebellar pathology and increases motor 
performance [23]. Whether VEGF expression in the adult 
cerebellum is also required for neuronal survival remains 
unknown. Nevertheless, these results open the door to 
exploring the use of VEGF in the treatment of SCA1.

Concluding remarks

In the past decade great effort has resulted in the successful 
elucidation of the functional roles of VEGF and its recep-
tors in neurons (Fig. 4). However, the signaling pathways 
that VEGF activates in neural cells in vivo are still not fully 
understood and it is still not known whether VEGF activates 
different signaling pathways depending on the VEGF-
mediated effect. These recent findings also raise new ques-
tions for further research of the neurovascular link. For 
example, VEGF modulates NMDAR function in migrat-
ing GCs, but is there also a link between VEGF/VEGFR-2 
and NMDARs in mature neurons? As NMDARs are cru-
cial for synaptogenesis and synaptic plasticity, it would 
be interesting to determine whether VEGF modulates 
their function in dendritic spines and how this affects  
synaptic input and, for example, memory. VEGFR-2 can 
become activated in a Sema3E-dependent/VEGF-inde-
pendent manner in subicular neurons, but does VEGF 
signaling via VEGFR-2, VEGFR-1 or NRP1 also activate 
other neuronal guidance receptors independently of their 
known ligands?

VEGF seems to play a double role in neurodegenerative 
diseases. On the one hand, it offers neuroprotection in neurons 
via a direct effect or indirectly via maintaining a stable CNS 
vascular system. On the other hand, excessive VEGF expres-
sion, for example by reactive astrocytes, seems to be delete-
rious, as activated astrocyte-derived VEGF seems to induce 
BBB breakdown and vascular leakage. Therefore, to design 
therapies based on VEGF ligands or receptors, a better under-
standing of the cellular types that participate in the disease, of 
VEGF expression and its effects, and of the dose needed for a 
therapeutic window where VEGF is beneficial, are required. 

Moreover, other members of the VEGF family seem to 
play important roles in neurogenesis, neuronal survival and 
neuronal function. Further studies unraveling the signaling 
mechanisms of these VEGF ligands in neurons (and other 
neural cell types) and whether they could also have an effect 
in neurological disorders will help our understanding of the 
neurovascular link and perhaps in developing new avenues 
for therapeutic treatment.
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