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Abstract
Vascular endothelia growth factor VEGF (VEGF-A or VEGF165) is a potent angiogenic factor that
also signals neuroprotection through activation of its cognate receptor VEGFR-2. In this capacity,
VEGF signaling can rescue neurons from the damage induced by stressful stimuli many of which
elicit oxidative stress. However, the regulatory role that VEGFR-2 plays in providing
neuroprotection remains elusive. Therefore, we investigated the effects of VEGFR-2 inhibition on
primary cultures of mature hippocampal neurons undergoing nutritional stress. We found that
neurons cultured under nutritional stress had increased expression of VEGF and its receptors,
VEGFR-1, VEGFR-2 and NP-1 as well as enhanced levels of VEGFR-2 phosphorylation. These
neurons also showed increased activation of the prosurvival pathways for MEK/ERK1/2 and
PI3K/Akt, enhanced phosphorylation (inactivation) of the pro-apoptotic BAD and higher levels of
the anti-apoptotic protein Bcl-xL, all of which were augmented by treatments with exogenous
VEGF and blocked by VEGFR-2 inhibition. The blockade of VEGFR-2 function also elicited a
cytotoxicity that was accompanied by caspase-3 activation, induction of hemeoxygenase-1
(HO-1), oxidative stress and a collapse in the mitochondrial membrane potential (Δψlm).
Knockdown of VEGFR-2 by siRNA generated a similar pattern of redox change and
mitochondrial impairment. Pretreatments with VEGF, VEGF-B or the antioxidant N-acetyl-
cysteine (NAC) rescued SU1498 or siRNA treated neurons from the mitochondrial dysfunction
and oxidative stress induced by VEGFR-2 inhibition in a timely fashion. These findings suggested
that VEGF or VEGF-B can provide neuroprotection by signaling through an alternate VEGF
receptor. Together, our findings suggest that VEGF signaling through VEGFR-2 plays a critical
regulatory role in protecting stressed hippocampal neurons from the damaging effects of an
oxidative insult. These findings also implicate VEGFR-1 or NP-1 as compensatory receptors that
mediate neuroprotection when VEGFR-2 function is blocked.

Introduction
Oxidative stress and mitochondrial dysfunction contribute to the pathogenesis of a number
of neurodegenerative disorders including Alzheimer’s and Parkinson’s disease [1]. One
approach for protecting neurons from oxidative insults is to administer neurotrophic growth
factors. One such factor is VEGF (VEGF-A or VEGF165) which is a mitogen that stimulates
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angiogenesis and neuroprotection through autocrine or paracrine mechanisms [2, 3]. In
addition, VEGF can stimulate axonal outgrowth, and rescue rat mesencephalic neurons or
hippocampal cells from death induced by serum withdrawal, ischemia, hypoxia and
glutamate-induced toxicity [4–6] and elicit neuroprotection via angiogenesis and
neurogenesis [7–9]. Delineating this neuroprotective mechanism is complex since VEGF
can undergo cell-surface interactions with different cognate tyrosine kinase receptors such as
VEGFR-1, VEGFR-2 and the non-tyrosine kinase members of the neuropilin family of class
3 semaphorin receptors Neuropilin-1 and -2 (NP-1, NP-2) receptors [10]. While VEGF
mediates most biological effects through VEGFR-2, it can interact with NP-1 as a co-
receptor that enhances VEGF signaling. Ligand binding to VEGFR-1 and VEGFR-2 results
in receptor dimerization followed by autophosphorylation and activation of downstream
signaling cascades [3]. In neurons, NP-1 is a cell-surface receptor for both VEGF and class 3
semaphorins and plays a functional role in axonal pathfinding, retraction and collapse during
development. While the function of VEGFR-1 remains unclear, it is implicated as a decoy
receptor that sequesters VEGF from activating VEGFR-2. VEGF-B, which is a ligand for
VEGFR-1 but not VEGFR-2, is poorly angiogenic in the brain but can protect against
mitochondrial membrane permeabilization [11], pro-apoptotic gene expression [12], and is
coexpressed with genes encoding mitochondrial proteins [13]. Thus, VEGF-B may protect
against mitochondrial dysfunction independent of angiogenesis.

Oxidative insults are implicated as causative factors of neuronal damage in several different
neurological disorders and increasing evidence from in vitro and in vivo studies shows that
VEGF signaling protects neurons from insults which are known to induce oxidative stress
[14, 15]. In this context, VEGF overexpression has been shown to delay the onset of
neuronal death in an animal model of amyotrophic lateral sclerosis (ALS) where oxidative
stress is a contributing factor [16]. VEGF has been shown to mediate neuroprotection under
stress conditions through the downstream activation of the phosphatidylinositol 3-kinase
(PI3K)/Akt and mitogen-activated protein kinase MEK/ERK1/2 pathways [6, 17–19] and by
suppressing caspase activation [20]. While several of these studies show that VEGF
activates VEGFR-2 to mediate survival, the protective capacity of VEGFR-2 signaling
remains unclear. Therefore, the aim of these studies is to determine the impact of VEGFR-2
signaling on the survival of mature hippocampal neurons by blocking its activation using
pharmacological and gene silencing methods.

In previous studies we used a neuronal model of serum deprived SK-N-SH cells to show that
VEGF signaling through VEGFR-2 prevents a caspase-dependent cell death [21]. Therefore,
we addressed whether VEGF signaling through VEGFR-2 protected rat hippocampal
neurons from the harmful effects of nutritional stress. Depriving cultured neurons from vital
nutrients provides a viable model to identify the molecular basis of neuronal insults that
would occur under pathological conditions in vivo. Our findings show that a blockade of
VEGFR-2 function in hippocampal neurons leads to a rapid loss in viability that is
manifested by induction of markers of oxidative stress, mitochondrial dysfunction and a loss
in the activation of prosurvival pathways. Notably, the inclusion of exogenous VEGF or
VEGF-B mediates a time-dependent rescue from this response, suggesting that a molecular
switch to an alternate receptor can provide neuroprotection when VEGFR-2 activity is
blocked. Our findings establish a link between VEGFR-2 signaling and mitochondrial
function in differentiated rat neurons and provide insight on oxidative stress-related
pathways that mediate neuronal damage and how exogenous VEGF or VEGF-B may
counteract these events.
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Materials and methods
Materials

Recombinant human vascular endothelial growth factor 165 (VEGF165) and VEGF-B were
obtained from PeproTech Inc (Rocky Hill, NJ). The inhibitors of VEGFR-2 (SU1498) and
PI3K/Akt (Worthmannin) were obtained from EMD Biosciences Inc (San Diego, CA). The
inhibitor of MEK1/2 (U0126) was obtained from Promega Corporation (Madison, WI). The
antioxidant N-acetyl-cysteine (NAC) was purchased from Sigma-Aldrich (St. Louis, MO).

Primary Cell Culture and Treatments
All animal studies were performed in accordance with the National Institutes of Health
(NIH) Guidelines for the Care and Use of Laboratory Animals and the approval of the
Institutional Animal Care Committee at Hunter College of the City University of New York.
Rat hippocampal neurons were prepared from Sprague-Dawley (Charles River Laboratories)
1 day postnatal (P1) rat pups using a modification of a previously described procedure [4].
Briefly, hippocampi were isolated and dissected aseptically in ice-cold Ca2+/Mg2+-free
Hank’s balance salt solution (HBSS, Invitrogen/Life Technologies). Following the removal
of the meninges, the hippocampal tissue was minced, digested in 0.25% trypsin (Invitrogen/
Life Technologies) for 15 minutes at 37°C and then rinsed at 37°C with Ca2+/Mg2+-free
HBSS. The tissue was triturated in DMEM/10% FBS (Invitrogen/Life Technologies)
through pasteur pipettes and then passed through a 40 μm mesh strainer. Isolated cells were
then resuspended in DMEM/10% FBS, and plated into poly-D-lysine (100 μg/ml) coated
plates as follows: 96-well microtiter plates (2 X 104 cells/well) for viability studies, 6-well
plates (5 X 105 cells/well) for western blot analyses, 8-well chamber slides (1 X 105 cells/
well) for immunofluoresence staining, ROS and TMRE detection and 10 cm plates (5 X 106

cells/well) for RT-PCR. The medium was replaced after 2 hr with Neurobasal (Invitrogen/
Life Technologies) medium, L-glutamine (GlutaMAX™ Invitrogen/Life Technologies) and
penicillin + streptomycin (Antibiotic-Antimycotic; Invitrogen/Life Technologies) (NB)
supplemented with B27 (NB/B27) with 2 μM cytosine arabinoside (AraC) to inhibit the
proliferation of glial cells. At day 4, one-half of NB/B27 was removed and replaced with a
glial-conditioned medium (GCM). Neurons were then cultured in NB/B27/GCM (1:1 ratio)
for 13 days in vitro (13 DIV), replacing one-half of the medium with NB/B27/GCM (1:1
ratio) every 4 days. Cells were then incubated in NB/B27 or NB and cultured for 48 hr (15
DIV). Where indicated, exogenous VEGF or VEGF-B (100 ng/ml) was administered at 0
time and replenished at 24 hr of the 48 hr incubation period. Neurons were also pretreated
with NAC (5 mM) for the final 24 hr as indicated. For inhibitor studies, neurons were
treated with predetermined concentrations of each selective agent. Incubations with SU1498
(10 μM) were at different times as indicated within the 48 hr timeframe while treatments
with Wortmannin (100 nM) and U0126 (10 μM) were added for the final 2 hr of incubation.
DMSO treated neurons served as the control for cells incubated with SU1498, Wortmannin
and U0126. Culturing the neurons for 15 DIV allowed adequate time for neuronal
maturation, network formation and the development of synapses. At this time, neurons
consistently represent >90 to 99% of the cell population as stained with the dendritic marker
microtubule-associated protein (MAP-2). The level of glial contamination usually ranges
from 1–10% which is consistent with that previously reported [4, 20, 22].

Protein Extraction and Western Blotting
Total cell lysates from 15 DIV neurons were harvested in a lysis buffer as described
previously [23] with the exception that the NP40 concentration was 0.3%. Protein
concentrations were determined with a bicinchoninic acid assay (BCA) according to
manufacturer’s instructions (Pierce). Equal amounts of protein (30 μg) from each lysate
were resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
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membranes. Blots were then blocked and incubated overnight at 40C with the primary
antibodies for the phosphorylated (Y996) and total forms of VEGFR-2 (Santa Cruz), Akt
(T308 and S473, Cell Signaling), BAD (S112, Cell signaling), phosphorylated ERK1/2
(T202/Y204, Cell Signaling) and total ERK1/2 (Santa Cruz) as well as Bcl-xL (Cell
Signaling) and HO-1 (Santa Cruz). Actin (Sigma-Aldrich) was used as a loading control.
Immunoreactive bands were detected with the corresponding anti-mouse and anti-rabbit
secondary antibodies conjugated to horseradish peroxidase and visualized with the
SuperSignal West Pico Chemiluminescent Substrate (Pierce Endogen). Data were quantified
using the ImageJ program from NIH.

RNA Isolation and Semi-quantitative RT-PCR
Total RNA was isolated using the RNeasy RNA isolation Kit (Qiagen) according to the
manufacturer’s protocol. RNA (2–4 μg) was reverse transcribed at 50°C for 30 min and
amplified for 40 cycles using the Qiagen OneStep RT-PCR Kit following the manufacturer’s
instruction. Amplifications were performed using previously described rat primers for
VEGF, VEGFR-1, VEGFR-2, NP-1 and GAPDH [24]. PCR products were visualized by
electrophoresis on 2% agarose gel and quantified using ImageJ.

Cell Viability
Cell viability was determined using a colorimetric MTS assay (Promega Corp.) and the
amount of MTS reduction by viable cells was quantified according to manufacturer’s
instruction. Survival measurements are expressed as the percent of the untreated or vehicle
control.

Oxidative Stress
The live cell assay using the fluorescent dye 6-carboxy-2′,7′-dichlorodihydrofluorescein
diacetate (carboxy-H2DCFCA) was employed as an indicator of the redox status of the cell
following the manufacturer’s instructions (Invitrogen/Life Technologies). Briefly, neurons
were cultured in NB for 48 hr without and with VEGF (100 ng/ml), VEGF-B (100 ng/ml) or
NAC (5 mM) alone or in the presence of SU1498 (10 μM) for the final 2 hr of incubation.
Cells were then incubated with 25 μM carboxy-H2DCFCA which indicates oxidative stress
by its conversion to an oxidized product that emits a green fluorescence. Images were
immediately taken using a Nikon Eclipse TE200 inverted epifluorescence scope. Cells
treated with tert-butyl hydroperoxide (THBP; 100 μM) for 90′ were used as positive control
for oxidative stress. Data are representative of experiments that were repeated at least three
times.

Mitochondrial Membrane Potential
Loss of mitochondrial membrane potential mitochondrial (Δψm) was assessed using a live
cell assay with the fluorescent lipophilic cationic dye tetramethylrhodamin methyl (TMRE)
(Invitrogen/Life Technologies). This dye is incorporated into mitochondria with an intact
transmembrane potential and its release serves as an indicator of a loss of the inner
mitochondrial membrane potential. Neurons (13 DIV) were cultured in NB for 48 hr under
the same conditions as described for the protocol to measure oxidative stress. Neurons were
then changed into fresh NB with 200 nM TMRE for 30 min. Cells were washed with fresh
medium and fluorescent images were immediately taken using a Nikon Eclipse TE200
inverted epifluorescence scope. A 30 min incubation with carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP; 20 μM), an uncoupler of electron transport and
oxidative phosphorylation, served as a positive control for disruption of the mitochondrial
membrane potential. Data are representative of experiments that were repeated at least three
times.

Hao and Rockwell Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RNA Interference
Cultured neurons were transfected with 50 nM of Flk-1/KDR (VEGFR-2) SMARTpool®
siRNA duplexes (Dharmacon RNA Technologies, Lafayette, CO) using BLOCK-iT
Transfection Kit (Invitrogen/Life Technologies) according to manufacturer’s directions. The
BLOCK-iT fluorescein-labeled oligo (Invitrogen/Life Technologies) which is not
homologous to any known genes was used as negative control and indicator for transfection
efficiency. After 4 hr, cells were changed to NB and incubated for a total of 48 hr in the
absence and presence of VEGF (100 ng/ml), VEGF-B (100 ng/ml) as described above.

Immunofluorescence
Neurons were transfected with siRNA and cultured in NB for 48 with VEGF (100 ng/ml) as
described above. Cells were then fixed in 3.7% formaldehyde in NB for 20 min at 37°C,
permeabilized with 0.1% saponin for 20 min and blocked with 1% BSA in PBS with 0.25%
Tween detergent for 30 min. Cells were incubated overnight with primary antibodies against
VEGFR-1, VEGFR-2 (Santa Cruz) and MAP-2 (Millipore). Antigen detection was
performed using fluorescein-conjugated FITC or Texas-Red secondary antibodies
(Invitrogen). Images were captured at 63X using a Leica TCS SP2 Laser Scanning Spectral
Confocal Microscope. Data are representative of experiments that were repeated at least
three times.

Statistical Analyses
Data are expressed as the mean + SEM of experiments that were replicated at least three
times. Statistical significance was assessed by a one-way ANOVA followed by pairwise
contrasts (Bonferroni analysis). A difference resulting in P<0.05 is considered significant.

Results
VEGFR-2 signals survival in mature hippocampal neurons

We showed previously that VEGFR-2 elicits neuroprotection in serum starved
neuroblastoma cells through autocrine and paracrine mechanisms and a blockade of receptor
function leads to a loss in cell viability [21, 25]. Whether VEGFR-2 plays a similar role in
primary cultures of mature hippocampal neurons remains unclear. In these studies, we
hypothesized that VEGF signaling through VEGFR-2 alone plays a significant role in
protecting mature hippocampal neurons from oxidative stress induced by suboptimal culture
conditions. To test this hypothesis, cells were cultured in Neurobasal medium (NB) without
the optimized culture conditions provided by the supplement B27. B27 contains biological
antioxidants which would sequester free radical production, thus, complicating the
identification of signaling mechanisms that protect against oxidative stress [26]. In addition,
the high level of insulin in B27 would interfere with the identification of downstream
effector pathways associated with VEGF/VEGFR-2 signaling since both growth factors
utilize overlapping pathways to promote survival. Therefore, mature hippocampal neurons
were cultured in NB alone in the absence and presence of VEGF or VEGF-B at 100 ng/ml
for 48 hr. This concentration was shown to mediate significant levels of survival or neurite
growth over time for cultured neurons [4, 27, 28].

To establish this model system, 13 DIV neurons were cultured in NB or NB/B27 for 48 hr
(15 DIV) and then compared for their viability, expression of VEGF and its receptors and
morphological characteristics. Bright field images show that neurons cultured under both
conditions exhibited the expected morphology with extensive dendritic branching (Figure
1A). Semi-quantitative RT-PCR analyses revealed that the gene expression of VEGF and its
receptors VEGFR-1, VEGFR-2 and NP-1 was greater in NB cultured cells when compared
to that obtained with NB/B27 (Figure 1B). Whereas the omission of B27 reduced cell
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viability significantly by 25%, VEGF also elicited a significant stimulatory effect on
survival both in NB (90%) and NB/B27 cultured cells (Figure 1C). Moreover, treatments
with the VEGFR-2 inhibitor SU1498 decreased the cell viability of neurons cultured in NB
and NB/B27 over time that reached approximately 50% survival up to 24 hr (Figure 1D).
However, the removal of B27 sensitized NB cultured neurons to a significant loss in
viability at 15 min of a 2 hr exposure to SU1498. These findings suggested that VEGF
mediates neuroprotection through VEGFR-2 in the absence and presence of exogenous
VEGF. Consistent with this notion, NB cultured cells showed a level of VEGFR-2
phosphorylation at Tyrosine 996 (Y996) that was augmented by 48 hr pretreatments with
exogenous VEGF and attenuated by 24 hr treatments with the selective inhibitor SU1498
independent of exogenous VEGF (Figure 1E). Therefore, the increase in VEGF gene
expression in NB together with SU1498-induced loss in viability without VEGF suggests
that paracrine and autocrine VEGF signaling mediates survival in NB cultured cells.

VEGFR-2 inhibition induces an oxidative stress that can be hindered by NAC, VEGF or
VEGF-B

To evaluate whether VEGFR-2 inhibition was associated with oxidative stress and/or
apoptosis, NB cultured cells were treated with SU1498 for 24 hr and analyzed for the
induction of HO-1, a biomarker of oxidative insults, and caspase-3 cleavage, respectively.
The results showed that a 24 hr exposure to SU1498 induced a 3-fold increase in caspase-3
cleavage and HO-1 induction (Figure 2A, lane 3) and a 50% loss in viability (Figure 2B)
that were rescued by pretreatments with the N-acetly-cysteine (NAC), a precursor of the
cellular thiol glutathione which in turn maintains redox homeostasis by sequestering free
radicals through a thiol/disulfide exchange (Figure 2A, lane 4; Figure 2B). To determine
whether VEGF signaled protection exclusively through VEGFR-2, the effects of the 48 hr
pretreatment with the growth factor were evaluated on the cell viability in SU1498 treated
neurons following a short (2 hr) and long (24 hr) time frame of exposure (Figure 3A).
Interestingly, VEGF rescued SU1498 treated cells from a loss in cell viability following 2
but not 24 hr of exposure to the inhibitor. Subsequent analyses showed that SU1498 induced
a significant increase in HO-1 induction and caspase-3 cleavage that was suppressed by
VEGF following the same 2 hr timeframe of VEGFR-2 inhibition (Figure 3B, compare lanes
2 and 4). Although VEGF elicited protection under these conditions, western blot analyses
confirmed that VEGFR-2 phosphorylation was completely blocked by the 2 hr treatment
with SU1498 (data not shown). These findings raised the possibility that VEGF activated an
alternate receptor (VEGFR-1 or NP-1) as a compensatory pathway for survival when
VEGFR-2 function was blocked. Indeed, pretreatments with VEGF-B, which signals
through VEGFR-1 or NP-1 but not VEGFR-2, mediated a significant increase in the
viability of neurons exposed to SU1498 for 2h (Figure 3C). Given these findings,
subsequent studies were then performed in neurons exposed to VEGFR-2 inhibition for 2 hr.

Selective inhibition or gene silencing of VEGFR-2 induces oxidative stress and a collapse
of the mitochondrial membrane potential

The finding that VEGFR-2 inhibition leads to HO-1 induction and caspase-3 cleavage
suggested that the receptor signals downstream pathways that protect against apoptosis and
oxidative stress. To address this possibility, a live cell assay was employed to evaluate
changes in the intracellular redox status and mitochondrial dysfunction following a 2 hr
exposure to SU1498 in cells pretreated without and with VEGF, VEGF-B or NAC (Figure
4). For these assays, oxidative stress is measured using 6-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate which is converted to a green-fluorescent form by
oxidation (removal) of the acetate groups by free radicals. To measure mitochondrial
dysfunction, cells were also loaded with the fluorescent lipophilic cationic dye
tetramethylrhodamin methyl (TMRE; red) which is only retained if the mitochondrial
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membrane potential (Δψm) is intact. Cells were counterstained with the nuclear dye DAPI
to show the number of neurons per field. The results in Figure 4 showed that SU1498
induced oxidative stress (green fluorescence; compare panels A & B) and a collapse in the
mitochondrial membrane potential (TMRE, loss of red fluorescence; compare panels A &
B) within a 2 hr timeframe that can be prevented by pretreatments with exogenous VEGF
(compare panels B & F), VEGF-B (compare panels B & H) or NAC (compare panels B
& D). Similarly, an attenuation of VEGFR-2 expression levels by siRNA led to oxidative
stress and a loss of Δψm (Figure 5A, panels A and B) that were inhibited by treatments with
VEGF or VEGF-B (panels C and D). Since VEGF and VEGF-B are ligands for VEGFR-1,
these results suggest that both factors may signal protection through VEGFR-1 when
VEGFR-2 function is blocked. Double immunofluorescent studies for VEGFR-1 or
VEGFR-2 with the dendritic marker MAP-2 showed the presence of both receptors in NB
cultured cells (Figure 5B, panel A). Interestingly, VEGF increased localization of VEGFR-2
along dendrites (Figure 5B, upper panel C) while siRNA VEGFR-2 reduced both the basal
(upper panel B) and dendritic levels of the receptor (upper panel D). In contrast, the
expression levels of VEGFR-1 remained unchanged by VEGF or siRNA VEGFR-2 (Figure
5B, lower panels B, C and D) and were localized in the soma of neurons.

The MEK/ERK1/2 and PI3K/Akt pathways are downstream effectors of VEGFR-2 mediated
protection

To delineate the downstream effector pathways activated by VEGFR-2 to mediate survival,
we examined the effects of SU1498 on the activation of Akt and ERK1/2 by their upstream
kinases, phosphatidyl inositol 3′ kinase (PI3K) and mitogen-activated protein kinase
(MEK), respectively. Both pathways have been shown to signal VEGF-mediated
neuroprotection against harmful insults [4, 22]. Consistent with these reports, VEGFR-2
inhibition prevented both the basal and VEGF-stimulated levels of phosphorylated ERK1/2
(T202/Y204) and Akt at the T308 and S473 activation sites (Figure 6A, compare lanes 1 &
2 to lanes 3 & 4) and selective inhibition of either PI3K (Figure 6A, Wortmannin (Wort),
lane 5) or MEK (U0126, lane 6) induced a significant loss in viability (Figure 6B). These
results show that VEGF signaling through VEGFR-2 leads to the downstream activation of
the MEK/ERK1/2 and PI3K/Akt pathways as survival mechanisms in our paradigm of
oxidative stress.

BAD phosphorylation and the protein levels of Bcl-xL are regulated by VEGFR-2
Mitochondrial function is tightly regulated by a phosphorylation-dependent inactivation of
the pro-apoptotic protein BAD by Akt and ERK1/2 at S136 and S112, respectively, to
prevent interaction with the anti-apoptotic protein Bcl-xL [29]. Inhibitor studies revealed
that VEGF mediated significant increases in BAD phosphorylation at S112 and Bcl-xL
protein levels (Figure 7A, lane 2) that were suppressed following 2 hr treatments with
SU1498 (lanes 3 and 4), but not with Wortmannin or U0126 (lanes 5 and 6). These results
suggest that VEGFR-2 signals both events through a mechanism that is independent of the
Akt and ERK1/2 pathways. Nevertheless, co-incubations of SU1498 with VEGF elicited a
partial rescue in BAD and Bcl-xl phosphorylation. Recent studies show that a Bcl-xL
knockdown increased oxidant-induced apoptosis in cardiomyocytes, suggesting that Bcl-xL
protein levels are redox regulated [30]. To test whether Bcl-xL is redox sensitive in our
paradigm of oxidative stress, we examined the effects of 24 hr pretreatments with NAC on
neurons incubated with SU1498 for 2 hr. Indeed, NAC stimulated an increase in Bcl-xL
protein content (Figure 7B, lane 2) that was reduced significantly to control levels by co-
incubation with SU1498 (lane 3).
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Discussion
In this study we examined the effects of VEGFR-2 inhibition on the survival of nutritionally
deprived hippocampal neurons. We found that neuronal viability was reduced only slightly
in NB cultured neurons when compared to those cultured in NB supplemented with B27 and
survival under both conditions was enhanced by the inclusion of exogenous VEGF and
inhibited by VEGFR-2 inhibition. We attribute survival without B27 to an autocrine
signaling by endogenous VEGF through VEGFR-2 based on the observation that NB
cultured neurons show increased gene expression of VEGF and its receptors,
phosphorylation of VEGFR-2 and a greater sensitivity to decreased viability by VEGFR-2
inhibition compared to NB/B27 cultured cells. Also, ELISA assays showed that VEGF
secretion was also greater from NB cultured neurons (data not shown). In support of these
findings, autocrine VEGF signaling was shown to promote survival in retinal epithelial cells
and cortical neurons in response to oxidative stress and hypoxia, respectively [2, 31]. In
addition, activated VEGFR-2 was shown to protect endothelial cells against oxidative stress
[32] and a reduction in VEGFR-2 protein expression induced cell death in motor neurons
exposed to hypoxia [33]. The finding that VEGFR-2 mediates survival through the
activation of the PI3K/Akt and MEK/ERK1/2 pathways is also consistent with previous
demonstrations that either one or both of these mechanisms elicit neuroprotection depending
on the cell type and stressor employed [4, 6, 17–19]. Furthermore, VEGF signaling through
VEGFR-2 also mediates neurite outgrown in cortical neurons through the downstream
activation of Akt and ERK1/2 [28]. Our results implicate essential roles for the PI3K/Akt
and MEK/ERK1/2 pathways in promoting the survival of hippocampal neurons exposed to
oxidative stress.

The mitochondrial cell death pathway is tightly regulated by a critical balance of interactions
between the Bcl-2 family of proteins, namely, the anti-apoptotic members (e.g., Bcl-2 and
Bcl-xL) and pro-apoptotic proteins (e.g., BAD). BAD normally exists in the cytosol in a
phosphorylated (inactivated) form. However, Bad dephosphorylation (activation) induces its
translocation to the mitochondrial membrane where it forms an inhibitory complex with Bcl-
xL. This event in turn leads to oxidative stress with a collapse of the Δψm and a release of
cytochrome c from permeabilized mitochondria to the cytoplasm that triggers caspase
activation [29]. Therefore, the findings that a blockade of VEGFR-2 by pharmacological
inhibition or gene silencing with siRNA induces a loss in the mitochondrial membrane
potential with a concomitant increase in oxidative stress implicates VEGFR-2 signaling as a
critical mediator of protection against mitochondrial dysfunction in hippocampal neurons.
This implication is further strengthened by our demonstration that these events are
accompanied by caspase-3 activation, HO-1 induction, BAD dephosphorylation and
decreased levels of Bcl-xL and previous studies showing that VEGF promotes survival in
hypoxic neurons by suppressing the activation of caspase-3 [20]. Interestingly, our findings
are also consistent with evidence that cancer therapeutics that target tyrosine kinase
receptors such as VEGFR-2 or ErbB2 induce a cardiotoxicity that is manifested by oxidative
stress, a loss in the Δψm, and decreased levels of BAD phosphorylation and Bcl-xL protein
expression [34, 35]. Moreover, previous studies from our laboratory showed that VEGFR-2
inhibition induced a loss in Bcl-xL protein expression and cell death in serum starved SK-N-
SH neuroblastoma cells and viability was restored by overexpression of Bcl-xL or ERK1/2
[21]. The demonstration that NAC and VEGF stimulate an increase in Bcl-xL that is
attenuated by treatments with SU1498 further supports the notion that VEGFR-2 signaling
regulates both mitochondrial integrity and redox homeostasis in hippocampal neurons.
However, the downstream mechanism(s) that modulate Bcl-xL protein levels and BAD
phosphorylation and the exact pathway(s) linking VEGFR-2 signaling with the induction of
oxidative stress or mitochondrial dysfunction in our studies are unclear and require further
investigation. In this regard, inhibitor studies revealed that activated VEGFR-2 signals
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phosphorylation of BAD and increased protein levels of Bcl-xL in hippocampal neurons
through a downstream mechanism that is independent of Akt or ERK1/2. Although ERK1/2
is usually the upstream kinase for BAD phosphorylation at S112, it is possible that kinases
such as the MAPK-activated kinase, p90(RSK) via a PKC dependent pathway [36] or
mitochondrial bound PKA [37] mediate this event in our paradigm of VEGF directed
neuroprotection. Neurons are highly susceptible to oxidative damage due to their high
oxidative energy metabolism and their moderate levels of antioxidant systems. Therefore,
the imbalance created by excessive levels of free radicals would overwhelm the antioxidant
capacity of the cell to cause oxidative modifications to lipids, proteins, and nucleic acids that
are neurotoxic. In our studies, the induction of HO-1 protein expression serves as a reliable
marker of this redox imbalance. HO-1 is maintained at low levels in the brain but is sensitive
to induction by a wide array of toxic insults that mediate oxidative damage and
inflammation [38] as found in neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease [39]. However, the role of HO-1 in neurodegeneration is questionable
since it can provide neuroprotection against oxidative stress [40] or enhance neural injury
through excess iron production [41]. Our demonstration that enhanced levels of HO-1
accompany mitochondrial dysfunction, oxidative stress and a loss in viability within a 2 hr
exposure to SU1498 suggests that hippocampal neurons undergo a potent oxidative insult
when VEGFR-2 function is blocked. Nevertheless, pretreatments with the antioxidant NAC
provides protection against the oxidative insult induced by a prolonged period (24 hr, Figure
2) of VEGFR-2 inhibition. Similarly, pretreatments with VEGF or VEGF-B also mediate
protection against changes in the redox state, Δψm collapse, caspase-3 activation and HO-1
induction but only within the initial 2 hr of VEGFR-2 inhibition. These findings suggest that
VEGF or VEGF-B can provide protection when VEGFR-2 activity is blocked by signaling
through an alternate receptor. Two possible receptors for this molecular switch are
VEGFR-1 and NP-1 which are known to bind both VEGF and VEGF-B as ligands [3]. It is
postulated that VEGFR-1 functions as a decoy mechanism that sequesters VEGF from
binding to VEGFR-2 while NP-1 serves as a co-receptor for VEGF/VEGF receptor
complexes to enhance VEGF signaling [3]. Our demonstration that the gene expression of
VEGFR-1 and NP-1 are upregulated in NB cultured neurons raises the possibility that
VEGF or VEGF-B signals through VEGFR-1 alone or in a complex with NP-1 to
compensate for the neuroprotection lost by VEGFR-2 inhibition. It is likely that this
response involves VEGFR-1 but this line of reasoning requires further investigation since
recent findings show that NP-1 can promote neuronal survival independent of interactions
with VEGFR-2 [42]. A model of a molecular switch from VEGFR-2 to VEGFR-1 signaling
is shown in Figure 8. There is considerable support for VEGFR-1 signaling as a prosurvival
mechanism in neuronal and nonneuronal cells. VEGFR-1 activation by VEGF-B was shown
to elicit neuroprotection in spinal cord motor neurons [27], dopaminergic neurons [43] and
in sensory neurons by maintaining the Δψm [11]. In cardiomyocytes, VEGF-B prevents
ischemia and oxidative stress through VEGFR-1 [44, 45] and is coexpressed with genes
encoding mitochondrial proteins in endothelial cells [13]. In our studies, VEGFR-1 is
detected in the soma, raising the possibility that the receptor localizes in the nucleus as
previously demonstrated in endothelial cells [46]. In contrast, treatments with exogenous
VEGF stimulate VEGFR-2 to localize along dendrites, suggesting that activated VEGFR-2
resides in close proximity to synapses. In addition, VEGF can stimulate the nuclear
localization of PGC-1 alpha, a key regulator of mitochondrial biogenesis, resulting in the
increased expression of nuclear encoded mitochondrial gene expression and survival [47].
Moreover, the partial rescue of Bcl-xL by VEGF in SU1498 treated cells suggests that
signaling through an alternate VEGF receptor can serve as a compensatory mechanism that
modulates Bcl-xL levels at the mitochondrial membrane to prevent permeabilization. In this
context, Bcl-xL was shown to delay mitochondrial membrane permeabilization in response
to calcium overload [48]. In addition, Bcl-xL can increase mitochondrial biomass in neurons
[49] or interact directly with either the mitochondrial F1F0 ATP synthase to enhance energy
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production [50] or with VDAC, an outer mitochondrial membrane protein, to regulate
metabolite trafficking [51].

Evidence suggests that neurons depend on ATP production from mitochondrial-derived
oxidative phosphorylation rather than glycolysis as an energy source [52] and mitochondria
are transported from the soma to axonal regions and dendritic synaptic terminals to meet the
metabolic demand of neural transmission [53]. It is likely that the apparent loss in Δψm and
elevated oxidative stress induced by VEGFR-2 inhibition would lead to a disruption in ATP
production that severally compromise neuronal function. Thus, VEGFR-2 signaling may
protect stressed hippocampal neurons against ATP depletion and oxidative stress induced
cellular damage that would hinder synaptic plasticity. In this regard, oxidative stress is
functionally linked to the oxidative DNA damage that leads to cognitive impairment in
Alzheimer’s disease [54]. Together, these findings implicate VEGFR-2 signaling as an
essential mechanism for maintaining mitochondrial integrity and protecting against
oxidative insults in hippocampal neurons.

Conclusions
In conclusion, we show that a blockade of VEGFR-2 function by pharmacological inhibition
or gene silencing triggers oxidative stress and mitochondrial dysfunction in mature
hippocampal neurons. These events are manifested by an induction of HO-1, caspase-3
cleavage with a parallel loss in both cell viability and the activation of prosurvival Akt and
ERK1/2. These findings also implicate activated BAD and decreased Bcl-xL levels as
participants in the mitochondrial dysfunction and oxidative stress induced by VEGFR-2
inhibition. Treatments with exogenous VEGF or VEGF-B can signal through an alternate
receptor to delay the onset of neuronal damage induced by VEGFR-2 inhibition. These
findings implicate VEGFR-2 signaling in hippocampal neurons as a prosurvival mechanism
that protects against mitochondrial dysfunction and oxidative stress.
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Highlights

1- Nutritional stress upregulates VEGF and its receptors in mature hippocampal neurons

2- Activated VEGFR-2 signals neuroprotection through the PI3K/Akt and ERK1/2
pathways

3- VEGFR-2 inactivation decreased viability with mitochondrial dysfunction and ROS

4- VEGF and VEGF-B signaling or NAC counteract the insult induced by VEGFR-2
inhibition
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Figure 1. VEGF mediates neuronal survival in NB cultured cells via endogenous and exogenous
signaling
(A), Cells were incubated in NB/B27 or NB for 48 hr. Bright field images were taken by
using a Nikon Eclipse TE200 inverted scope. Scale bar: 50 μm. (B), Total RNA was isolated
from neurons cultured in NB and NB/B27 for 48 hr and analyzed by semi-quantitative RT-
PCR for VEGF, VEGFR-2, VEGFR-1, NP-1 as described in “Materials and methods”. (C),
Neurons were cultured as in (A) without and with 100 ng/ml VEGF and cell viability was
determined using a MTS assay as described in “Materials and methods”. Results represent
the percent cell viability relative to the vehicle treated control ± S.E.M. from at least three
independent experiments. *(P<0.05) indicates a significance between NB/B27/VEGF versus
NB/B27. ** (P<0.01) indicates a significant difference between NB versus NB/VEGF. ***
(P<0.001) indicates a significant difference between NB versus NB/B27. (D), Cell viability
was measured in cells cultured as in (A) with SU1498 (10 μM) added for the final 15′, 1, 2,
4 and 24 hr of the 48 hr incubation period. **(P<0.01) indicates a significant difference
between 1 hr SU1498 versus control (NB/B27). ***(P<0.001) indicates a significant
difference between 2, 4, and 24 hr SU1498 versus the NB/B27 control and between 15′, 1,
2, 4, 24 hr SU1498 versus the NB control. (E), Neurons were cultured in NB without and
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with VEGF in the absence and presence of 24 hr treatments with SU1498 (10 μM). Lysates
were analyzed by western blotting for the levels of phosphorylated (p-VEGFR-2) and total
VEGFR-2 using antigen specific antibodies. Actin served as the loading control. The levels
of phosphorylation are normalized to their respective total protein control and then
quantified by ImageJ relative to the DMSO treated control (100%) ± S.E.M. from at least
three independent experiments. **(P<0.01) indicates a significant difference between VEGF
versus control; ***(P<0.001) indicates a significant difference between SU1498 or VEGF/
SU1498 versus control.
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Figure 2. VEGFR-2 inhibition induces oxidative stress and apoptosis that are prevented by
treatments with NAC
(A), NB cultured neurons were treated without and with SU1498 (10 μM) alone or in
combination with NAC during the final 24 hr of the 48 hr incubation. Lysates were analyzed
by western blotting for the levels of HO-1 and cleaved caspase-3 (arrow). Data are
quantified relative to the vehicle control. *(P<0.05) indicates a significant difference
between SU1498 versus NAC/SU1498 for HO-1 and **(P<0.01) indicates a significant
difference between SU1498 versus control or NAC for HO-1 and Caspase-3. ***(P<0.001)
indicates a significant difference between SU1498 versus NAC/SU1498 for Caspase-3. (B),
Neurons cultured as in (A) were analyzed for cell viability as described in Figure 1C.
***(P<0.001) indicates a significant difference between SU1498 versus control or NAC/
SU1498.
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Figure 3. VEGF and VEGF-B protect neurons from the effects of a short but not long timeframe
of VEGFR-2 inhibition
(A), Cell viability was measured in neurons cultured in NB without and with VEGF
following a 2 and 24 hr exposure to SU1498 (10 μM). *(P<0.05) indicates a significant
difference between VEGF versus control and ***(P<0.001) indicates a significant difference
between SU1498 2hr versus VEGF/SU1498 2 hr in A; (B), Lysates were analyzed by
western blotting for the levels of HO-1 and cleaved caspase-3 (arrow) as in Figure 2A.
**(P<0.01) and *(P<0.05) indicates a significant difference between SU1498 versus control
or VEGF or VEGF/SU1498 for HO-1 and caspase-3, respectively. (C), Cell viability was
measured in neurons cultured in NB without and with VEGF-B following a 2 hr exposure to
SU1498 (10 μM). **(P<0.01) indicates a significant difference between VEGF-B versus
control and ***(P<0.001) indicates a significant difference between SU1498 versus control
and SU1498 versus VEGF-B/SU1498.
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Figure 4. VEGF and VEGF-B protect against oxidative stress and mitochondrial dysfunction
induced by SU1498
Neurons were cultured in NB for 48 hr in the absence and presence of NAC (5 mM, final 24
hr), VEGF or VEGF-B (100 ng/ml for 48 hr, replenished after 24 hr). After 46 hr of
incubation, cells were treated with SU1498 as indicated and labeled with either carboxy-
H2DCFCA to detect oxidative stress (green) or TMRE (red) to measure the Δψm as
described in “Materials and methods”. Nuclei were counterstained with DAPI. Scale bar: 50
μm. Data are representative of experiments that were repeated at least three times.
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Figure 5. VEGF and VEGF-B protect against oxidative stress and mitochondrial dysfunction
induced by siRNA VEGFR-2
(A), Neurons were transfected with siVEGFR-2 as described in “Materials and methods”
and then cultured without and with VEGF or VEGF-B for oxidative stress and TMRE
measurements as described in Figure 4. Scale bar: 50 μm. (B), Cells were double labeled for
fluorescence with MAP-2 (red) and either VEGFR-2 (green; upper panels) or VEGFR-1
(green; lower panels) as described in “Materials and methods”. Scale bar: 100 μm. Data are
representative of experiments that were repeated at least three times.
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Figure 6. VEGF signaling through VEGFR-2 leads to activation of the PI3K/Akt and MEK/
ERK1/2 pathways
(A), Neurons were cultured 48 hr in NB without and with VEGF as in Figure 1 and treated
at 46 hr with SU1498 (10 μM), Wortmannin (Wort; 100 nM) or U0126 (10 μM). Lysates
from each condition were then analyzed by western blotting for detection of the
phosphorylated and total forms of Akt and ERK1/2 as indicated. Data were quantified
relative to the vehicle control. *** (P<0.001) indicates a significant difference between
VEGF versus control for p-Akt (T308); a significanct difference between SU1498, VEGF/
SU1498 or VEGF/U0126 versus control or VEGF for p-ERK1/2. ** (P<0.01) indicates a
significant difference between SU1498 versus control for p-Akt (T308); a significant
difference between SU1498, VEGF/SU1498 or VEGF/Wort versus control or VEGF for p-
Akt (S473); a significant difference between VEGF or VEGF/Wort versus control for
pERK. * (P<0.05) indicates a significant difference between VEGF/SU1498 or VEGF/Wort
versus control or VEGF for p-Akt (T308); a significant difference between VEGF versus
control for p-Akt (S473). (B), Cell viability was determined in VEGF cultured cells without
or with 2 hr incubations with Wort or U0126. ***(P<0.001) indicates a significant
difference between VEGF, VEGF/Wort or VEGF/U0126 versus control.
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Figure 7. VEGF enhances BAD phosphorylation (inactivation) while VEGF and NAC increase
Bcl-xL protein expression
(A, B), Cells were cultured as described in Figure 6A and treated with Wortmannin (Wort)
or U0126 in (A) and NAC (5 mM) in (B) and subjected to western blot analyses for the
phosphorylated and total form of BAD and Bcl-xL. Data were quantified relative to the
vehicle control. *(P<0.05) indicates a significant difference between VEGF versus control
and SU1498 versus VEGF/SU1498 for Bcl-xL in A. **(P<0.01) indicates a significant
difference between VEGF versus control for p-BAD in A; a significant difference between
NAC versus NAC/SU1498 for Bcl-xL in B. ***(P<0.001) indicates a significant difference
between SU1498 versus control for p-BAD and Bcl-xL in A and a significant difference
between NAC versus control for Bcl-xL in B. ### (P<0.001) indicates a significant
difference between VEGF versus VEGF/SU1498 for p-BAD in A.
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Figure 8. A model of VEGFR-2 mediated neuroprotection in mature hippocampal neurons
VEGF mediated signaling through VEGFR-2 promotes survival through the downstream
activation of PI3K/Akt and MEK/ERK1/2 pathways. A blockade of VEGFR-2 of signaling
leads to a loss in Akt and ERK1/2 activation that is accompanied by a mitochondrial
dysfunction involving a loss in the Δψm, oxidative stress and caspase-3 activation together
with HO-1 induction, BAD activation and decreased levels of Bcl-xL. However, treatments
with exogenous VEGF or VEGF-B can elicit a time dependent protection against the HO-1
induction, caspase-3 activation, mitochondrial dysfunction and the change in redox state
induced by VEGFR-2 inhibition (in box) by signaling through an alternate receptor such as
VEGFR-1.
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