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Abstract
Vascular endothelial growth factor (VEGF) is a hypoxia-induced angiogenic protein that exhibits
a broad range of neurotrophic and neuroprotective effects in the central nervous system. Given
that neurogenesis occurs in close proximity to blood vessels, increasing evidence has suggested
that VEGF may constitute an important link between neurogenesis and angiogenesis. Although it
is known that VEGF can directly stimulate the proliferation of neuronal progenitors, the
underlying signaling pathways responsible in this process are not fully understood. Thus, in the
present study, we set out to examine the requirement of two downstream targets of the VEGF/
Flk-1 signaling network, the phosphatidylinositol 3-kinase (PI3K)/Akt and extracellular signal-
regulated kinase (ERK) pathways, in producing the mitogenic effects of VEGF. Both in vivo and
in vitro experiments showed that a single treatment of VEGF activated Erk1/2 and Akt signaling
pathways in the adult rat hippocampus and in cultured hippocampal neuronal progenitor cells.
This effect was blocked with the VEGF/Flk-1 inhibitor SU5416. Importantly, microinfusion of
VEGF into the rat brain also induced pCREB expression in the dentate gyrus and increased the
number of BrdU-labeled cells in the dentate subgranular zone. Double immunofluorescence
labeling revealed that a large proportion of BrdU-labeled cells expressed activated forms of Flk-1,
Erk1/2, and Akt. Interestingly, treatment with the SSRI fluoxetine, which is well known to
stimulate neurogenesis and VEGF-signaling, also produced a similar expression pattern of Erk1/2
and Akt in proliferating cells. Finally, pharmacological experiments showed that administration of
inhibitors of either MAPK/ERK (U0126) or PI3K (LY294002) blocked VEGF-stimulation of
hippocampal cell proliferation in vivo and in vitro. Taken together, our findings demonstrate that
the proliferative actions of VEGF require activation of both ERK and Akt signaling cascades and
that these intracellular pathways are stimulated almost exclusively in actively proliferating
neuronal progenitor cells of the adult hippocampus.
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1. INTRODUCTION
Vascular endothelial growth factor (VEGF) is a potent endothelial cell mitogen and key
regulator of angiogenesis (Leung et al., 1989; Yancopoulos et al., 2000). In addition to its
well-established angiogenic effects, recent evidence has revealed an important role for
VEGF in exerting trophic and protective actions on neurons. For example, VEGF stimulates
neurite outgrowth and survival of superior cervical, dorsal root ganglion, and cortical
neurons in culture (Jin et al., 2006; Khaibullina et al., 2004; Sondell et al., 2000), and
protects both HN33 (mouse hippocampal neuron × neuroblastoma) and cortical neurons
against cell death induced by hypoxic conditions (Jin et al., 2001; Jin et al., 2000; Li et al.,
2005). Conversely, VEGF reduction triggers apoptosis of cultured cortical and hippocampal
neurons (Matsuzaki et al., 2001; Ogunshola et al., 2002), and contributes to adult-onset
motor neuron degeneration in mice (Oosthuyse et al., 2001). In light of these diverse effects,
there has been increasing interest in the development of VEGF for the treatment of various
neurodegenerative conditions, such as traumatic brain injury, amyotrophic lateral sclerosis,
and stroke (Hermann and Zechariah, 2009; Skold and Kanje, 2008).

In the adult mammalian brain, the dentate subgranular zone (SGZ) and subventricular zone
of the lateral ventricle are active sites of neurogenesis (Altman and Das, 1965; Cameron and
McKay, 2001; Kempermann et al., 2004). It is well known that signals provided by the local
microenvironment regulate the proliferation and differentiation of neural stem/progenitor
cells (Suh et al., 2009). Of the proposed regulators, the vasculature represents an important
candidate in providing the required molecular signals and metabolic demands necessary for
maintaining neuronal progenitor pools throughout life. Consistent with this view,
neurogenesis has been shown to occur in close proximity to growing blood vessels in the
SGZ (Palmer et al., 2000), and accumulating evidence suggests that endothelial cells can
influence neural stem/progenitor cell proliferation through the release of various growth
factors (Li et al., 2006; Louissaint et al., 2002).

Several studies have found that VEGF can act as a direct stimulator of neurogenesis (Jin et
al., 2002; Schanzer et al., 2004). VEGF exerts its biological functions through several
receptors, among them VEGFR-2 (Flk-1) is believed to mediate most of the neuron-specific
effects of VEGF, including neurogenesis (Ruiz de Almodovar et al., 2009), although there is
recent evidence that VEGFR-1 (Flt-1) and VEGFR-3 (Flt-4) also regulate neurogenesis in
the subventricular zone and dentate SGZ (Calvo et al., 2011; Wittko et al., 2009). While the
exact contribution of VEGF-stimulated neurogenesis in the adult brain is unclear, a large
number of studies have shown that VEGF expression is increased, particularly in the
hippocampus, after various pro-neurogenic stimuli. For example, hippocampal VEGF
expression is upregulated in response to antidepressant treatment, and VEGF signaling is
required for the neurogenic as well as the behavioral effects of these drugs (Fournier and
Duman, 2011; Greene et al., 2009; Lee et al., 2009; Warner-Schmidt and Duman, 2007).
VEGF is also required for the increased cell proliferation and neurogenesis that occurs after
adult mice are exposed to environmental enrichment (Cao et al., 2004) or exercise (Fabel et
al., 2003), while conditions that reduce hippocampal cell proliferation, such as aging or
stress, are associated with reduced levels of VEGF and Flk-1 in the hippocampus (Heine et
al., 2005; Shetty et al., 2005).
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Although these findings highlight the importance of VEGF/Flk-1 signaling in cell
proliferation, the precise downstream intracellular signaling pathways mediating this effect
on neuronal progenitor cells remain to be determined. In the present study, we set out to
examine the requirement of two downstream targets of the VEGF/Flk-1 signaling network,
the phosphatidylinositol 3-kinase (PI3K)/Akt and extracellular signal-regulated kinase
(ERK) pathways, in producing the mitogenic effects of VEGF in the adult hippocampus.
Our results reveal that VEGF increases adult hippocampal cell proliferation through
activation of ERK and Akt signaling cascades, and that VEGF stimulates proliferation by
directly acting on neuronal progenitor cells both in vivo and in vitro.

2. MATERIALS AND METHODS
Male Sprague-Dawley rats (Charles Rivers) weighing between 175 and 250 g at the time of
arrival served as subjects. They were housed in pairs in rectangular polypropylene cages
with standard laboratory bedding and kept on an artificial 12:12 h light:dark cycle with
lights on at 0700 h local time. Ambient temperature in the housing facility was maintained at
20°C (±1°C). Food and water was available ad libitum throughout the duration of the
experiment. Animal use and procedures were in accordance with the National Institutes of
Health guidelines and approved by the Yale University Animal Care and Use Committees.
All efforts were made to minimize the number of animals used in these experiments.

2.1. Drugs
Drugs used included human recombinant VEGF165 (Sigma-Aldrich), U0126 (10 mM, 4.3
μg/μl, Cell Signaling), LY294002 (10 mM, 4.6 μg/μl, Cell Signaling), and SU5416 (4 mM,
2.4 μg/μl, Sigma-Aldrich). All drugs were prepared according to the manufacturer's
specification in either phosphate buffered saline (pH 7.2) or dimethyl sulfoxide (DMSO),
and stored at −20°C until use. Bromodeoxyuridine (BrdU; 150 mg/kg, 20 mg/ml, Sigma-
Aldrich) was dissolved in warm physiological saline (50°C) and then sterile filtered before
administration.

Surgical and Microinfusion Procedure—After one week of habituation to the animal
colony, rats were anesthetized with a ketamine (80 mg/kg, i.m., Fort Dodge Animal Health)-
xylazine (6 mg/kg, i.m., Lloyd Laboratories) cocktail and placed into a stereotaxic
apparatus. A single guide cannula (22 Ga, Plastic One) was inserted into the lateral ventricle
(−0.9 mm anteroposterior, ±1.5 mm mediolateral, and −3.3 mm below dura). The cannula
assembly was secured to the skull with four stainless steel screws and dental acrylic, and
each animal was fitted with a dummy cannula to prevent the accumulation of debris.

Following a 7 to 9-day recovery period, compounds were delivered i.c.v. in a 2 μl volume
and at a flow rate of 0.25 μl/min. The infusion cannula was left in place for an additional 3
minutes after delivery before slowly being withdrawn to facilitate diffusion of the compound
and to prevent back-filling of the guide. Following the last infusion, animals were sacrificed
at various time-points according to the purpose of the experiment. For inhibitor experiments,
compounds (e.g., DMSO, U0126, LY294002, or SU5416) were delivered 30 minutes before
VEGF or vehicle (PBS) infusion.

Western Blot Analysis—Dissected hippocampal samples were homogenized in lysis
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2
mM EDTA, 1 mM sodium vanadate, 10 mM NaF, and 1× protease inhibitor cocktail.
Protein concentration was determined by BCA assay (Pierce Biotechnology). For Western
blotting, equal amounts of protein (10–30 μg) were loaded and separated on a 7.5% or 10%
SDS-PAGE gel. To facilitate normalization of band intensities across different gels, the
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same control samples were loaded on all gels. After electrophoresis, the proteins were
electrically transferred to nitrocellulose membranes. Following electro-transfer, membranes
were blocked for 1 hr in 5% bovine serum albumin in TBS-T (TBS + 0.1% Tween-20) and
incubated overnight at 4°C with primary antibody. The following primary antibodies were
used: phospho-Akt (Ser473, 1:1000, Millipore), total Akt, phospho-ERK (Thr202/Tyr204,
1:1000, Millipore), phospho-CREB (Ser133, 1:1000, Millipore), total CREB (1:1000,
Millipore), and GAPDH (1:10000, Millipore). Following incubation, membranes were
washed in TBS-T and incubated for 1 h with an appropriate peroxidase-labeled secondary
antibody (1:10000; Vector Laboratories). Bands were visualized with enhanced
chemluminescence and exposed to Hyblot CL autoradiography film (Denville Scientific
Inc.). Membranes were stripped (2% SDS, 100 mM β-mercaptoethanol, 50 mM Tris-HCl,
pH 6.8) for 30 min at 50–55 °C and then received several washes with TBS-T. The stripped
membranes were placed in blocking solution for 1 hr and incubated with a primary antibody
direct against the total levels of the respective protein (non-phosphorylated) as a protein
loading control.

The intensity of the protein bands was quantified using image analysis software (ImageJ
1.35, National Institute of Mental Health). For each blot, the background signal was
determined by tracing an unlabeled area adjacent to each band and subtracting this value
from the target band. Resultant values were normalized to the average signal for the total
(non-phosphorylated) protein levels (also background adjusted) to simplify gel analysis and
reduce inter and intra-gel variability.

Tissue Preparation and Immunohistochemistry—For in vivo analysis of cell
proliferation, rats received a single injection of BrdU (150 mg/kg, i.p.) 2 hrs after VEGF or
PBS microinfusion. Approximately, one hour later, the rats were deeply anesthetized with
chloral hydrate (300 mg/kg, i.p.) and underwent transcardiac perfusion with 0.1 M
phosphate buffer saline (PBS, pH=7.4) followed by 10% buffered formalin. The brains were
extracted and postfixed in the same fixative for 48–72 hrs at 4°C before undergoing sucrose
infiltration (15%, 30% sucrose) and sectioning on a freezing microtome (40 μm). All
sections were collected and stored at −20°C in a cryoprotectant solution consisting of 30%
sucrose, 1% polyvinylpyrrolidone, and 30% ethylene glycol in 0.1 M phosphate buffered
saline (PBS; pH=7.4) until use.

For BrdU immunohistochemistry, free-floating sections were treated with 1 N HCl at 45 °C
for 30–45 min to denature the DNA and expose the BrdU antigen. Sections were then
incubated for 1 hr at room temperature in a blocking solution comprised of 5% normal horse
serum, 1% bovine serum albumin (BSA), and 0.3% Triton X-100 dissolved in 0.1 M PBS.
After blocking, the sections were treated with a primary anti-mouse BrdU monoclonal
antibody (1:500, 48 hrs, 4°C, Becton Dickinson) diluted in the previously described
blocking solution, followed by incubation with a secondary biotinylated antibody (horse
anti-mouse, 1:500, 2 hrs, room temperature, Vector Laboratories) and then avidin-biotin
peroxidase complex (1:200, 1 hr, room temperature, Vectastain ABC Elite, Vector
Laboratories). Immunolabeled cells were visualized with a solution of 3,3'-diamobenzidine
(DAB) according to the manufacturers specification (Vector Laboratories). Before
coverslipping, mounted sections were counterstained with NovaRed (Vector Laboratories).
For quantification, every 12th section throughout the hippocampus was counted using a
modified unbiased stereology protocol (Kuhn et al., 1997). Briefly, BrdU-labeled cells in the
dentate SGZ layer ipsilateral and contralateral to site of cannulation were counted at 400×
magnification (Olympus BX60). The dentate SGZ was defined here as a two cell-body
width zone along the border of the dentate granule cell layer and hilus. To avoid
oversampling, cells in the outermost plane of focus were omitted. The number of BrdU-
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labeled cells counted was then multiplied by 12 to provide an estimate for the total number
for BrdU+ cells per dentate SGZ layer.

For phospho-ERK, -Akt, -CREB, and Ki-67 immunohistochemistry, sections were treated
with anti-mouse phospho-ERK (1:2000, Millipore, 24 hrs, 4°C), anti-rabbit phospho-Akt
(1:1000, Millipore, 24 hrs, 4°C), anti-rabbit phospho-CREB (1:1000, Millipore, 48 hrs,
4°C), or anti-rabbit Ki-67 (1:250, Novacastra) antibodies. Sections were then treated with
appropriate biotinylated secondary antibodies (all 1:500, 2 hrs, room temperature, Vector
Laboratories) followed by amplification with avidin-biotin complex. Immunolabeled cells
were visualized with a solution of DAB containing either nickel ammonium sulfate to yield
black color precipitate or DAB-only to yield a brown precipitate (Vector Laboratories). For
quantification of phospho-ERK and -Akt cells, the total number of phospho-labeled cells in
the dentate SGZ was estimated using the same procedures as described above. Semi-
quantitative densitometry was used to assess phospho-CREB expression in the dentate
granule cell layer and SGZ, as well as in the CA1 stratum pyramidal subfield of the
hippocampus. The procedure was adapted from a previously published protocol (Fournier et
al., 2010). Briefly, images were captured at 8-bit resolution on a digital camera that was
attached to an Olympus BX-60 microscope. Camera exposure and gain settings were held
constant between animals. Using image-analysis software (ImageJ 1.35, National Institute of
Mental Health), the mean relative optical density was calculated from digital images of three
coronal sections. Background staining was controlled by calculating the average optical
density levels from corpus callosum and subtracting these values from the region of interest.
The results were then expressed as the percentage change from vehicle-treated controls.
Finally, for Ki-67 labeled cells, the same protocol used to quantify BrdU+ cells was applied.

Adult hippocampal stem/progenitor cell isolation and culture—Adult rat
hippocampal stem/progenitor cells used in this study were isolated from young adult
Sprague-Dawley rats. The hippocampi were isolated and then enzymatically dissociated for
40 min at 37 °C in DMEM (Gibco) containing 1 U/mL Dispase II (Roche), 2.5 U/mL papain
(Worthington), and 250 U/mL DNAse I (Worthington). Digested tissue was washed with
DMEM/F12 (1:1) containing 10% defined FBS (Gibco), and then suspended in 35% PBS-
equilibrated Percoll solution (Amersham Pharmacia Biotech). The cell suspension was
fractionated by centrifugation for 10 min at 500 × g and the resultant pellet resuspended in
65% Percoll solution before being fractionated again for 10 min at 500 × g. The floating
neuronal progenitors were collected and plated onto 6-well culture plates (Becton
Dickinson) in DMEM/F12 (1:1) containing 10% FBS medium at a density of 1 × 105 cells
cm2. The plates were coated with 10 mg/mL poly-L-ornithine (Sigma) and 5 mg/mL mouse
laminin (Invitrogen). After 24 h, the medium was replaced with a growth medium consisting
of DMEM/F12 (1:1) containing N2 supplement (Gibco) and 40 ng/mL human recombinant
FGF-2 (Peprotech). Every other day, progenitors were fed by 50% medium exchange. At
90% confluence, the primary culture was passaged after brief trypsinization and
centrifugation.

To examine proliferation, cultured adult hippocampal neural stem/progenitors were
passaged onto polyornithine/laminin-coated plastic coverslips (Nalge Nunc International)
placed on 24-well culture plates (Becton Dickinson) at a density of 5 × 103 cells cm2. Five
days after passage, coverslips were incubated for 30 minutes with inhibitors of various
pathways, including SU5416 (4 μM, Flk-1 inhibitor, Calbiochem), LY294002 (10 μM,
PI3K inhibitor, Calbiochem), or U0126 (10 μM, MEK/ERK inhibitor, Upstate
Biotechnology) before treatment recombinant human VEGF (Sigma-Aldrich) or PBS. After
thirty minutes, BrdU (10 μM) was added and coverslips were fixed approximately 2 hrs
later.
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Immunofluorescence—Free-floating rat brain sections were processed as before for
BrdU immunohistochemistry. Sections were incubated (for 48–72 hrs) in a cocktail
containing anti-rat BrdU (1:100, Accurate) and anti-mouse pERK (1:100, Millipore), or anti-
mouse BrdU (1:100, Becton Dickinson) and anti-rabbit pAkt (1:100, Millipore) or anti-goat
pFlk-1 (1:100, Santa Cruz Biotechnology). After several washes in PBS, fluorescent-
conjugated antibodies (Alexa Fluor 488 and 546, 1:200) were applied for 3 hrs in the dark.
Between 30 and 40 BrdU+ cells per animal (3 to 4 subjects per group) were analyzed for co-
localization using z-plane sectioning on a confocal microscope (Zeiss LSM 510).

For immunocytochemistry, coverslips were fixed in 4% PBS-buffered paraformaldehyde for
15 min. Coverslips were then acid hydrolyzed in 2 N HCl (X hrs) to expose the BrdU-
antigen and blocked in PBS-T (0.1% Triton X-100), 10% normal goat sera, 0.5% BSA for 1
hr. Following blocking, coverslips were exposed for 2 hrs to the following primary antibody
mixture: mouse anti-BrdU (1:200, Becton Dickinson) and goat anti-SOX2 (1:1000, Santa
Cruz Biotechnology) diluted in 5% normal goat sera in PBS. Detection of primary
antibodies was performed with a mixture of Alexa 488 or 546 secondary antibodies
conjugated (1:200; Molecular Probes) for 2 hrs in the dark. Coverslips were then washed in
PBS (3×, 10 min) and dried completely before being mounted with anti-fade media
(VectaShield; Vector Laboratories). For quantification of the proliferation of cultured
progenitor cells, 10 random areas were counted per slide using an epifluorescent
microscope.

Data Analysis—All data analyses were completed using Statistical Package for the Social
Sciences (SPSS v 17.00). Data were subjected to two-tailed unpaired t-tests, paired t-tests, or
analysis of variance (one or two-way ANOVA with Bonferroni post hoc analyses), when
appropriate. Results are presented as mean ± standard error of the mean (S.E.M.). The
criterion for statistical significance was set at P < 0.05.

3. RESULTS
Activation of intracellular signaling cascades by VEGF in adult hippocampus

The PI3K-Akt and MEK-ERK signaling pathways are known to be involved in the trophic
and neuroprotective effects of growth factors. This includes VEGF which is reported to
activate downstream PI3K/Akt and MEK/ERK cascades via binding to its tyrosine kinase
receptors (Matsumoto and Claesson-Welsh, 2001). However, the intracellular signaling
cascades activated by VEGF have only been studied in cultured neuronal or endothelial
preparations (Ruiz de Almodovar et al., 2009), and as such, little is known about the role of
these signaling cascades in the adult brain.

To identify possible mechanisms underlying VEGF's mitogenic action in the adult
hippocampus, we examined the activated/phosphorylated state of ERK1/2 and Akt 60
minutes after VEGF microinfusion. We found that VEGF microinfusion increased pERK
and pAkt expression in whole hippocampal homogenates. However, the induction of these
kinases was confined only to the ipsilateral (same side as microinfusion) hippocampus
(paired t-tests, P<.05 Suppl Fig. 1). In contrast, there was no significant induction of either
pERK or pAkt in the hippocampus on the contralateral (non-cannulated) side. This is
consistent with other reports involving i.c.v. delivery of BDNF (Yan et al., 1994) and IGF-1
(Nagaraja et al., 2005). The explanation for this is unclear. However, given the
unidirectional flow of cerebrospinal fluid (Fishman, 1980), the high concentration of VEGF
receptors expressed within the nearby choroid plexus that would likely sequester exogenous
VEGF, and that the diffusion efficacy of a molecule decreases with the square of the
distance, it is likely that each or all of these factors would limit interventricular distribution
of VEGF following a single acute administration. Because of these findings, all subsequent
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experiments will focus on the regulation of these signaling pathways and neurogenesis on
the same side of cannulation (ipsilateral).

Time course studies demonstrated a significant increase in the phospho-activated form of
ERK1/2 (pERK) in hippocampal homogenates 60 minutes after a single i.c.v. microinfusion
of VEGF (P<.002, Fig. 1a) that persisted for at least 4 hrs after VEGF microinfusion (P<.
001) and returned to baseline levels 24 hrs later (P=.481). Levels of the phospho-activated
form of Akt (pAkt) were increased within 30 minutes of VEGF infusion (P<.016, Fig. 1b),
persisted for at least 4 hrs (P<.010), and returned to baseline 24 hrs later (P=.643).
Importantly, there was no change in the total protein levels of either total ERK1/2 or Akt at
any of the measured time points.

Next, to determine the spatial profile of pAkt and pERK expression in the hippocampus, rats
were sacrificed 3 hrs after VEGF microinfusion. Immunostaining revealed that VEGF
treatment increased pAkt labeling in cells along the SGZ (Suppl Fig. 2). There was an
absence of pAkt labeling in neurons of the CA1 stratum pyramidal layer (data not shown).
Likewise, pERK labeling was also increased in the dentate SGZ after VEGF (Suppl Fig. 2).
However, this increase was not as robust as with pAkt, and additional pERK labeling could
be detected in the CA1 stratum pyramidal layer of some VEGF-treated animals (data not
shown).

VEGF activation of MEK/ERK and PI3K/Akt signaling in the adult hippocampus requires
Flk-1 signaling

To assess the requirement of Flk-1 receptor signaling in the induction of phosphorylated
ERK1/2 and Akt, we pre-infused the selective Flk-1 inhibitor SU5416 (2.4 μg/μl) 30
minutes before VEGF treatment. Pretreatment with SU5416 abrogated the induction of
phospho-ERK1/2 (P<.05, Fig. 1c) and phospho-Akt (P<.01, Fig. 1d) in whole hippocampal
homogenates examined 1 hr after VEGF treatment—a time point shown to cause robust
activation of these two kinase (see Fig. 1a,b). These results highlight the importance of Flk-1
signaling in causing the rapid activation of MEK/ERK and PI3K/Akt signaling pathways
after VEGF.

VEGF/Flk-1 signaling activates CREB signaling in the dentate gyrus and SGZ
Both Akt and ERK1/2 have a number of downstream effectors known to be important in
proliferation, differentiation, and cell survival (Brazil and Hemmings, 2001; Hanada et al.,
2004; Manning and Cantley, 2007; Roovers and Assoian, 2000; Shaul and Seger, 2007;
Zhang and Liu, 2002). One common downstream target of Akt- and Erk-signaling is the
cAMP-response-element binding protein (CREB). It is well known that CREB is a major
regulator of progenitor cell proliferation and survival in the adult hippocampus (Merz et al.,
2011; Nakagawa et al., 2002a; Nakagawa et al., 2002b). Therefore, we decided to probe the
potential connection between VEGF and CREB signaling in vivo.

First, we examined the time course of CREB activation in the adult hippocampus following
VEGF microinfusion. Hippocampal homogenates taken at 30, 60, 120, or 240 min (n=3
animals per time point) after VEGF revealed a robust 1.9 to 2.3-fold increase in the
phosphorylated form of CREB (pCREB) across all time points examined (Fig. 2a). Next, to
determine if CREB activation was localized to the dentate gyrus, rats were sacrificed 3 hrs
after VEGF microinfusion and brain sections were stained for pCREB
immunohistochemistry. Consistent with previous work (Nakagawa et al., 2002a), we
observed dense pCREB staining in the inner third of the dentate granule cell layer and SGZ
region (Fig. 2b). When the dentate granule cell layer was partitioned into 3 equally sized
increments (e.g., outer, middle, and inner/SGZ portions of the granule cell layer), only the
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inner/SGZ and middle regions showed a significant increase in pCREB expression with
VEGF treatment (P<.05, Fig. 2c). There was a slight increase in the expression of pCREB in
the outer granule cell layer after VEGF treatment, however, this increase did not reach
statistical significance (P=.09). Lastly, to assess if pretreatment with the selective Flk-1
blocker SU5416 (2.4 μg/μl) could prevent VEGF stimulation of CREB, an additional group
of rats was pretreated with the inhibitor 30 min before VEGF infusion and sacrificed 3 hrs
later for pCREB immunohistochemistry. Blockade of VEGF/Flk-1 signaling prevented the
induction of pCREB in the inner/SGZ and middle granule cell layer with VEGF infusion
(Fig. 2c). However, pretreatment with SU5416 did not significantly influence basal
expression levels of pCREB in any of the dentate granule cell layer regions of vehicle-
treated controls.

To determine if there were additional hippocampal region differences in pCREB induction
after VEGF treatment, we also examined pCREB staining in the CA1 stratum pyramidal
layer. In contrast to the dentate gyrus, there was no significant difference in pCREB labeling
in the CA1 subfield 3 hrs after VEGF microinfusion (P=.15, data not shown). Taken
together, our findings suggest that VEGF/Flk-1 signaling results in a rapid but selective
pattern of CREB phosphorylation in the hippocampus.

VEGF-induced hippocampal cell proliferation requires MAPK/ERK and PI3K/Akt signaling
To examine whether a single microinfusion of VEGF can influence cell proliferation,
dividing cells were labeled with BrdU (150 mg/kg, i.p.) 2 hrs after VEGF microinfusion.
Rats were perfused 1 hr later and the number of BrdU-labeled cells was counted. This
procedure permitted us to label proliferating cells within the time frame associated with
robust induction of both the ERK and Akt pathways after VEGF treatment. We found that a
single i.c.v. microinfusion of VEGF resulted in a 1.8-fold increase in the number of BrdU-
labeled cells in the dentate SGZ compared to vehicle-treated controls (P<.002, n=5 rats per
group, Fig. 3b). We then asked if cell proliferation could be detected at an earlier time point
using the cell cycle marker Ki-67, which is expressed throughout all active phases of mitotic
division. The results revealed a marginally significant increase in the number of actively
proliferating Ki-67+ cells in the dentate SGZ (P=.064, Suppl Fig. 3). Given that Ki-67
expression persists throughout all active phases of the cell cycle (G1, S, and G2 phases), it is
likely that Ki-67+ cells were dividing prior to VEGF treatment limiting our ability to detect
a statistically significant difference after 1 hr of VEGF treatment. Nonetheless, our findings
are consistent with the possibility of the recruitment of neuronal progenitors into the cell
cycle as early as 1-hr after VEGF stimulation and overlap with the time frame associated
with activation of both ERK and Akt signaling pathways (Fig. 1).

Next, we set out to characterize the involvement of the MAPK/ERK or PI3K/Akt pathways
in mediating the effect of VEGF on cell proliferation. In these experiments, rats were
pretreated with either U0126 (MEK/ERK inhibitor) or LY294002 (PI3K inhibitor) 30 min
before VEGF microinfusion and then received a single injection of BrdU 2 hrs later. As
before, the number of BrdU-labeled cells in the dentate SGZ was examined 1 hr later. We
found that pretreatment with either U0126 (4.3 μg/μl) or LY294002 (4.6 μg/μl) blocked the
increase in BrdU-labeled cells after VEGF infusion (all Ps < .008, n=5–6 rats per group, Fig.
3a,b). Importantly, administration of either U0126 or LY294002 alone did not influence the
basal level of cell proliferation (Suppl Fig. 4). Finally, we also found that pretreatment with
either U0126 or LY294002 significantly blocked VEGF-induced CREB phosphorylation
within the dentate granule cell layer and SGZ (Suppl Fig 5.).
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pERK and pAkt expression in proliferating cells is increased after VEGF or Fluoxetine
The results indicate that VEGF-signaling induces cell proliferation in the dentate SGZ
through the activation of both ERK and Akt cascades. Therefore, we wanted to examine the
distribution of ERK and Akt expression among proliferating cells. As shown Figure 4,
immunofluorescence labeling revealed several BrdU+ cells along the dentate SGZ were co-
labeled with pFlk-1, pERK, and pAkt. Quantification of BrdU-labeled cells indicated that
VEGF treatment increased the proportion of BrdU+ cells co-labeled with pFlk-1, pAkt, and
pERK (All Ps < .05, n=5 rats per group, Fig 4b), respectively. Although VEGF treatment
increased the phosphorylated forms of both ERK and Akt in proliferating cells, there was a
greater percentage of BrdU+ cells that co-labeled with pAkt than pERK (paired t-test p<.
001).

To determine whether additional stimuli (e.g., antidepressants) known to induce
neurogenesis and VEGF expression also increase PI3K/Akt and MEK/ERK signaling within
proliferating cells of the dentate SGZ, a separate cohort of rats were given the selective
serotonin reuptake inhibitor fluoxetine (5 mg/kg, i.p.) for 14 days and administered BrdU
(75 mg/kg, i.p.) 2 hrs before perfusion. As expected, we found that fluoxetine treatment
significantly increased the number of BrdU+ cells compared to vehicle-treated controls
(fluoxetine: 1,634 ± 159 vs. Vehicle: 534 ± 67; p<.001, n=6). Quantification of BrdU+ cells
further revealed that treatment with fluoxetine significantly increased the proportion of
BrdU+ cells expressing pFlk-1, pERK, and pAkt markers (All Ps < .05, n=3–4 rats per
group) (Figure 4c). Together, these results indicate that chronic fluoxetine treatment also
activates both Erk and Akt signaling pathways in proliferating cells.

Activation of similar intracellular signal cascades by VEGF in adult hippocampal stem/
progenitor culture

It is possible that the proliferative action of VEGF observed in our in vivo study could be the
result of VEGF's effect on other cell types (e.g., mature neurons, astrocytes, endothelia) that
in turn release growth factors (e.g., BDNF or FGF-2). These released factors would then act
on receptors located on neuronal progenitor cells and activate signaling cascades that control
proliferation (Emanueli et al., 2003; Louissaint et al., 2002; Ogunshola et al., 2002). To
address this concern, we used cultured adult hippocampal stem/progenitor cells to examine
whether VEGF can directly stimulate proliferation through activation of similar signaling
pathways as was observed in vivo. Phosphorylation of Flk-1, ERK1/2, and Akt was
evaluated by Western blot analysis after treatment of VEGF at different doses (0–100 ng/
mL). VEGF treatment for 180 min increased the expression level of phosphorylated ERK1/2
at doses between 20 ng/mL and 100 ng/mL (Suppl Fig. 6). In contrast, Flk-1 and Akt
phosphorylation was only significantly increased at the range of 50 ng/mL and 100 ng/mL
of VEGF. Therefore, based on these observations, all subsequent cell culture experiments
employed a dose of 50 ng/mL of VEGF.

To assess the requirement of PI3K/Akt and MEK/ERK signaling pathways in mediating
VEGF-induced cell proliferation, adult hippocampal stem/progenitor cells were exposed to
inhibitors of PI3K and MEK/ERK 30 minutes before treatment with VEGF. Pretreatment
with the PI3K inhibitor LY294002 (10 μM) significantly reduced the number of BrdU-
labeled cells compared to the VEGF only-treated group (P<.006, Fig. 5a,b). There was no
significant change in the number of BrdU-labeled cells after pretreatment with the ERK1/2
inhibitor U0126 (10 μM) compared to the VEGF only-treated group (P=.30). To control for
differences in plating density across replicates and between groups, we used double
immunofluorescence labeling with BrdU and Sox2 (a transcription factor mainly expressed
by type-1 and type-2 progenitor cells (Kronenberg et al., 2003). As shown in Figure 5,
pretreatment with either inhibitors significantly reduced the proportion of BrdU+/Sox+ cells
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after VEGF treatment (all Ps < .018, Fig. 5a,c). Finally, pretreatment with the Flk-1 inhibitor
SU5416 (4 μM) blocked VEGF-induced cell proliferation in cultured hippocampal stem/
progenitor cells.

4. DISCUSSION
A growing body of evidence has demonstrated the importance of the anatomical and
signaling relationship between neural stem/progenitor cells and the vasculature (Louissaint
et al., 2002; Palmer et al., 2000; Shen et al., 2004). These findings provide compelling
support that angiogenesis and neurogenesis may be coordinated events in the CNS. Indeed,
secreted growth factors from the vasculature produce favorable conditions for promoting
ongoing neurogenesis (Yang et al., 2011). VEGF is a critical factor responsible for
maintaining vascular homeostasis (Thanigaimani et al., 2011) and is also a prime candidate
for mediating vascular/neuronal interactions in both the developing and adult brain (Ruiz de
Almodovar et al., 2009). In support of this view, past work has shown a role for VEGF in
stimulating neurogenesis (Cao et al., 2004; Fabel et al., 2003; Jin et al., 2002; Maurer et al.,
2003). However, downstream signaling events activated by VEGF, which trigger this
process, are not well understood.

Consistent with earlier cell culture work using embryonic cortical neurons, astrocytes, or
retinal progenitor cells (Hashimoto et al., 2006; Mani et al., 2005; Ogunshola et al., 2002),
we found that a single microinfusion of VEGF (i.c.v.) increased the activated forms of Akt
and ERK1/2 in the hippocampus, specifically in the dentate gyrus (Fig. 1 and Suppl Fig. 2).
VEGF also increased cell proliferation in the dentate SGZ (Fig. 3) and trigged the activation
of ERK1/2 and Akt in BrdU-labeled cells (Fig. 4). Moreover, disruption of either ERK or
Akt signaling blocked VEGF-induced cell proliferation, indicating a central role for these
pathways in controlling proliferation in the dentate SGZ and in culture (Fig. 3 and 5). Basal
levels of proliferation were not affected by a single dose of U0126 or LY294002 treatment
(Suppl Fig. 4) suggesting that ERK and Akt signaling pathways are not necessary for
regulating constitutive division. Furthermore, the more rapid activation of Akt compared to
ERK1/2 suggests that PI3K/Akt signaling might initiate the induction of proliferation and
the activation of the ERK1/2, a process that likely helps to stabilize and maintain cell cycle
progression. Indeed, there is evidence that the cell survival (PI3K/Akt) and mitogenic (Ras/
Ref/MEK/ERK) cascades act as independent pathways, but that there is cross-talk between
these cascades (Aksamitiene et al., 2010). Together, these results further underscore the
importance of ERK and Akt pathways in mediating the actions of VEGF on hippocampal
cell proliferation.

Both MEK/ERK and PI3K/Akt signaling pathways participate in the biological effects of
growth factors (Manning and Cantley, 2007; Shaul and Seger, 2007). The ERK signaling
cascade is reported to control the proliferation of multiple cell types, including neural stem/
progenitor cells, especially in response to growth factor treatment (Li et al., 2001; Wang et
al., 2009). In contrast, although Akt signaling is best known for mediating cell survival,
accumulating evidence also supports its role in regulating cell cycle progression (Liang and
Slingerland, 2003), stem cell self-renewal, and neuronal cell number and composition
(Easton et al., 2005; Tschopp et al., 2005). Therefore, our findings that ERK and Akt
activation are both required for the proliferative effects of VEGF in vivo and in vitro is
consistent with the involvement of these signaling pathways in promoting neural progenitor
cell proliferation by other growth factors, such as NGF, IGF-1, heparin-binding epidermal
growth factor, and neurotrophin-3 (Aberg et al., 2003; Barnabe-Heider and Miller, 2003; Jin
et al., 2005; Kalluri et al., 2007; Ohtsuka et al., 2009).
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The involvement of either ERK or Akt pathways in mediating VEGF's effect on cell
proliferation suggests that both kinases likely converge on a common set of downstream
targets. One likely candidate in this regard is the nuclear transcription factor CREB. In the
present study, we demonstrated that VEGF (i.c.v.) increased levels of the phosphorylated/
activated form of CREB in the dentate SGZ, and that this effect could be blocked by
inhibition of Flk-1, ERK, or PI3K/Akt (Fig. 2, Suppl. Fig 5). Induction of CREB was also
observed in mature dentate gyrus granule cells likely reflecting the effects of VEGF on more
broad neuronal functions, such as long-term potentiation (Licht et al., 2011). It is well
known that the transactivation of CREB can both directly and indirectly target downstream
cell proliferation factors, including the E2F family of transcription factors. The E2F family
(E2F1 through 6) influences cellular proliferation and differentiation through promoting G1/
S phase transition of the cell cycle (Polager and Ginsberg, 2009). E2F1 is highly expressed
throughout development in proliferating undifferentiated neuroblasts (Dagnino et al., 1997)
and E2F-1 deficient mice exhibit significantly lower cell proliferation and neurogenesis in
the adult dentate SGZ and subventricular zone (Cooper-Kuhn et al., 2002). Interestingly,
Zhu and colleagues (2003) found that VEGF stimulates the proliferation of cortical neuronal
precursors in vitro through increasing nuclear expression of several E2F family transcription
factors—an effect blocked by inhibitors of MEK and PI3K. With these points in mind, it
will be interesting for future studies to examine the role of E2F in the proliferative effects of
VEGF and/or other growth factors in vivo.

We also examined the role of ERK and Akt in the actions of antidepressant treatment.
Different classes of antidepressants stimulate neurogenesis and there is evidence that the
behavioral actions of these agents can be partially attributed to this neurogenic effect (David
et al., 2009; Malberg et al., 2000; Santarelli et al., 2003). As such, there has been increasing
interest in identifying downstream intracellular signaling networks that modulate
antidepressant-induced cell proliferation and neurogenesis. Our previous work demonstrated
that different antidepressants up-regulate the expression of VEGF in the hippocampus
(Warner-Schmidt and Duman, 2007; Greene et al., 2009). Here we show that chronic
fluoxetine administration increases pERK and pAkt activation in BrdU-labeled cells. Taken
together, the findings from the present study underscore the involvement of the MAP /ERK
and PI3K/Akt signaling pathways in regulating neural progenitor cell responsiveness to
diverse stimuli, including the antidepressants, and further suggest that the promotion of
VEGF/Flk-1 signaling could be an important component in this process.

Role of VEGF in cell proliferation
In the adult dentate gyrus, new cells are generated through a multistage process that begins
with the division of radial glial stem cells to produce a population of transient amplifying
progenitors that rapidly divide to produce neuronal committed intermediate progenitors that
in turn eventually integrate into surrounding circuitry through an experience-dependent
regulatory process (Brandt et al., 2003; Encinas et al., 2006; Jessberger et al., 2005;
Kempermann et al., 2004; Kronenberg et al., 2003). Previous studies have reported
colocalization of Flk-1 and the immature neuronal marker doublecortin indicating that
VEGF-signaling may be important in expanding the division of late stage intermediate
neuronal progenitors (Jin et al., 2002). This expansion is sensitive to various forms of
hippocampal activity and physiological stimuli, such as physical exercise, seizures, and
chemical antidepressants, including fluoxetine (Brandt et al., 2003; Encinas et al., 2006;
Jessberger et al., 2005; Kempermann et al., 2004; Kronenberg et al., 2003). Notably, all of
these stimuli increase VEGF expression and enhance VEGF-Flk-1 signaling (During and
Cao, 2006; Fabel et al., 2003; Segi-Nishida et al., 2008; Warner-Schmidt and Duman, 2007).
Previously, we have shown that VEGF-Flk-1 signaling plays an important role in
stimulating the division of radial glial stem cells in response to electroconvulsive seizures
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(Segi-Nishida et al., 2008). Currently, it is not known if differential recruitment of ERK and
Akt-signaling pathways by VEGF plays a role in the proliferation of different populations of
neural progenitors. However, recent work has shown a preferential activation of ERK-
signaling in slowly dividing radial glial cells after spontaneous seizures (Li et al., 2010), and
that both ERK and Akt-signaling promote proliferation and survival of later stage neuronal
progenitors (Bruel-Jungerman et al., 2009; Choi et al., 2008; Hao et al., 2004; Yan et al.,
2007). It will be interesting for future studies to determine if VEGF stimulates overlapping
or discrete forms of Akt and ERK-signaling in the various classes of neuronal progenitors.

An important unanswered question is whether VEGF-mediated cell proliferation in the adult
brain is the result of a direct action of VEGF on neuronal progenitor cells or an indirect
action via the stimulation and release of growth factors from surrounding cells (e.g.,
astrocytes or endothelial cells). An indirect action of VEGF on proliferation has been has
shown in vivo (Louissaint et al., 2002), but studies with neurospheres from Flk-1 mutant
mice suggests that direct VEGF/Flk-1 signaling is essential for both the proliferation and
survival of cultured neural stem cells (Wada et al., 2006). In the current study, three lines of
evidence argue for a direct effect of VEGF on the neural progenitor cells. First, we showed
that VEGF treatment directly activates Flk-1 in cultured adult hippocampal stem/progenitor
cells and stimulates proliferation (Suppl Fig. 6). Second, examination of hippocampal
sections after VEGF microinfusion revealed colocalization of pFlk-1 labeling in BrdU+ cells
(Fig. 4). However, future studies utilizing neuronal-, glial-, or endothelial-specific genetic
ablation of VEGF and/or its receptors will be required to elucidate the contribution of direct
vs. indirect mechanisms in this process. Our laboratory is presently examining these
possibilities.

Conclusions
Although it has been previously shown that Akt and ERK play a role in cell cycle regulation
and proliferation, these signaling cascades have been generally studied for their role in
influencing hyper-proliferative or carcinogenic processes within a malignant cellular
environment. Therefore, the results of this study underscore the importance of the ERK and
Akt signaling pathways in regulating the proliferative responses of neuronal progenitors in a
normal microenvironment. This information could be used to develop novel treatments that
promote repair and regeneration of injured brain tissue and cognitive recovery. In this
regard, there has been active interest in pursuing VEGF therapy as a possible candidate in
promoting neurological recovery through its well-established effects on neurogenesis,
synaptogenesis, and angiogenesis. By characterization of the downstream targets of VEGF
that are important in regulating cell proliferation in the adult brain, it is possible that more
effective clinical interventions could be developed to permit in vivo manipulation of
endogenous neuronal progenitors as a potential therapy for brain injury. Finally, these
approaches may also be effective in the treatment of neuropsychiatric disorders, including
stress-related illnesses such as depression, which are characterized by atrophy and the loss
of neurons and glia in brain regions that control emotion and mood.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• VEGF stimulates ERK and Akt signaling in adult rat hippocampus and in
cultured hippocampal neuronal progenitor cells

• VEGF induces pCREB expression in the dentate gyrus

• VEGF stimulates hippocampal cell proliferation at time point that corresponds
with the induction of ERK, Akt, and CREB.

• Inhibitors of ERK and Akt blocked the mitogenic effects of VEGF on
hippocampal cell proliferation both in vivo and in vitro
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Figure 1. Effect of VEGF on phospho-activated forms of ERK1/2 and Akt in hippocampus
(A and B) Time-course western blot analysis of activated ERK1/2 and Akt in hippocampal
homogenates at 0, 0.5 hr, 1 hr, 2 hr, 4 hr, and 24 hr after microinfusion of VEGF (50 ng/μl;
n=3 per time point). Levels of phospho-ERK1/2 are increased 1 hr after VEGF
microinfusion and persist for 4 hrs. In contrast, levels of phospho-Akt are increased 0.5 hr
after VEGF microinfusion and persist for 4 hrs. One-way ANOVA, Bonferroni: * P<.05 vs.
0 hr. (C and D) Representative bands of phospho-ERK1/2 and phospho-Akt in the
hippocampus taken 1 hr after VEGF in rats pretreated with either DMSO or the Flk-1
inhibitor SU5416. DMSO or SU5416 was i.c.v. administered 30 minutes before VEGF or
PBS microinfusion and blocked the phosphorylation of ERK1/2 (C) and Akt (D). Student t-
test: * P<.05 vs. DMSO/PBS controls. Error bars denote mean ± SEM
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Figure 2. Effect of VEGF on phospho-CREB expression in the hippocampus
(A) Time course western blot analysis of phospho-CREB expression in hippocampal
homogenates at 0, 0.5 hr, 1 hr, 2 hr, and 4 hr after VEGF microinfusion. Levels of phospho-
CREB in the hippocampus are increased 0.5 hr after VEGF microinfusion and persist for 4
hrs. One-way ANOVA, Bonferroni: * P<.05 vs. 0 hr. (B) Representative photomicrographs
showing phospho-CREB expression in DMSO/PBS, DMSO/VEGF, SU5416/PBS, and
SU5416/VEGF treated rats sacrificed 3 hrs later. DMSO or SU5416 was administered 30
minutes before treatment with PBS or VEGF. (C) Quantitative analysis of the inner dentate
granule cell layer/SGZ, middle dentate granule cell layer, and outer regions of the dentate
granule cell layer shows that VEGF increased phospho-CREB expression in the inner/SGZ
and middle dentate granule cell layers. Pretreatment with the Flk-1 inhibitor SU5416
prevents VEGF-stimulation of CREB in these regions. Two-way ANOVA, Bonferroni: *
P<.05 vs. DMSO/PBS controls. Error bars denote mean ± SEM
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Figure 3. VEGF stimulation of hippocampal cell proliferation requires MAPK/ERK and PI3K/
Akt signaling
(A) Representative photomicrographs showing BrdU-labeled cells in the adult dentate SGZ
of rats treated with DMSO, U0126 (MEK/ERK inhibitor), or LY294002 (PI3K inhibitor) 30
minutes before PBS or VEGF microinfusion. (B) Quantitative cell counting of the number
of BrdU-labeled cells indicates that VEGF increased the number of BrdU-labeled cells in the
dentate SGZ. However, pretreatment with either U0126 or LY294002 significantly blocked
VEGF stimulation of hippocampal cell proliferation. One-way ANOVA, Bonferroni: * P <.
002 vs. DMSO/PBS controls. Error bars denote mean ± SEM
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Figure 4. Phospho-activated forms of Flk-1, ERK, and Akt among proliferating cells
(A) Representative photomicrographs showing phosphorylated forms of Flk-1, ERK, and
Akt of BrdU-cells located in the dentate SGZ. pFlk-1, pERK, pAkT (green) and BrdU (red).
Scale bar: 50 μm (pFlk-1, pERK) and 10 μm (pAkt). (B) Quantitative analysis showing the
percentage of BrdU-labeled cells co-expressing pFlk-1, pERK, and pAkt after VEGF or PBS
microinfusion. Student t-test: * P < .05 vs. PBS controls. (C) Quantitative analysis showing
the percentage of BrdU-labeled co-expressing pFlk-1, pERK, and pAkt after chronic
fluoxetine or vehicle treatment (representative images are from fluoxetine treated rat brains).
Student t-test: * P <.02 vs. Vehicle. Error bars denote mean ± SEM
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Figure 5. VEGF stimulation of adult hippocampal neural stem/progenitor cell proliferation
requires MAPK/ERK and PI3K/Akt signaling
(A) Adult hippocampal neural stem/progenitor cells cultures (5 days after one passage)
treated with Flk-1 (SU5416), MEK/ERK (U0126), or PI3K (LY294002) inhibitors 30
minutes before stimulation with VEGF (50 ng/mL). Cells were fixed 2 hrs later and
immunostained with SOX2 (red) and BrdU (green). BrdU (10 μM) was added 30 minutes
after VEGF stimulation. (B) Quantitative analysis showed that VEGF treatment significantly
increased the number of BrdU-labeled cells. (C) Analysis of the percentage of BrdU-labeled
cells that express Sox2 revealed that pretreatment with inhibitors of Flk-1, MEK/ERK, or
Akt all blocked VEGF-stimulation of cell proliferation. One-way ANOVA, Bonferroni: * P
<.05 vs. DMSO/PBS-treated cells. Error bars denote mean ± SEM
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