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This study extends earlier work on the role of vascular endothelial growth factor (VEGF) in the actions of antidepressant treatment in

two key areas. First, by determining the requirement for VEGF in the actions of a 5-HT selective reuptake inhibitor (SSRI), fluoxetine in

behavioral models of depression/antidepressant response; and second, by examining the role of the 5-HT1A receptor subtype in the

regulation of VEGF, and the cellular localization of antidepressant regulation of VEGF expression. The results show that pharmacological

inhibition of VEGF receptor signaling blocks the behavioral actions of fluoxetine in rats subjected to chronic unpredictable stress. Infusions

of SU5416 or SU1498, two structurally dissimilar inhibitors of VEGF–Flk-1 receptor signaling, block the antidepressant effects of

fluoxetine on sucrose preference, immobility in the forced swim test, and latency to feed in the novelty suppressed feeding paradigm. We

also show that activation of 5-HT1A receptors is sufficient to induce VEGF expression and that a 5-HT1A antagonist blocks both the

increase in VEGF and behavioral effects induced by fluoxetine. Finally, double labeling studies show that chronic fluoxetine administration

increases VEGF expression in both neurons and endothelial cells in the hippocampus. Taken together these studies show that VEGF is

necessary for the behavioral effects of the SSRI fluoxetine, as well as norepinephrine selective reuptake inhibitor, and that these effects

may be mediated by 5-HT1A receptors located on neurons and endothelial cells.
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Basic research and clinical studies of depression and
antidepressant response describe adaptive changes in
several limbic brain regions, including the hippocampus
(Campbell and MacQueen, 2006; Krishnan and Nestler,
2008). Much of this work has focused on adaptations of the
norepinephrine and 5-HT monoamine systems, as currently
available antidepressant medications block the transporters
for these neurotransmitters (Krishnan and Nestler, 2008).
However, increasing evidence also shows that downstream
antidepressant actions include adaptations of signal trans-
duction pathways and gene expression, notably neuro-
trophic factors (Martinowich et al, 2007; Schmidt and
Duman, 2007). The neurotrophic hypothesis of depression
is based on studies showing that stress decreases and that
antidepressants increase neurotrophic factor expression in

limbic brain structures and underlies the pathophysiology
and treatment, respectively, of depression (Duman, 2004;
Schmidt and Duman, 2007; Krishnan and Nestler, 2008).
Although much of this work has focused on brain derived

neurotrophic factor, more recent studies also provide
evidence for vascular endothelial growth factor (VEGF) in
the neural mechanisms underlying the effects of stress
and antidepressants (Warner-Schmidt and Duman, 2008).
Stress, which can precipitate and/or exacerbate depressive
episodes (Dew et al, 1987; Umberson et al, 1992), down-
regulates both VEGF and its major receptor in brain, Flk-1
(Heine et al, 2005). In contrast, we have reported that VEGF
expression in the hippocampus is significantly and robustly
increased by electroconvulsive seizure (ECS) (Newton et al,
2003). Moreover, in recent studies, we show that upregula-
tion of VEGF is required for the neurogenic and behavioral
actions of antidepressants (Segi-Nishida et al, 2008;
Warner-Schmidt and Duman, 2007). We found that
VEGF–Flk-1 signaling is necessary for the action of
desipramine, a norepinephrine selective reuptake inhibitor
(SSRI), and sufficient to induce antidepressant-like effects
in behavioral paradigms used to predict antidepressant
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efficacy, including the novelty suppressed feeding and the
forced swim tests (FSTs) (Warner-Schmidt and Duman,
2007). We also showed that VEGF–Flk-1 signaling is
necessary for the neurogenic effects of the SSRI fluoxetine.
However, the role of VEGF–Flk-1 signaling in the behavioral
effects of SSRI antidepressants has not been determined. To
address this issue, this study examines whether central
infusions of an Flk-1 antagonist can block the behavioral
effects of fluoxetine in three behavioral tests in rats exposed
to chronic unpredictable stress (CUS), the sucrose pre-
ference paradigm, the FST, and novelty suppressed feeding.
We also examine the possible mechanisms underlying the

induction of VEGF expression by fluoxetine, as well as the
cell types that express VEGF in response to antidepressant
treatment. One of several 5-HT receptor subtypes impli-
cated in the actions of SSRIs is the 5-HT1A receptor.
5-HT1A receptor activation is required for the neurogenic
and behavioral effects of fluoxetine, and administration of a
5-HT1A receptor agonist increases neurogenesis, and has
behavioral effects similar to fluoxetine (Detke et al, 1995;
Santarelli et al, 2003; Banasr et al, 2004). In addition,
changes in 5-HT1A receptor expression, density, and/
or activity have been consistently implicated in the actions
of antidepressant treatments (Blier and Ward, 2003). To
examine the role of 5-HT1A receptor in the regulation of
VEGF expression, we determined the effects of both an
agonist (8-OH-DPAT) and a selective antagonist (WAY-
100635) on hippocampal VEGF protein levels. We also
determined whether 5-HT1A receptor antagonist adminis-
tration could block the effects of fluoxetine on VEGF and
behavior. Finally, to examine the cellular source of
VEGF, we conducted a double labeling study for markers
of neurons and endothelial cells and VEGF mRNA
expression.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Charles River Labs, Wilmington,
MA) weighing 225–250 g at the onset of experiments were
paired housed in wire bottom cages under a 12-h light/dark
cycle at 251C with free access to food and water, except
when stressors during the CUS procedure necessitated
different conditions. All protocols were in strict accordance
with the National Institute of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Yale
University Animal Care and Use Committee.

Antidepressants and Drugs

For CUS/behavioral studies, rats received once daily
fluoxetine (5mg/kg, i.p., Eli Lilly, Indianapolis, Indiana)
or saline, a dose shown to reverse the effect of CUS on
sucrose preference and cell proliferation (Banasr et al,
2007). Fluoxetine treatment was initiated concurrently with
CUS. The VEGF–Flk-1 antagonists SU5416 (4mM, Sigma),
SU1498 (4mM, Calbiochem, San Diego, CA), or the vehicle
(DMSO, Sigma) were delivered in a 1 ml volume at the rate of
0.25 ml/min i.c.v. with a cannula (26 guage, PlasticOne,
Roanoke, VA) protruding 0.5mm beyond the guide cannula
(PlasticOne) on days 14, 16, 18, and 20. The time course for

Flk-1 antagonist infusions was chosen based on earlier work
showing the fluoxetine increases VEGF expression at 14
days but not at a shorter 5 day time point (Warner-Schmidt
and Duman, 2007).
For VEGF levels determined by ELISA after antidepres-

sants, there were two separate cohorts. In the first, the
animals were administered sertraline (10mg/kg, Pfizer,
Groton, CT) or saline for 21 days. In the second cohort,
animals were injected (i.p.) twice daily with amitriptyline
(5mg/kg, Sigma St. Louis, MO), venlafaxine (15mg/kg,
Wyeth Ayerst, Princeton, NJ), or 0.9% sterile saline for
21 days.
For 5-HT1A receptor studies of VEGF levels, 8-OH-DPAT

(1mg/kg, Sigma), WAY-100635 (1mg/kg, Tocris, Ellisville,
Missouri), or saline were injected once (i.p.) and levels of
VEGF protein were determined 4 h later; this time point was
shown to be effective for induction of hippocampal cell
proliferation (Banasr et al, 2004). To determine whether the
regulation of VEGF induced by 8-OH-DPAT is mediated by
the 5-HT1A receptor activation, we also analyzed the effect
of saline or WAY-100635 (1mg/kg) 30min before the
agonist.
For the CUS/WAY-100635 study, CUS rats received daily

fluoxetine as described above or saline, concurrently with
the start of CUS. Subgroups of animals were injected with
WAY-100635 (1mg/kg, i.p.) or saline daily starting on day
16 for 6 days. To allow for analysis of VEGF hippocampal
concentrations, animals in this experiment were not
subjected to FST.
For the double immuno-in situ hybridization (ISH), ECS

was administered through ear-clip electrodes using a pulse
generator (Ugo Basile, Comerio, Italy) (55–60mA, 0.5-s
duration, 100-Hz frequency) to induce a generalized grand
mal seizure lasting for o15 s. Sham animals were subjected
to the same procedure but without administration of an
electrical pulse. A parallel group, received either saline or
fluoxetine (5mg/kg) for 14 days, a time point at which we
have reported increased levels of VEGF mRNA (Warner-
Schmidt and Duman, 2007).

Stereotaxic Surgeries

Six days before the initiation of the CUS paradigm, rats were
anesthetized with xylazine (6mg/kg, i.m., Lloyd labora-
tories, Shenandoar, IA) and ketamine (80mg/kg i.m., Fort
Dodge Animal Health, Overland Park, KS) and a single
guide cannula was stereotaxically placed into the lateral
ventricle (coordinates relative to bregma: �0.9 anteropos-
terior, �1.5 mediolateral, and �3.3 dorsoventral from dura
(Paxinos and Watson, 1998) and held in place with
aluminum screws and dental cement. Postoperative care
consisted in peri-surgerical administration of carprofen
(5mg/kg) and topical triple antibiotic.

Chronic Unpredictable Stress

The protocol used for CUS was adapted from our earlier
studies (Banasr et al, 2007; Warner-Schmidt and Duman,
2007) for use in animals that have undergone surgery to
allow for later behavioral testing. The modifications
included the exclusion of swim stress (to allow forced swim
testing) and wet bedding stress (to avoid wound infection).
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Animals were exposed to 10 stressors in a randomized
sequence, twice daily for 21 days. The stressors used were
placement in a 41C environment, rotation on a shaker, lights
off for 3 h (10 a.m.–1 p.m.), lights on overnight, strobe light
overnight, aversive odor, 451C tilted cages, food and water
deprivation, crowding and isolation (Figure 1). The same
CUS procedure was also used for the WAY-100635
study, even though there was no surgery. Control animals
were handled every other day and animal weights were
monitored.

Sucrose Preference Test

All behavioral testing was performed during the light cycle.
Animals were habituated to a sucrose solution (1%, Sigma)
for 48 h (starting day 20). The sucrose preference test (SPT)
was then performed after a 4 h water deprivation on day 22.
For 1 h, the rats were presented with two identical bottles,
one filled with the sucrose solution and the other with
water. Sucrose and water consumption were determined
by measuring the change in volume of fluid. Sucrose
preference was calculated as percentage sucrose consumed
to total fluid consumption.

Novelty Suppressed Feeding Test

After the SPT, animals were food deprived for 12 h and on
day 23 placed in an open field (76.5 cm� 76.5 cm� 40 cm,
Plexiglas) with eight pellets of food in the center.
The animals were given 8min to approach the food and
eat. The test was stopped as soon as the animal took the first
bite. The latency to eat was recorded in seconds. As a
control, food consumption in the home cage was quantified.

Forced Swim Test

On day 24, rats were placed for 10min in a clear cylinder
with water (24±11C, 45 cm depth), a protocol in which CUS
was shown earlier to induce an increase in immobility
(Haidkind et al, 2003; Banasr et al, 2008). As fluoxetine is
known to reduce immobility and increase swimming (Lucki,
1997) we focused our analysis on these two behaviors. The
sessions were recorded from the side and time immobile
and swimming were recorded by a blind observer for the
first 5min of the test. Swimming was defined as movement
around the tank. Immobility was when the animal made the
minimal amount of movement to stay afloat. Two animals
from the CUS+DMSO+SU5416 group that did not stay
afloat were removed from the water and we were unable to
collect data from these two animals in this test. These
animals were not outliers in the other two tests and the
collected data were included in the analyses.

ELISA Assays

Animals were killed by decapitation 6 h after AM injections
on day 21 for the chronic drug study and 4 h after the last
injection for the 5-HT1A receptor studies, brains were
removed and hippocampi were dissected. Tissue samples
were then quickly frozen on dry ice and stored at �801C.
After homogenizing by sonication, VEGF protein concen-
tration of each sample was quantified by Elisa assay (R&D
Systems, Minneapolis, MN) using manufacturer’s protocol.
VEGF protein concentrations were normalized by total
protein concentration as determined by BCA analysis
(Pierce Chemical, Rockford, IL). Results are expressed as
pg of VEGF protein/mg total protein.

In Situ Hybridization

Brains from animals subjected to chronic administration
with fluoxetine (14 days) or saline and to acute ECS
(Warner-Schmidt and Duman, 2007) were collected and
frozen 24 h after the last injection of fluoxetine and 24 or
72 h after ECS; 14-mm thick coronal sections were cut on a
cryostat, thaw mounted onto slides, fixed in 4% parafor-
maldehyde, acetylated, and dehydrated before hybridiza-
tion. VEGF riboprobe was generated by PCR using gene-
specific primers as described (Newton et al, 2003) and were
verified by sequencing the PCR products. One microgram of
the PCR product was used to make a radiolabeled riboprobe
using a T7-based in vitro translation kit (Megashortscript
Kit, Ambion). Sections were hybridized with the radiola-
beled riboprobe (2� 106 cpm/section) in hybridization
buffer for 18 h at 551C. Slides were washed, dried, and
exposed to Kodak Biomax film (Kodak, Rochester, NY).

Immunohistochemistry and ISH Double Labeling

Studies were conducted to examine the localization of VEGF
mRNA in different hippocampal cells labeled with either a
neuronal (NeuN), glial (GFAP), or endothelial (RECA) cell
marker. Immuno-ISH was performed as described (Newton
et al, 2002). Sections were first incubated in primary
antibodies against the endothelial cell marker, RECA
(Serotec, Raleigh, NC) at 1 : 10 dilution or neuronal marker,

Day: -6

i.c.v
Cannulation

Chronic Unpredictable Stress
(2 random stressors daily)

FLX (5mg/kg once/day) or saline i.p.

SU5416 / SU1498(1uL, 4mM)
or Vehicle infused i.c.v

SPT  FSTNSFT

242322212018161470

Figure 1 Protocol for CUS paradigm and drug administration. Starting
6 days after intracerebroventricular cannulation, rats were exposed to 10
stressors in a randomized sequence, twice daily for 21 days (see Materials
and Methods for list of stressors). Antidepressant treatment was initiated
concurrently with CUS. Rats received daily fluoxetine (FLX, 5mg/kg, i.p.) or
saline. The VEGF–Flk-1 antagonists, SU5416 (4mM), SU1498 (4mM), or
the vehicle (DMSO) were delivered in a 1 ml volume at the rate of 0.25ml/
min i.c.v. on days 14, 16, 18, and 20. The time course for Flk-1 antagonist
infusions was chosen based on earlier work showing that FLX increases
VEGF expression at 14 days but not at a shorter 5 day time point (Warner-
Schmidt and Duman, 2007). Starting on day 22, the ability of the Flk-1
antagonists to block the behavioral effects of chronic FLX was tested in
three behavioral models of antidepressant efficacy, the sucrose preference
test (SPT), the novelty suppressed feeding test (NSFT), and the forced
swim test (FST). The SPT, NSFT, and FST were performed sequentially so
that the most stressful test was conducted last.
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NeuN (Chemicon, Temecula, CA) at 1 : 100 dilution, and
secondary antibodies HRP conjugated antimouse (Vector
Labs, Burlingame, CA). Slides were then subject to ISH as
described above. Slides were dipped in emulsion solution,
dried, and kept in the dark for 4 weeks before development,
then counterstained with Cresyl Violet. The experiment was
analyzed using Stereoinvestigator software (Microbright-
field, Williston, VT) under � 1000 magnification. Back-
ground was subtracted based on the approximate number of
grains counted over a comparable area in a cell-sparse
region such as the hilus. Forty RECA-positive cells, 40
NeuN, or 40 GFAP-positive cells in the GCL were sampled
per animal, and the number of grains was counted within
each cell. Data are expressed as the percent of cells that
express VEGF mRNA above background levels.

Statistical Analysis

Statistical differences were determined by analysis of the
variance ANOVA (StatView 5) followed by Fisher post hoc
analysis when the interaction between antidepressant X
inhibitor was significant. The F-values and group and
experimental degrees of freedom are included in the legends
of the figures. For experiments with two groups, Student’s
t-test was used. The level of statistical significance was set at
Po0.05, using two-tailed tests.

RESULTS

Effects of VEGF–Flk-1 Blockade on the Antidepressant
Actions of Fluoxetine

CUS-induced anhedonia. To examine whether VEGF–Flk-1
signaling plays a role in the behavioral effects of fluoxetine,
a cohort of rats was first injected with saline (SAL) or
fluoxetine daily and exposed to a CUS procedure for 3
weeks, then received i.c.v. infusions of the Flk-1 antagonists
or vehicle (DMSO) on days 14, 16, 18, and 20. On
consecutive days starting on day 22, the cohort was
subjected to three behavioral models of antidepressant
activity (Figure 1).
On day 22, all animals were subjected to the SPT, which is

commonly used to assess the hedonic drive of animals after
chronic mild stress (Willner, 2005). In the CUS-exposed rats
we observed a level of sucrose preference (B40–50%,
percent sucrose to total fluid consumption) that is similar to
what we have reported earlier (Banasr et al, 2007; Banasr
and Duman, 2008). We found that CUS rats receiving
fluoxetine showed a significant increase in sucrose pre-
ference compared with the CUS group receiving saline
control (Po0.01, Figure 2a), to a level (B70%) typically
observed in unstressed controls. This antidepressant effect
of fluoxetine was completely blocked by infusion of the
VEGF–Flk-1 antagonist: the CUS+ fluoxetine+ SU5416 group
was not significantly different from the CUS+SAL+DMSO
or CUS+SAL+SU5416 groups. Two-way ANOVA statistical
analysis found an interaction between drug treatment and
i.c.v. infusion (Po0.05, Figure 2a). No significant difference
between groups was observed in total fluid consumption for
the 1 h test (CUS+SAL+DMSO: 4.5±0.7; CUS+Fluoxetine
+DMSO: 7.8±1.8; CUS+SAL+ SU5416: 5.2±1.3; CUS

+ fluoxetine+ SU5416: 4.3±1.2, mean±SEM of total fluid
consumed in ml).
A second cohort was exposed to the same protocol but

infused with a structurally different Flk-1 antagonist,
SU1498, or DMSO. In this cohort, the level of sucrose
preference was higher in the CUS alone group (B50%), but
fluoxetine administration resulted in a significant increase
to a level typically observed in unstressed controls (Po0.05,
Figure 2b). Infusion of SU1498, like the other VEGF–Flk-1
antagonist, completely blocked the effect of fluoxetine. Two-
way ANOVA statistical analysis found an interaction
between drug treatment and i.c.v. infusion (Figure 2b).
There was no significant difference between groups in total
fluid consumption for the 1 h test (CUS+ SAL+DMSO:
6.1±0.4; CUS+ fluoxetine +DMSO: 7.3±0.9; CUS+ SAL+
SU1498: 8.6±0.8; CUS+ fluoxetine + SU1498: 7.4±1.1,
mean±SEM of total fluid consumed in ml).

CUS-induced novelty suppressed feeding deficits. For the
novelty suppressed feeding test (NSFT), animals were food
deprived for 12 h after the SPT, and tested on day 23.
Latency to feed in a novel environment is responsive to
chronic but not acute antidepressant treatment and is
thought to measure anxiety (Santarelli et al, 2003; Warner-
Schmidt and Duman, 2007).
In the first cohort, although we found that chronic

fluoxetine treatment induced a 40% reduction in the latency
to feed when compared with the saline treated group
(Figure 3a), the two-way ANOVA statistical analysis failed
to find an interaction between treatment and infusion
(Figure 3a). However, in the second cohort, fluoxetine
treatment led to a significant 36% decrease in latency to
feed compared with saline treated CUS group (Figure 3b).
In this case, the structurally different VEGF–Flk-1 anta-
gonist completely blocked the effect of fluoxetine and there
was a significant interaction between treatment and
infusion (Po0.05, Figure 3b).
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Figure 2 VEGF–Flk-1 signaling is necessary for fluoxetine (FLX) reversal
of CUS-induced anhedonia. (a) CUS+ FLX+DMSO rats display a
significantly greater preference for a sucrose solution than CUS+ SAL+
DMSO and CUS+ FLX+ SU5416 rats (F(3, 24)¼ 5.72, Po0.01). There
was no significant difference in sucrose consumption between CUS+ FLX
+ SU5416 and CUS+ SAL+DMSO rats (n¼ 6–9 per group). There was a
significant interaction between treatment and infusion (F(1, 24)¼ 12.07,
P¼ 0.002). (b) FLX had no effect on increased preference for sucrose
solution in SU1498 infused CUS rats (F(3, 26)¼ 2.59), but did in those
infused with DMSO (Po0.05) (n¼ 7–8 per group). The interaction
between treatment and infusion was significant (F(1, 26)¼ 4.72, Po0.05).
Results are expressed as mean±SEM percent sucrose relative to total
fluid consumption. SAL, saline control. *Po0.05, **Po0.01 compared
with CUS+ SAL+DMSO; #Po0.05, ##Po0.01 compared with CUS+
FLX+DMSO.
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To test whether the latency changes reflected an effect on
overall appetite, we measured the quantity of food
consumed in the home cage during the first 10min after
the NSFT. There were no significant differences in levels of
home cage food consumption, indicating that the changes
observed in the NSFT were specific to this test (CUS+
SAL+DMSO: 1.35±0.4; CUS+ FLX+DMSO: 0.9±0.5;
CUS+ SAL+ SU1498: 1.4±0.7; CUS+ FLX+ SU1498: 1.12±
0.3, mean±SEM in grams).

CUS-induced immobility in FST. We next examined
whether VEGF–Flk-1 signaling was necessary for the effect
of fluoxetine in a model traditionally used to assess
antidepressant activity after an acute treatment, the FST.
We found that administration of fluoxetine to CUS rats
resulted in a significant decrease of 21.5% in time spent
immobile (Po0.05, Figure 4a) and an 81.2% increase in
time spent swimming (Po0.01, Figure 4b) compared with
saline treated CUS animals. Although the basal swimming
was lower in the second cohort, the effect of fluoxetine was
of similar magnitude in these animals (time immobile:
�20.0%, Po0.05, Figure 4c; time swimming: + 87.3%,
Po0.05, Figure 4d). The antidepressant effects of fluoxetine
(decreased immobility and increased swimming) were
blocked by administration of either SU5416 (Figure 3a
and b) or SU1498 (Figure 3c and d). A 2� 2 by ANOVA
statistical analyses found an interaction between drug
treatment and i.c.v infusion in both experiments and both
analyzed parameters (immobility and swimming).

Influence of Antidepressant Administration on VEGF
Expression

Influence of antidepressants. In our earlier study we found
that chronic fluoxetine administration increases the expres-
sion of VEGF in the hippocampus (Warner-Schmidt and
Duman, 2007). Here, we extend this work and show that
chronic administration of another SSRI antidepressant,
sertraline for 21 days also increases VEGF protein levels

determined by ELISA of hippocampal homogenates (saline:
6.37±0.5, n¼ 6; sertaline: 8.13±0.23, n¼ 5; to0.01). We
also examined the influence of two other antidepressant
drugs on levels of VEGF in the hippocampus, including a
tricyclic (amitriptyline) and a dual reuptake inhibitor
(venlafaxine). The results show that chronic administration
of amitriptyline (Po0.05) or venlafaxine (Po0.01) also
increases levels of VEGF protein in the hippocampus
(F2,15¼ 5.32, P¼ 0.017; n¼ 6/group). This work comple-
ments our earlier studies in showing that different classes of
chemical antidepressants and ECS increase VEGF expres-
sion in the hippocampus (Warner-Schmidt and Duman,
2007).

Influence of 5-HT1A receptor agents. We have also
initiated studies to examine the role of the 5-HT1A receptor
subtype in the regulation of VEGF protein levels. Here,
we show that acute administration (4 h) of the agonist,
8-OH-DPAT, increases levels of VEGF in hippocampal
homogenates by 23% (to0.05; n¼ 5–6/group; Table 1).
In contrast, acute administration (4 h) of the selective
antagonist WAY-100635 resulted in a 16% decrease in
hippocampal VEGF levels (to0.05); n¼ 5–6/group; Table 1).
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Figure 3 SU1498 blocks the effect of fluoxetine (FLX) in the novelty
suppressed feeding test. (a) Although the two-way ANOVA statistical
analysis failed to find an interaction between treatment and infusion (F(1,
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Figure 4 VEGF–Flk-1 signaling is required for the effect of fluoxetine
(FLX) in the forced swim test. The 2� 2 ANOVA showed an interaction
between the treatment x infusion for both scored behaviors (F(2, 63)¼
4.41, P¼ 0.016). (a) CUS+ FLX+DMSO rats were significantly less
immobile than CUS+ SAL+DMSO and CUS+ FLX+ SU5416 rats (F(3,
21)¼ 4.33, Po0.05) (n¼ 4–9 per group). Although CUS+ FLX+ SU5416
and CUS+ SAL+ SU5416 rats did not spend significantly different times
immobile. (b) CUS+ FLX+DMSO swam significantly more than CUS+
SAL+DMSO (F(3, 21)¼ 11.51, Po0.01), whereas there was no significant
difference between CUS+ FLX+ SU5416 and CUS+ SAL+ SU5416.
(c) CUS+ FLX+DMSO rats were significantly less immobile than CUS+
SAL+DMSO and CUS+ FLX+ SU1498 rats (F(3, 26)¼ 4.13, Po0.05)
(n¼ 7–8 per group), whereas CUS+FLX+SU1498 and CUS+SAL+
SU1498 rats did not spend significantly different times immobile. (d) CUS+
FLX+DMSO swam significantly more than CUS+SAL+DMSO (F(3,
26)¼ 3.58, Po0.05), whereas there was no significant difference between
CUS+FLX+SU1498 and CUS+SAL+SU1498. The 2� 2 ANOVA
statistical analysis found an interaction between treatment x infusion for both
behavioral parameters (F(2, 78)¼ 3.71, P¼ 0.029). Results are expressed as
mean±SEM of the seconds swimming (a, b) or immobile (c, d). FLX,
fluoxetine; SAL, saline control. *Po0.05,**Po0.01 compared with CUS+
SAL+DMSO; #Po0.05, ##Po0.01 compared with CUS+FLX+DMSO.
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In addition, we also found that pretreatment with WAY-
100635 30min before administration 8-OH-DPAT prevents
the increase in hippocampal VEGF levels (ANOVA:
F2,13¼ 4.5, P¼ 0.032, n¼ 5–6/group). VEGF protein levels
in the WAY-100635 + 8-OH-DPAT treated animals were
significantly different from 8-OH-DPAT treated animals
(Po0.05) and not different from the control animal group
(Table 1).

WAY-100635 Blocks the Behavioral Actions of
Fluoxetine

To further examine the role of 5-HT1A receptor signaling in
the behavioral and VEGF effects of fluoxetine, we deter-
mined if WAY-100635 could block the effects of fluoxetine
in the CUS paradigm. We confirmed that CUS exposure
results in a significant decrease in sucrose preference to a
level (40%) observed in our earlier work as well as this
study (Po0.01, Figure 5a, compare with Figure 2). In the
NSFT we also observed a 77% greater latency to feed in the
CUS group compared with controls (Po0.01, Figure 5b).
CUS+ fluoxetine animals showed a significantly greater
sucrose preference and lower latency to feed than CUS
animals, effects were almost identical to control animals in
both tests (Po0.01, Figure 5a and b). These effects of
fluoxetine were completely blocked by WAY-100635 as
there was no significant difference in behavior between the
CUS+ fluoxetine +WAY-100635 and the CUS animals. No
treatment group showed altered total fluid or home cage
food consumptions (data not shown), as described for
Figures 2 and 3.
Analysis of hippocampal VEGF levels showed that there

was no effect of CUS, but that administration of fluoxetine
significantly increased VEGF by B25% in CUS+ fluoxetine
animals compared with the CUS or control animals
(F3,20¼ 4.11; P¼ 0.02, Table 2). This effect was blocked by
WAY-100635, as there was no significant difference between

the CUS+ fluoxetine +WAY-100635 and the CUS animals.
There was also a significant difference between CUS+
fluoxetine +WAY-100635 and CUS+ fluoxetine (Po0.05,
Table 2).

Neuronal and Endothelial Cell Expression of VEGF is
Increased by Fluoxetine

Our earlier ISH studies show that VEGF mRNA expression
is increased in the granule cell layer of the dentate gyrus by
chronic fluoxetine administration or by ECS (Newton et al,
2003; Warner-Schmidt and Duman, 2007). To determine
what cell types in the GCL express VEGF mRNA in response
to antidepressant treatment, a double immunohistochem-
istry/ISH procedure was performed to assess the co-
localization of VEGF mRNA with NeuN-positive neurons
(Figure 6a and b), RECA-positive endothelial cells (Figure
6c and d), or GFAP-positive cells (Figure 6e and f). As ECS
produces a robust induction of VEGF mRNA, as well as
neurogenesis, we also compared the effects of this treatment
on the cellular localization of VEGF expression. For this
experiment, fluoxetine was administrated for 14 days, which
corresponds to the time at which we have observed an
increase in levels of VEGF mRNA (Warner-Schmidt and
Duman, 2007) and started inhibitor infusions. As predicted
based on our earlier studies, the percent of NeuN-positive
cells expressing VEGF was significantly increased by
chronic fluoxetine treatment compared with saline controls
(Figure 6g). In addition, there was a significant increase in
VEGF mRNA in RECA-positive endothelial cells after
fluoxetine administration (Figure 6g).
A single ECS significantly increased the number of NeuN-

positive cells expressing VEGF mRNA in the GCL compared
with sham-handled controls 24 h later, but by 72 h levels
were the same as sham (Figure 6a, b and h). There was also
a significant four-fold increase in the number of RECA-
positive endothelial cells that express VEGF mRNA at the

Table 1 Regulation of VEGF in the Hippocampus by 5-HT1A
Receptor Selective Agents

Treatment VEGF protein levels pg/mg

Experiment 1

Saline 10.3±0.3

8-OH-DPAT 12.2±0.7*

Experiment 2

Saline 10.2±0.6

WAY100635 8.6±0.4*

Experiment 3

Saline+ saline 12.9±0.2

Saline+ 8-OH-DPAT 15.0±0.8*

WAY100635+ 8-OH-DPAT 12.8±0.5#

8-OH-DPAT and WAY100635 were administrated as described in ‘Materials
and Methods’ and levels of hippocampal VEGF were determined by ELISA.
Results are expressed as mean±SEM pg VEGF/mg total protein. *Po0.05
compared with saline treated animals and #Po0.05 compared to 8-OH-DPAT
treated animals (ANOVA and Fisher’s post hoc test).
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Figure 5 Behavioral actions of fluoxetine are blocked by WAY-100635.
(a) CUS rats showed a significantly lower percent of sucrose consumed
than control (CTR) rats. (F(3, 20)¼ 7.09, Po0.01) (n¼ 6 per group). CUS
+ FLX rats show a significantly greater sucrose preference than CUS and
CUS+ FLX+WAY-100635 rats (Po0.01 and Po0.05, respectively).
There was no significant difference between the sucrose preference of
the CUS and CUS+ FLX+WAY-100635 rats. (b) The latency for CUS
rats to feed in a novel environment was significantly greater than the latency
for CTR and CUS+ FLX rats (F(3, 20)¼ 4.33, Po0.01) (n¼ 6 per group),
whereas there was no significant difference between CUS rats and CUS+
FLX+WAY rats. Results are expressed as mean±SEM percent sucrose to
total fluid consumption (a) or mean±SEM latency to feed in seconds (b).
CTR, control; FLX, fluoxetine; WAY, WAY100635. **Po0.01 compared
with CTR; ##Po0.01 compared with CUS+ FLX+WAY.
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24 h time point (Figure 6c, d and h). Interestingly, after 72 h,
the amount of endothelial-expressed VEGF mRNA was still
elevated almost three-fold, although this effect was not
significant (P¼ 0.06, Figure 6f). VEGF is also expressed in
GFAP-positive astrocytes, but there was no significant
induction of VEGF in this population of cells with either
fluoxetine or ECS treatment (Figure 6e, f and h).

DISCUSSION

This study shows that VEGF–Flk-1 signaling is required for
the behavioral effects of the SSRI antidepressant fluoxetine
in three different behavioral paradigms. We show that
blockade of Flk-1 signaling alters the effects of chronic
fluoxetine on CUS-induced deficits in the SPT and FST, and
attenuate the effects of the SSRI on the NSFT. In addition,
the results show that SSRIs increase VEGF expression in the
hippocampus and that fluoxetine induction of VEGF occurs
in both neurons and endothelial cells. We also found that
acute administration of the 5-HT1A receptor agonist 8-OH-
DPAT increases VEGF protein levels, whereas treatment
with the antagonist, WAY-100635, reduces VEGF levels and
blocks the effects of fluoxetine on sucrose preference and
novelty suppressed feeding.
FST and NSFT are typically used in nonstressed animals

to predict the efficacy of drugs as antidepressants and
measure helplessness- and anxiety-like behaviors, respec-
tively (Bodnoff et al, 1989; Lucki, 1997). We have shown
earlier that animals subjected to CUS show increased
latency to feed in NSFT and immobility in the FST
(Haidkind et al, 2003; Banasr et al, 2008), as well as deficits
in SPT, an index of anhedonia (Papp et al, 1991; Muscat
et al, 1992; D’Aquila et al, 1997). Here, we confirm that
chronic fluoxetine administration increases sucrose pre-
ference in rats exposed to CUS, and also decreases latency to
feed and immobility. This validates the CUS paradigm as a
model in which stress-induced behaviors are counteracted
by chronic treatment with fluoxetine.
The effects of VEGF in brain are mediated by two high-

affinity tyrosine kinase receptors for VEGF, Flk-1, and Flt-1
(de Vries et al, 1992; Quinn et al, 1993). We focused on
Flk-1 because this receptor subtype is expressed by neural
progenitor and endothelial cells throughout the hippocampus

(Yang et al, 2003) and because Flk-1 signaling is necessary for
the neurogenic effects of fluoxetine (Warner-Schmidt and
Duman, 2007). We found that two structurally different Flk-1

Table 2 Effect of WAY100635 on Hippocampal VEGF Protein
Levels in Animals Subjected to CUS and Fluoxetine Treatment

Treatment
VEGF protein
levels pg/mg

CTR 12.6±0.7

CUS 12.0±0.5

CUS+ FLX 15.4±0.9**

CUS+ FLX+WAY100635 13.2±0.6#

Fluoxetine and WAY100635 were administrated as described in the ‘Materials
and Methods’ and levels of hippocampal VEGF were determined by ELISA.
Results are expressed as mean±SEM pg VEGF/mg total protein. CTR, control;
CUS, chronic unpredictable stress; FLX, fluoxetine. n¼ 6 per group. *o0.01
compared with CUS, #o0.05 compared with CUS+ FLX (ANOVA and Fisher’s
post hoc test).
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Figure 6 VEGF mRNA is expressed by neurons and endothelial cells:
regulation by ECS and fluoxetine treatment. Immunohistochemistry with
phenotypic markers of neurons (NeuN) or endoethelial cells (RECA)
followed by in situ hybridization for VEGF mRNA (black grains). (a, b)
Representative images of the GCL cells immunolabeled with either NeuN
(a, b), RECA (c, d) (brown) or GFAP antibody (e, f) counterstained with
cresyl violet (blue); Scalebar¼ 10 mm. Sections are from control (a, c, e) or
ECS (b, d, f). In all images, arrows indicate NeuN-, RECA-, or GFAP-
positive cells expressing VEGF mRNA. Background was defined as 3 grains
per cell, which was the approximate number of grains counted over a
comparable area in a cell-sparse region such as the hilus. Inset images
highlight the arrow-marked cell at 200% magnification. (g) Quantification of
the influence of fluoxetine (FLX) on the number of cells expressing VEGF
mRNA above background levels the in the GCL (NeuN: F(1,6)¼ 10.000,
Po0.05; RECA: F(1,6)¼ 6.818, Po0.05). (h) Quantification of the influence
of ECS on the number of cells expressing VEGF mRNA in the GCL (NeuN:
F(2,9)¼ 19.966; Po0.01; RECA: F(2,9)¼ 5.304; Po0.05). *Po0.05,
wP¼ 0.06 compared with saline or sham ECS.
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antagonists blocked the behavioral effects of fluoxetine in
CUS animals in the SPT and the FST. The effects of fluoxetine
administration in the NSFT were also blocked by inhibition of
Flk-1 signaling, but a significant drug x antagonist interaction
was only observed for SU1498. The demonstration that
SU1498 blocks the behavioral actions of fluoxetine also
extends our earlier work on SU5416 (Warner-Schmidt and
Duman, 2007). The latter compound is relatively selective for
Flk-1, but also inhibits other receptor tyrosine kinases,
including stem cell factor receptor c-Kit (Smolich et al,
2001) and Ret tyrosine kinase (Mologni et al, 2006), albeit
with lower affinity than Flk-1. In contrast, SU1498 has little or
no effect on c-Kit and Ret, providing strong evidence that
VEGF–Flk-1 signaling is necessary for the behavioral actions
of fluoxetine.
The hippocampus has been one of the key regions

implicated in depression and antidepressant treatment.
Brain imaging studies reveal that the volume of this limbic
brain structure is significantly decreased in patients with
major depressive disorder (MacQueen et al, 2003) and that
hippocampal volume decreases are inversely related to the
length of antidepressant treatment (Sheline et al, 2003). It
has been hypothesized that the downregulation of neuro-
trophic factors could contribute to the volume reduction
(Duman, 2002) and conversely that the upregulation or
restoration of neurotrophic factor expression could mediate
some aspects of antidepressant action (Duman, 2004). This
neurotrophic hypothesis of depression and antidepressant
action, based largely on BDNF, has recently been extended
to other growth factors, most notably VEGF (Warner-
Schmidt and Duman, 2008). We have reported that
fluoxetine, despramine, and ECS all increase VEGF expres-
sion in the hippocampus. Here, we show that several other
antidepressants including another SSRI (sertraline), a dual
reuptake inhibitor (venlafaxine), and a tricyclic (amitripty-
line), at doses known to be effective on classical behavioral
tests of antidepressant efficacy (Rogoz et al, 2002; Wein-
stock et al, 2002; West and Weiss, 2005; Kulkarni et al, 2008;
Sell et al, 2008) also increase VEGF protein levels in the
hippocampus. Taken together with our earlier report, these
data indicate that VEGF is a common target of chemical and
nonchemical antidepressants. However, given the route of
administration of the Flk-1 blockers (i.c.v.), it is possible
that VEGF signaling in other brain regions also contributes
to the actions of fluoxetine and the effects of the inhibitors.
This study also provides evidence that activation of

5-HT1A receptors underlies the actions of SSRI antidepres-
sants. We found that acute administration of a nonselective
5-HT1A receptor agonist 8-OH-DPAT increases VEGF
expression 4 h after administration, a time point that also
increases neurogenesis and produces antidepressant-like
effects in the FST (Detke et al, 1995; Banasr et al, 2004).
Conversely, acute administration of a highly selective
5-HT1A receptor antagonist, WAY-100635, decreases VEGF
protein levels, suggesting that there is a basal level of
5-HT1A activation that contributes to VEGF expression.
In addition, the ability of WAY-100635 to block the effect of
8-OH-DPAT shows that the effects of this nonselective
agonist are mediated through the 5-HT1A receptor. The
mechanism underlying 5-HT1A receptor-stimulation of the
VEGF expression is unclear. The VEGF gene contains a
cAMP response element (CRE) and expression can be

stimulated by activation of the CRE-binding protein (CREB;
Impey et al, 2004). Although 5-HT1A inhibition of the
cAMP cascade (De Vivo and Maayani, 1990) is inconsistent
with a role for this pathway, 5-HT1A receptors are also
reported to stimulate other pathways (eg, ERK and Akt) that
can lead to activation of CREB and VEGF expression
(Mendez et al, 1999; Cowen, 2007). Additional studies will
be required to determine the role of these pathways in the
regulation VEGF expression by 5-HT1A receptors and SSRI
antidepressants.
In addition to this study a role for 5-HT1A receptors in

the action of antidepressant treatment is supported by
several lines of evidence. Recent studies show that 5-HT1A
receptor activation is required for the effects of antidepres-
sants, including fluoxetine, on neurogenesis and on
neurogenic-dependent behaviors (Santarelli et al, 2003;
Holick et al, 2008). However, one of these studies shows that
the role of 5-HT1A receptors is strain specific in mice,
raising a question regarding a definitive role of 5-HT1A
receptors in the neurogenic and behavioral actions of
antidepressants (Holick et al, 2008). Upregulation of
5-HT1A receptor density and/or activity after chronic
antidepressant treatment has been suggested to contribute
to the delayed therapeutic effect of antidepressants (Blier,
2001; Blier and Ward, 2003). In addition, a role for 5-HT1A
receptors in the behavioral and neurogenic effects of
fluoxetine has been reported. These effects are strain
specific (Holick et al, 2008). Together, the rapid induction
of VEGF expression in response to 8-OH-DPAT, suggests a
mechanism through which antidepressant-induced 5-HT1A
receptor activation can increase neurogenesis and alter
depressive-like behavior in rat.
In the CUS paradigm, we found that subchronic treatment

with WAY-100635 blocks the effect of fluoxetine on SPT and
NSFT. The timing of WAY-100635 administration was
chosen based on the time course for fluoxetine regulation
of 5-HT1A receptor activity (Blier, 2001) and VEGF
expression (Warner-Schmidt and Duman, 2007). We also
found that fluoxetine administration increased levels of
VEGF in CUS animals, and that this effect was blocked by
administration of WAY-100635. This is consistent with the
behavioral findings and the hypothesis that induction of
VEGF underlies the actions of antidepressants. However,
CUS alone did not significantly decrease levels of VEGF, as
reported earlier (Heine et al, 2005), indicating that the CUS-
induced behavioral deficits do not result from reduced
VEGF protein. Taken together the results suggest that 5-
HT1A receptor induction of VEGF is required for the
behavioral responses to fluoxetine, but that decreased VEGF
is not required for CUS-induced behavioral responses.
The co-localization studies show that chronic fluoxetine

administration significantly increases VEGF expression in
neuronal and endothelial cells. These effects were compared
with ECS, which stimulates the largest induction of VEGF
expression and neurogenesis of antidepressants tested
(Warner-Schmidt and Duman, 2007, Segi-Nishida et al,
2008). ECS also increases neuronal and endothelial cell
expression of VEGF, albeit to higher levels than fluoxetine.
In addition, the induction of VEGF in endothelial cells, but
not neurons is sustained (ie at 72 h after ECS) and correlates
with the time course for increased cell proliferation
(Warner-Schmidt and Duman, 2007). The induction of
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VEGF in endothelial cells is particularly interesting given
the evidence for neurogenesis occurring in a vascular niche
(Palmer et al, 2000). Dividing cells in the adult hippocam-
pus are often found in clusters that are associated with the
vasculature, and many of these newborn cells express
endothelial cell markers. These findings suggest that
neurogenesis is regulated by interactions with endothelial
cells and/or factors released from these cells, including
VEGF (Jin et al, 2002; Cao et al, 2004). The induction of
endothelial VEGF could contribute to the induction of
neurogenesis by fluoxetine and ECS (Warner-Schmidt and
Duman, 2007). Stimulation of neuronal VEGF could also
contribute to neurogenic responses, as well as neuropro-
tective- (Storkebaum et al, 2004) and neuroplasticity-related
effects (Cao et al, 2004). Moreover, both endothelial and
neuronal VEGF could contribute to the behavioral
responses observed in this study. The induction of VEGF
in endothelial cells and neurons could result from activation
of 5-HT receptor subtypes on these cells, including neuronal
5-HT1A receptors (Riad et al, 2000).
In summary, this study shows that VEGF–Flk-1 signaling

is necessary for the behavioral actions of fluoxetine, and
provides additional evidence that VEGF regulation is a
common and necessary target of antidepressant treatment.
In addition, the results suggest that 5-HT1A activation may
be involved in the antidepressant-induced regulation of
VEGF expression in neuronal and endothelial cells. Studies
are currently underway to characterize the localization and
mechanisms by which 5-HT1A and other 5-HT receptor
subtypes regulate the expression and function of VEGF in
response to antidepressants.
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