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We investigated the effects of ketamine on both the temporal and spatial profiles of neural precursor cells located
in the hippocampus, and on antidepressant-like behaviors in rats. A single dose of ketamine resulted in a signif-
icant increase in the number of 5-bromo-2-deoxyuridine-positive (BrdU+) cells in the dentate gyrus (DG) of rats
at 24 h, but not at 28 days, after treatment completion. Ketamine caused antidepressant-like behaviors in the
forced swim test (FST) and novelty suppressed feeding test (NSFT). Viral-mediated hippocampal knockdown
of vascular endothelial growth factor (VEGF) produced depressive-like behaviors in the FST and NSFT, which
were partially recovered by ketamine to the level observed in the control group. The behavioral effects of VEGF
knock down were accompanied by a decrease in hippocampal neurogenesis, which was also partially recovered
by ketamine.
Our results suggest that basal hippocampal VEGF expression is necessary for ketamine-induced antidepressant-
like behaviors in rats, but ketamine-induced VEGF expression only partially contributes to hippocampal
neurogenesis and the antidepressant-like effects of ketamine.

© 2016 Published by Elsevier B.V.
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1. Introduction

Major depressive disorder (MDD) affects approximately 7% of the
adult population in the U.S. in any given year, with a lifetime preva-
lence of approximately 20% [1]. MDD is commonly treated with
monoaminergic-transmission-based antidepressants, such as serotonin
selective reuptake inhibitors (SSRIs). However, between 20% and 30% of
patients do not respond adequately to current antidepressant therapies.
Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor
antagonist, has shown remarkable consistency in rapidly ameliorating
depressive symptoms in MDD [2]; however, the targets and actions of
ketamine are still unclear at the biochemical level. It has been previous-
ly demonstrated that ketamine affects several signaling cascades in
the brain; it stimulates mammalian target of rapamycin complex 1
(mTORC1) [3], brain-derived neurotrophic factor (BDNF) expression
[4], and glutamate release [5]. In addition, it increases neurogenesis in
the dentate gyrus (DG) of adult rodents [6]. This is a particularly attrac-
tive property, as it has been shown that adult-generated new neurons
e gyrus; GCL, granule cell layer;
factor.
e of Medicine, 17 Haengdang-
make a significant contribution to alleviating psychiatric disorders [7].
Notably, adult neurogenesis, especially that which occurs in the
subgranular layer of the hippocampus [8,9], is affected by antidepres-
sants, including SSRIs [10].

Neurotrophins, such as BDNF, are associated with mood disorders,
and antidepressant drugs act, at least in part, via neurotrophic-factor-
involved pathways [11,12]. Evidence also points to the additional
involvement of vascular endothelial growth factor (VEGF) in the neuro-
biology of chronic stress [13] and MDD [14]. For example, diverse anti-
depressant therapies, including drugs and electroshock therapy,
increase VEGF expression in the hippocampus of rodents [15], and an-
tagonism of VEGF type 2 receptor (VEGFR2) abolishes antidepressant-
like behavioral effects in preclinical models for depression [15,16]. Fur-
thermore, VEGF stimulates adult neurogenesis in the subgranular and
subventricular zones,with important implications for the pathophysiol-
ogy and treatment of MDD [17].

Similar to classical antidepressants, ketamine has been shown to
regulate BDNF expression [18]. However, the involvement of VEGF in
mediating the antidepressant-like effects of ketamine has not been
studied.

The aim of the present study was to investigate whether ketamine
regulates VEGF expression in the DG of the adult rat hippocampus and
the potential influence of ketamine-induced VEGF on hippocampal
neurogenesis. We also wanted to determine if ketamine-induced VEGF
expression affects the antidepressant-like effects of ketamine.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2016.04.001&domain=pdf
mailto:hyeonson@hanyang.ac.kr
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2. Results

2.1. Ketamine enhances hippocampal neurogenesis

As it is known that antidepressants increase hippocampal neuro-
genesis in the adult brain [19–21], we investigated whether ketamine
treatment results in the proliferation and survival of neural progenitor
cells in the hippocampal DG in rats (Fig. 1A, B). We quantitated the num-
ber of new cells in the subgranular zone (SGZ) of the DG (Fig. 1C). When
immunohistochemical analysis was performed 24 h after treatment with
ketamine (Fig. 1A), the number of 5-bromo-2-deoxyuridine-positive
(BrdU+) cells increased approximately two-fold relative to control ani-
mals (Fig. 1D). It takes approximately 4 weeks for newly divided cells to
migrate over the granule cell layer (GCL) and function as mature granule
cells [22]. However, four weeks after ketamine treatment we no longer
observed a significant increase in BrdU+ cell numbers in the GCL
(Fig. 1C, E), indicating that the ketamine treatment did not support the
survival of new DG cells. The majority of the BrdU+ cells were neuronal,
as detected by BrdU–neuron-specific nuclear (NeuN) colocalization
(Fig. 1F). There was no significant difference in the percentage of cells
double labeled for BrdU andNeuNbetween ketamine-treated and control
animals when investigated 28 days after the injection of ketamine and
BrdU (Fig. 1F, G), despite the 83% initial increase in the number of
BrdU+ cells in ketamine-treated rats in comparison to control rats.

These results indicate that baseline neurogenesis is increased by ke-
tamine at early time points after treatment (24 h); however, it had no
significant effect on neuronal maturation or survival.

2.2. Ketamine induces hippocampal VEGF

We then investigated the effect of in vivo administration of ketamine
on VEGF expression by administering a single dose of either ketamine
Fig. 1. Effects of ketamine treatment on neurogenesis in the hippocampal dentate gyrus. Experim
(red). BrdU+ cells were observed in the subgranular zone (SGZ) of the DG or in the granule ce
Stereological three-dimensional counting revealed that ketamine treatment, comparedwith sal
ketamine 801 ± 87 cells/mm3, n = 6 animals in each group) in BrdU+ cells in SGZ when an
completion (E) (saline 595 ± 93 cells/mm3 vs. ketamine 532 ± 54 cells/mm3, n = 9 anima
arrowhead) for NeuN (green) and BrdU (red) 28 days after treatment with ketamine. Fluor
optical images of BrdU and NeuN immunoreactivity were captured from the same optical vie
with NeuN was 56.3% ± 11.3% in the control rats and 82.5% ± 23.4% in the rats treated wi
Student's t-test: ⁎⁎⁎P b 0.001. 24 h, 24 h after ketamine treatment; 28 days, 28 days after ketam
(10 mg/kg) or saline to young adult male rats. Because new granule
neurons take 4 weeks to mature, the functional effects of an increase
in granule cell numbers, including VEGF expression are likely to be ob-
served only over a longer time course. In addition, we wanted to
know whether ketamine has long-lasting effects on VEGF expression.
Therefore, we investigated the effects of ketamine on VEGF expression
at two time points; 24 h and 28 days after ketamine treatment. We
found that the protein levels of VEGF were highly and significantly up-
regulated in ketamine-treated rats 24 h, but not 28 days, after ketamine
injection (Fig. 2A, B: P b 0.001; P N 0.05, respectively). Consistently, the
increased immunoreactivity of VEGF was observed in the DG area 24 h,
but not 28 days, after the injection of ketamine, compared to the saline
controls (Fig. 2C, DP b 0.05; P N 0.05, respectively). Our results indicate
that the single dose of ketamine induced hippocampal VEGF expression,
and that this initial increase in VEGF expression returns to basal levels
within 28 days of treatment.

2.3. Ketamine-induced VEGF in the DG contributes partially to
antidepressant-like behaviors

VEGF has been implicated in hippocampal neurogenesis in the ro-
dent brain [15,23] and it is also known tomediate antidepressant action
[15]. As ketamine induces both VEGF expression and antidepressant-
like behavior in rats, we speculated that ketamine-induced VEGF con-
tributes to the antidepressant-like effects of ketamine. To test this hy-
pothesis, we knocked down hippocampal VEGF in rats by bilateral
administration of a lentivirus expressing small hairpin RNAs (shRNAs)
targeted against rat VEGF (lenti–shVEGF–enhanced green fluorescent
protein [EGFP]) into DG (Fig. 3). A vector expressing only EGFP, lenti–
EGFP, was used as a control. Injection of the lenti–shVEGF–EGFP vector
resulted inwidespread gene expression, as shown by EGFP fluorescence
4 weeks after the injection (Fig. 3A), when the lentivirus is fully
ental paradigms: (A) and (B). (C) Representative images of brain sections labeled for BrdU
ll layer (GCL). (D, E) Total number of BrdU+ cells per unit volume (mm3) in SGZ and GCL.
ine treatment, produced a significant 83.7%± 2.3% increase (saline 436± 38 cells/mm3 vs.
alyzed 24 h after treatment completion (D), but not in the GCL 28 days after treatment
ls in each group). (F) Representative images of brain sections double labeled (yellow;
escent signals were detected using a confocal laser-scanning microscope, and separate
w. (G) Twenty-eight days after treatment the percentage of BrdU+ cells double-stained
th ketamine; there was no significant difference. Data are presented as mean ± SEM.
ine treatment. Arrowhead, BrdU+/NeuN+ cells. Scale bar, 100 μm.



Fig. 2. Induction of hippocampal VEGF 24 h and 28 days after ketamine injection. VEGF levels in the hippocampi of rats (A) 24 h and (B) 28 days after ketamine injection by Western
blotting. A significant effect of ketamine on VEGF expression is seen 24 h after ketamine treatment (⁎⁎⁎P b 0.001, Student's t-test; n=6 animals per treatment), but there is no significant
difference at 28 days after ketamine treatment. Expression of VEGF was normalized to expression of β-actin, a housekeeping gene. Normalized expression values were averaged, and av-
erage fold changeswere calculated. (C) VEGF levels in the hippocampi of rats 24 h and 28 days after ketamine injection by immunohistochemistry. (D) Densitometric analyses of DG gran-
ule cells in (C). A significant effect of ketamineonVEGFexpression is seen 24h after ketamine treatment (⁎P b 0.05, Student's t-test;n=6animals per treatment), but there is no significant
difference 28 days after ketamine treatment. Results are expressed as percent of saline-treated controls and aremeans± SEM. 24 h, 24 h after ketamine treatment; 28 days, 28 days after
ketamine treatment. ⁎P b 0.05. ⁎⁎⁎P b 0.001. Scale bar, 100 μm.
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expressed and stable [24]. Indeed, the lenti–shVEGF–EGFP treatment re-
pressed VEGF mRNA expression in DGs in vivo (Fig. 3B). Lenti–shVEGF-
EGFP infusions repressed VEGF protein levels in the rat hippocampal
neuron cells (Fig 3C).

The depressive status of the rats was measured 24 h after ketamine
treatment to investigate whether VEGF knockdown abolishes the
antidepressant-like effects of ketamine. Each ratwas subjected to the lo-
comotor activity assessment (LMA), the sucrose preference test (SPT),
the novelty suppressed feeding test (NSFT), the forced swim test (FST)
and the learned helplessness test (LHT) to assess depressive-like behav-
ior. The testswere conducted sequentially, one per day, tominimize the
impact of immediate behavioral testing on subsequent tests (Fig. 3D), as
previously described [25]. During the NSFT, control rats injected with
lenti–shVEGF–EGFP had an increased latency time to feed, and keta-
mine treatment of lenti–shVEGF–EGFP-infused rats resulted in a de-
crease in latency time compared to control rats injected with lenti–
shVEGF–EGFP alone (Fig. 3E; two-way analysis of variance [ANOVA],
least significant differences [LSDs] multiple comparison, P b 0.05). Dur-
ing the FST we observed similar behaviors to those observed during the
NSFT; rats injected with lenti–EFGP and treated with ketamine showed
antidepressant-like behaviors (Fig. 3G). Animals injected with lenti–
EGFP and treated with ketamine showed a decrease in immobility
time, as expected, whereas those injected with lenti–shVEGF–EGFP
alone showed increased immobility time. Ketamine treatment of
lenti–shVEGF–EGFP-infused rats resulted in a decrease in immobility
time compared to lenti–shVEGF–EGFP alone and was similar to the be-
havior of rats infusedwith lenti–EGFP and treatedwith saline (two-way
ANOVA, LSDs multiple comparison, P b 0.001). Lenti–shVEGF–EGFP
infusion did not alter either the amount of sucrose consumed in the
SPT (a measure of anhedonia, which is a core symptom of depression)
or the number of escape failures in the LHT (Fig. 3F and H). Taken to-
gether, these results demonstrate that lenti–shVEGF–EGFP produces
depressive-like effects in certain models, and this effect is reversed by
ketamine to a level seen in control rats infused lenti–EGFP and treated
with saline. The behavioral effects of lenti–shVEGF–EGFPwere observed
in the absence of any effect on food intake, fluid consumption, or
total locomotor activities (Fig. 3I–3K). These results demonstrate
that VEGF in the DG of the hippocampus is necessary for ketamine-
induced antidepressant-like behaviors but is not sufficient for the
antidepressant-like effects of ketamine.
2.4. Ketamine-induced VEGF in the DG contributes partially to hippocampal
neurogenesis

It has been suggested that the behavioral effects of chronic antide-
pressants are mediated, at least in part, by stimulation of neurogenesis
in the hippocampus [26–28]. Therefore, we investigated whether
ketamine-induced VEGF stimulates neurogenesis. We administered ke-
tamine and BrdU 24 h prior to euthanasia of lentivirus-infused rats. If
ketamine-induced VEGF expression in DG does mediate neurogenesis,
then lenti–shVEGF–EGFP should block the effect of ketamine on
neurogenesis. Ketamine treatment produced a significantly higher
number of BrdU+ cells in lenti–EGFP-infused rats than were produced
in the corresponding saline-treated lenti–EGFP-infused rats (Fig. 4A,
B), consistent with increased proliferation of neural progenitor cells.
However, the rats injected with lenti–shVEGF–EGFP showed a signifi-
cant decrease in the number of BrdU+ cells comparedwith rats injected
with lenti–EGFP (Fig. 4A, B). This is consistent with observations that
lenti–shVEGF–EGFP decreased basal VEGF protein levels and increased
depressive-like behaviors as measured by both immobility time in the
FST and latency time in the NSFT. Noticeably, the decrease in the num-
ber of BrdU+ cells in lenti–shVEGF–EGFP was recovered by ketamine
to a level observed in control rats infused with lenti–EGFP and treated
with saline (Fig. 4B; two-way ANOVA, LSDs multiple comparison,
P b 0.01), similar to our observations that ketamine partially recovered
antidepressant-like behaviors in lenti-shVEGF–EGFP-infused rats.
These results indicate that ketamine-induced VEGF is linked to hippo-
campal neurogenesis, and ketamine-induced neurogenesismight be ad-
ditionally mediated by pathways that do not involve VEGF.



Fig. 3. Partial blockade of the ketamine-induced antidepressant-like effects by shRNA knockdown of VEGF in the dentate gyrus. (A) Green fluorescent protein (GFP) expression by lenti–
shVEGF-EGFP in the DG. (B) RT-PCR and quantitative PCR showing lenti–shVEGF-mediated knockdown of VEGF mRNA versus lenti–EGFP (Ctl). Lenti–shVEGF–EGFP specifically reduced
VEGFmRNA expression in DG (⁎⁎P b 0.01 versus lenti–EGFP, Student's t-test; n=4 animals per group). (C)Western blot analysis of lentiviral-mediated knockdown of VEGF protein levels
in the rat hippocampal neuron cells. (D) Behavioral paradigm. (E) NSFT. Main effect of ketamine: P b 0.05; main effect of virus: P b 0.05; interaction: P N 0.05. Ketamine administration
significantly decreased the latency to feed in lenti–EGFP rats (⁎P b 0.05). (F) SPT. Main effect of ketamine: P N 0.05; main effect of virus: P N 0.05; interaction: P N 0.05. Ketamine had
no effect in both lenti–EGFP and lenti–shVEGF–EGFP rats. (G) FST. Main effect of ketamine: P b 0.001; main effect of virus: P b 0.001; interaction: P N 0.05. Rats treated with ketamine
had a shorter immobility score (time in seconds) than rats treatedwith saline in both lenti–EGFP rats (⁎⁎⁎P b 0.001) and in lenti–shVEGF–EGFP rats. Lenti–shVEGF-injected animals showed
an increase in immobility compared to lenti–EGFP rats in the absence of ketamine (⁎⁎⁎P b 0.001). (H) LHT. Main effect of ketamine: P N 0.05; main effect of virus: P N 0.05; interaction:
P N 0.05. Ketamine had a tendency to decrease the escape failures in lenti–EGFP rats (P N 0.05). Lenti–shVEGF-injected rats had a similar number of escape failures compared to lenti–
EGFP rats (P N 0.05). There was no significant difference in the home cage food intake (I), total fluid consumption (J) and total distance moved in the box (K) between groups. LMA, lo-
comotor activity assessment; SPT, sucrose preference test; NSFT, novelty suppressed feeding test; FST, forced swim test; LHT, learned helplessness behavioral test. Data are mean ±
SEM (n = 14–19 rats per group). Two-way ANOVA followed by LSD post hoc analysis. ⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001 compared to vehicle-treated lenti–EGFP rats. Scale bar, 100 μm.

Fig. 4. Partial blockade of ketamine-induced neurogenesis by shRNA knockdown of VEGF in the dentate gyrus. (A) Representative images of brain sections labeled for BrdU+ in the
hippocampi of rats infused with lentivirus and treated with ketamine. (B) Lenti–shVEGF-EGFP specifically reduced the number of BrdU+ cells in the DG (⁎P b 0.05 versus lenti–EGFP,
Student's t-test; n = 4 animals per group). Ketamine increased the number of BrdU+ cells in lenti–shVEGF-EGFP rats (⁎⁎P b 0.01 versus lenti–shVEGF-EGFP and lenti–EGFP treated
with ketamine; P N 0.05 versus lenti–EGFP. Two-way ANOVA, LSD post hoc; n = 4–6 animals per group). ⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001 compared to vehicle-treated lenti–EGFP rats.
Scale bar, 100 μm.
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3. Discussion

Our aimwas to determine the effects of ketamine treatment on hip-
pocampal neurogenesis and VEGF expression. We demonstrate for the
first time that a single subanesthetic dose of ketamine robustly in-
creases hippocampal VEGF expression and hippocampal neurogenesis
in vivo in rats 24 h after ketamine treatment. In addition, we show
that VEGF knockdown results in depression-related behaviors, which
are, in part, recovered by ketamine. However, the antidepressant effects
of ketamine are also mediated by pathways that do not involve VEGF,
because the administration of ketamine had only a partial recovery ef-
fect on the depression status produced by VEGF knockdown in rats
(Fig. 3). These results suggest a contribution of ketamine-induced hip-
pocampal VEGF to the increased hippocampal neurogenesis and
antidepressant-like behaviors.

The observation that the antidepressant-like effects of ketamine
were partially intact in lenti-shVEGF–EGFP-infused rats suggests that
the effects of ketaminemight involve signaling via non-VEGF pathways.
Given that ketamine induces BDNF [4], the antidepressant-like effects of
ketaminemight involve BDNF signaling. However, it is noteworthy that
ketamine produced similar antidepressant-like responses in both
wildtype and Bdnf–/– mice, and did not increase BDNF expression in
Bdnf+/–mice [29], thereby suggesting that BDNF does not have a central
role in the antidepressant-like effects of ketamine.

It is possible that although we have shown that a reduction in VEGF
mRNA levels to 40 % is sufficient to produce depressive-like behaviors in
VEGF-knockdown animals, the remaining VEGF mRNA is able to medi-
ate the antidepressant-like effects of ketamine. Therefore, future studies
should investigate the effects of ketaminewhenVEGF levels are reduced
even further.

In humans a single intravenous infusion of ketamine produces a
rapid and robust antidepressant effect that can persist for aweek or lon-
ger [30–32]. In order tomodel this effect in rats and investigatewhether
the antidepressant effect is caused by neurogenesis, we assessed the
ketamine-induced neurogenesis 28 days after a single ketamine injec-
tion. Rats treated with ketamine did not show antidepressant-like be-
haviors 28 days after ketamine injection (data not shown). These
results agree with others [33], who failed to detect a sustained effect
in antidepressant-like behaviors. Moreover, neither hippocampal
VEGF levels nor neurogenesis was influenced by ketamine 28 days
after treatment. VEGF expression in rats infused with lenti-shVEGF–
EGFP and treated with ketamine is consistent with the effects of keta-
mine on antidepressant-like behaviors and neurogenesis in rats infused
with lenti-shVEGF–EGFP.

Interestingly, ketamine treatment stimulated the production of BrdU+

cells 24 h after treatment (Figure 2D), but did not change the relative
number of neurons (Fig. 2G). It is essential that we are able to distinguish
whether the discontinued increase in the number of BrdU+ cells is due to
reduced proliferation or survival, or both. Given the chronic time frame of
this study, in which BrdUwas administered 24 hours before ketamine in-
jection and fourweeks prior to euthanasia, it is likely that reduced surviv-
al of BrdU+ cells is the contributing factor. We used colabeling with BrdU
and NeuN to estimate the degree of cell differentiation towards a
neuronal phenotype. Four weeks after the injection of ketamine,
the proportion of the cells labeled with both BrdU and NeuN
remained constant in the ketamine group, and comparable to the
control group. Thus, although ketamine appears to accelerate cell
production soon after injection, it does not enhance cell differentia-
tion or maturation into neurons. These results indicate that the
ketamine-induced VEGF expression contributes to increased
neurogenesis and, in part, to the upregulation of antidepressant-
like behaviors 24 h after administration of ketamine.

In conclusion, the novel finding of this study is that ketamine en-
hances VEGF expression in the DG and induces neurogenesis in the
rat; however, VEGF cannot be considered pivotal to the
antidepressant-like actions of ketamine, as it is likely that other
signaling pathways in the hippocampus also mediate the effects of
ketamine.

4. Materials and methods

4.1. Animals and treatments

Adult male Sprague Dawley rats (Harlan Sprague Dawley,
Indianapolis, IN, USA) were housed in a 12-hour light/dark cycle animal
facility. After treatment with BrdU at 50 mg/kg (dissolved in 0.9% NaCl
and filtered under sterile conditions at 0.2 μm; Sigma, St. Louis, MO,
USA), rats received a single injection of either ketamine (10 mg/kg) or
saline (control) intraperitoneally. Rats were killed at two time points
after the ketamine or saline injection: either 24 h or 28 days post-
injection by perfusion with phosphate-buffered saline (PBS) to prepare
for immunohistochemistry. Brain samples were also collected under
pentobarbital anesthesia at 24 h and 28 days after ketamine or saline in-
jection. No significant differences in the bodyweights of the control and
ketamine-treated rats were observed.

4.2. Lentiviral production

To induce VEGF knockdown,we cloned a short hairpin RNA (shRNA)
sequence (5′-TCG CGG GAT TGC ACG GAA ACT-3′) against rat VEGF into
pll3.7 (Addgene, Cambridge,MA, USA) and used a control non-targeting
shRNA [25]. Lentivirus was produced as indicated. Typical titers for
in vivo injections were 8 × 106 to 20 × 106.

4.3. Stereotaxic surgery and infusions

Adultmale SpragueDawley rats (8–10weeks old; Charles River Lab-
oratories, Wilmington, MA, USA) weighing 200 g to 250 g were pair
housed and maintained on a 12-hour light/dark cycle with access to
food and water ad libitum. All procedures were in strict accordance
with Institutional Animal Care and Use Committee guidelines and use
of laboratory animals was approved by the Hanyang University Animal
Care and Use Committee (#2015-0094). Animals were randomly
assigned to experimental groups. For behavioral experiments, rats
were injected intraperitoneally with ketamine (10mg/kg bodyweight)
or saline and then analyzed 24 h after the injection or at indicated time
points (Fig. 3D). Stereotaxic surgery and infusions were conducted as
previously described [25]. Rats were anesthetized with xylazine
(25 mg/kg) (Rompun, Bayer, Leverkusen, Germany) and Zoletil50
(50mg/kg: Virbac Philipines, Bonifacio Global City, France). Bilateral in-
jections were performed at coordinates −4.1 mm (anterior/posterior),
±2.4 mm (lateral), and−4.6 mm (dorsal/ventral) relative to the breg-
ma. A total of 6 μl of purified virus was delivered at a rate of 0.1 μl/min
followed by 10min of rest. Needleswere removed and the scalp incision
was closed using wound clips. Inhabitants of the same cage were
assigned randomly to different experimental groups for behavioral
studies, and the order of testing was distributed randomly across the
groups. After the behavioral testing, animals were euthanized by perfu-
sion with PBS. The brain was kept overnight in 4% paraformaldehyde
and then transferred to a 30% sucrose solution. Brain sections (30 μm
thickness) were cut using a microtome for visualization of EGFP. We
assessed gene-transfer efficacy with immunofluorescent staining
4–8 weeks after surgery.

4.4. Forced swim test

A FSTwas conducted as previously described [3,25]. On the test day,
rats were placed in a clear cylinder with water (24 °C ± 1 °C, 45-cm
depth) for 15 min. After the test, animals were dried under a lamp for
30 min. All FST experiments were filmed by a camcorder, and the first
5min or 15min of swimwas scored offline for the duration of immobil-
ity. Immobilitywas defined asfloating or remainingmotionless without
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leaning against the wall of the cylinder [34]. Behavioral tests were ana-
lyzed by an experimenter blinded to the study code.

4.5. Novelty suppressed feeding test

An NSFT was conducted as previously described [25,35]. Animals
were deprived of food for 12 h and, on the test day, they were placed
in an open field (76.5 cm × 76.5 cm × 40 cm, Plexiglas) with eight pel-
lets of food in the center. The animals were given 8min to approach the
food and eat it. The test was stopped as soon as the animal took the first
bite. The latency to eat was recorded in seconds. Home cage food intake
was also measured as a control.

4.6. Sucrose preference test

An SPTwas conducted as previously described [25]. SPT consisted of
a 48-hour period of exposure to sucrose solution (1%; Sigma) for accli-
mation, followed by 4 h of water deprivation and 1 h of exposure to
two identical bottles, one filled with sucrose solution and the other
with water. Sucrose and water consumption was determined by mea-
suring the change in volume of fluid consumed. Sucrose preference
was defined as the ratio of the volume of sucrose vs. total volume of su-
crose plus water consumed during the 1-hour test.

4.7. Locomotor test

The general locomotor activity (LMA) was conducted as previously
described [36]. LMA of the rats in the open field test was measured by
an ANY-maze tracking system (Stoelting Co., Wood Dale, IL, USA). Rats
were placed in the central part of the square-shaped arena
(76.5 cm × 76.5 cm × 40 cm) and allowed to explore it for 10 min.
Total distance traveled (locomotion activity) during the 10 min was
recorded.

4.8. Learned helplessness test

The learned helplessness procedure was performed in commercial
shuttle boxes divided into two equal compartments by a central barrier
(Gemini Avoidance System, San Diego Instruments, San Diego, CA,
USA), as previously described [3]. A computer-operated guillotine
door built into the central barrier allowed passage between compart-
ments. On day 1, inescapable footshock (IES) was administered at one
side of the shuttle box with the guillotine door closed (60 footshocks,
0.85 mA intensity, 15 s average duration, 60 s average intershock inter-
val). Active avoidance testing consisted of 30 trials of escapable
footshock (0.65 mA intensity, 35 s maximum duration, 90 s average in-
tertribal interval) with the guillotine door open. Each trial used a fixed-
ratio 1 schedule, during which one shuttle crossing by rats terminated
the shock. Shock was terminated automatically if rats did not escape
after 35 s. A computer automatically recorded the number of escape fail-
ures. Results are expressed as number of escape failures, that is, the
number of times that the animal did not terminate the footshock.

4.9. Immunohistochemistry

Twenty four hours after the last BrdU injection, the rats were deeply
anesthetized with pentobarbital and perfused via the ascending aorta
with saline until the outflow became clear. They were then perfused
with 0.1 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde
for 20 min. The brains were removed rapidly, frozen immediately and
stored at −70 °C. Serial sections (30 μm/section) were cut coronally
through the entire anteroposterior extension of the hippocampi. For
BrdU immunolabeling, sections were processed using the method de-
scribed by Son et al. [37]. For other immunofluorescent labeling, sec-
tions were fixed by 0.1 M phosphate buffer (pH 7.4) containing 4%
paraformaldehyde for 20 min, washed with PBS, permeabilized in
100% ethyl alcohol for 10 min and then incubated in 10% normal goat
serum (NGS) and 0.1 % Triton X-100 for 30 min at room temperature.
Sections were then incubated in 0.1 M phosphate buffer (pH 7.4) con-
taining primary antibody and 0.1% Triton X-100 overnight at 4 °C. The
next day, sectionswere incubated at room temperature for an addition-
al 3–4 h with secondary antibodies conjugated to fluorescein isothiocy-
anate, cyanin 3 (Cy3, donkey; Jackson ImmunoResearch, West Grove,
PA, USA) and Alexa488 (Invitrogen, Carlsbad, CA, USA). Secondary anti-
bodies were used at a final dilution of 1:200 in 10% NGS. The samples
were then washed with PBS, treated with 10 mg/ml 4′, 6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA) for
10 min and mounted with a coverslip using Vestashield Æ (Vector Lab-
oratories). Primary antibodies generated in mouse, rat, and rabbit were
used at the following concentrations: mouse anti-NeuN (1:300;
Chemicon, Temecula, CA, USA), rat anti-BrdU (1:300; Abcam, Cam-
bridge, UK), mouse anti-GFP (1:200; Roche Diagnostics GmbH,
Germany). For VEGF immunoperoxidase staining, sections were
processed using the method described by Son et al [24]. For
immunoperoxidase staining of VEGF, free-floating sections were incu-
bated in 5% NGS plus 0.3% Triton X-100 in PBS for 1 h and thenwith pri-
mary antibody in PBS plus 5% NGS overnight at 4 °C. The primary
antibody used was rabbit anti-VEGF IgG (1:200; Santa Cruz, CA, USA).
The sections were incubated in secondary antibody conjugated to
biotin–rabbit IgG (H + L) (1:200; Vector Laboratories) for 1 h, then
horseradish peroxidase streptavidin (1:400; Vector Laboratories) for
2 h, before incubating with a peroxidase substrate kit (DAB kit; Vector
Laboratories) to visualize staining. Fluorescent signals were detected
using a confocal laser-scanning microscope (Leica TCS, Leica
Microsytem,Wetzlar, Germany), which enabled the simultaneous eval-
uation of up to four separate fluorophores.When it was necessary to ob-
serve nuclei in addition to four immunological markers, cells were
counterstained with DAPI.

4.10. Double-labeling of BrdU and NeuN protein

For the double-labeling of sections with both BrdU and NeuN, sec-
tions that had been pretreated for DNA denaturation were incubated
in 0.01 M PBS containing 1% NGS, 0.3% Triton X-100, mouse anti-NeuN
monoclonal antibody (1:300; Chemicon) and rat anti-BrdUmonoclonal
antibody (1:300; Abcam) for 24 h at 4 °C.

The sections were then incubated in PBS containing Cy3-conjugated
donkey anti-rat IgG (1:300; Jackson ImmunoResearch) and goat anti-
mouse secondary antibody conjugated to Alexa488 (1:300; Invitrogen)
for 1 h at room temperature. After several washes in PBS, the sections
were mounted on gelatin-coated slides with Vectashield Æ. Confocal
images were produced at a fixed laser power setting with a 40× oil-
immersion objective. Separate optical images of BrdU and NeuN immu-
noreactivity were captured of the same optical view. The captured im-
ages were then pseudocolored green or red. A digital overlay was
generated and companion images were superimposed. Colocalization
was reflected by superimposing green and red pixels, thus appearing
yellow. Image analysis was performed using the standard system oper-
ating software provided with the confocal microscope (Version 1.6).

4.11. Western blot analysis

Protein extractswere prepared as described previously [38]. The blot
was probed with mouse monoclonal β-actin (1∶2000, Santa Cruz) and
rabbit polyclonal anti-VEGF (1∶500; Santa Cruz) followed by treatment
with goat anti-mouse (1:2000; Santa Cruz) or anti-rabbit IgG (1:2000;
Santa Cruz) conjugated with horseradish peroxidase. Bands were visu-
alized with an enhanced chemiluminescence (ECL) detection kit
(Neruonex, Daegu, Korea). Expression of VEGF was normalized to ex-
pression of β-actin, a housekeeping gene. Normalized expression values
were averaged, and average fold changes were calculated.
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4.12. Cell counting

BrdU+ cells were counted on one-in-six sections (180 μm apart)
using a computer-assisted image analysis system (MetaView Imaging
version 3.6, Universal Imaging Corporation, West Chester, PA, USA).
The GCL and SGZ, which were defined as a zone two cell bodies wide
(~10 μm) along the border of the GCL, were investigated. BrdU+ cells
with cell nuclei that had a complete nuclear contour were counted in
the focal plane in which they appeared largest within the counting
box. The GCL was traced using DAPI+ cells, and the GCL reference vol-
ume was determined by summing the traced GCL area for each section
(the sectional volume) andmultiplying this by thedistance between the
sections sampled. The number of BrdU+ cells per sectionwas then relat-
ed to the GCL sectional volume and multiplied by the reference volume
to produce an estimate of the total number of BrdU+ cells.

4.13. Quantitation in confocal images

Quantification of immunohistochemical images was conducted as
previously described [24]. To measure the intensity of immunoreactivi-
ty in the GCL of the DG, images were acquired with a digital camera
(Nikon E800, Nikon, Tokyo, Japan) and analyzed using an image analysis
program (AnalySIS version 3.0, Soft Image Analysis System GmBH,
Münster, Germany). In each image a region of interest (ROI) that repre-
sented the DG was determined by free-hand drawing, and the mean
gray values in each ROI were measured. The results presented are the
ratio of the intensity, which was computed by dividing the mean gray
value of a ROI in an experimental brain by the corresponding value in
a saline control. Generally, four to eight images of each section were av-
eraged to determine a value for a section.

4.14. Statistical analyses

Statistical differences were determined by ANOVA (StatView 5; SAS
software) followed by Fisher's LSD post hoc analysis. The F values, and
group and experimental degrees of freedom are included in the figure
legends. For experiments with two groups, the Student's t-test was
used. The level of statistical significance was set at P b 0.05 using two-
tailed tests.
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