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(Background: Environmental factors may modulate brain function and dysfunction.
Results: Short term exposure to enriched environment produces antidepressant-like effects via a vascular endothelial growth

Conclusion: Enriched environment may act synergistically with other antidepressant treatments to rapidly provide beneficial

Significance: These findings provide new insights into the molecular mechanisms underlying the therapeutic effects of the
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Current antidepressant treatments remain limited by poor
efficacy and a slow onset of action. Increasing evidence demon-
strates that enriched environment (EE) treatment can promote
structural and behavioral plasticity in the brain and dampen
stress-induced alterations of neuroplasticity. Here, we have
examined whether short term exposure to EE is able to produce
antidepressant-like effects. Our results show that housing adult
mice in an EE cage for 7 days led to antidepressant-like behav-
ioral profiles and a significant increase in the number of den-
dritic spines in hippocampal CA1 pyramidal neurons. These EE-
induced antidepressant-like effects are primarily attributed to
increased vascular endothelial growth factor (VEGF) expression
through a hypoxia-inducible factor-la (HIF-1a)-mediated
transcriptional mechanism. Blockade of HIF-1a« synthesis by
lentiviral infection with HIF-1« small hairpin RNAs completely
blocked the increase in expression of VEGF and the antidepres-
sant-like effects induced by EE. Moreover, no significant antide-
pressant-like effects were observed with EE treatment in VEGF
receptor 2 (Flk-1) knock-out mice. The increase in HIF-1la
expression in the hippocampus induced by EE was associated
with a decrease in endogenous levels of microRNA-107 (miR-
107). Overexpression of miR-107 in the hippocampus com-
pletely blocked EE-induced HIF-1« expression and the antide-
pressant-like effects. These results support a model in which the
down-regulation of miR-107, acting through HIF-1«, mediates
VEGF-dependent spinogenesis to underlie the EE-induced anti-
depressant-like effects.

Major depressive disorder (MDD)? is a common, chronic,
and recurrent mental illness that affects about 17% of the pop-
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ulation and is a substantial social and economic burden world-
wide (1, 2). There are a wide variety of different medicines avail-
able to alleviate depressive symptoms, but serious limitations
still exist. Most notably, the available treatments usually take
weeks to months to achieve their antidepressant effects, and
only about one-third of depressed patients respond to the first
medication prescribed (3). There is an urgent need to develop
more effective and faster acting antidepressant treatments.
Interestingly, it has been reported recently that the N-methyl-
D-aspartate receptor antagonist ketamine can elicit rapid and
effective antidepressant-like effects through the activation of
the mammalian target of rapamycin pathway in the prefrontal
cortex, leading to a sustained elevation of synaptic signaling
proteins and dendritic spine number (4, 5). Ketamine also sig-
nificantly improved depressive symptoms in patients with
treatment-resistant MDD (6, 7). However, the widespread clin-
ical use of ketamine is limited due to the potential for abuse and
toxicity (8).

Evidence for hippocampal atrophy in MDD patients (9, 10),
as well as derailment of many hippocampus-related functions
in depression (11, 12), indicates a critical role of the hippocam-
pus in the disease. Although most recent studies have focused
on establishing the causal relationship between impaired adult
neurogenesis in the hippocampus and the development of
MDD (13), there is evidence in the rodent model that the
increase in depressive-like behaviors was associated with a
decrease in the number of dendritic spines in hippocampal
principal neurons (14—16). Moreover, chronic antidepressant
administration reverses the dendritic spine loss and amelio-
rates depressive-like behaviors (16, 17). These observations
have raised the possibility that novel strategies for producing a
rapid induction of spinogenesis in the hippocampus might pro-
vide more effective therapeutic interventions for MDD.

Environmental factors may modulate brain function and
dysfunction. Exposure to enriched environment (EE) has been

2; HIF-1q, hypoxia-inducible factor-1a; IGF-1, insulin-like growth factor-1;
miR, microRNA; qPCR, quantitative real time PCR; SE, standard environ-
ment; SPT, sucrose preference test; TST, tail suspension test; EGFP,
enhanced GFP.
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shown to ameliorate the deleterious effects of stress on neuro-
biological and endocrine systems and promote adaptability to
stress in both humans (18, 19) and rodents (20, 21). There is
evidence that adult hippocampal neurogenesis, dendritic com-
plexity of hippocampal neurons, and some learning abilities can
be improved by housing animals in EE (22—-24). Moreover, long
term exposure to EE has been shown to produce antidepres-
sant-like effects in rodent models of depression (25, 26). How-
ever, the molecular mechanisms underlying the effects of EE
and the question of whether short term exposure to EE might
also produce antidepressant-like effects remain unexplored.

Vascular endothelial growth factor (VEGF) was originally
thought to be a potent and selective endothelial cell mitogen
implicated in vascularization and angiogenesis (27). Recent
studies have revealed that VEGF can act as a neurotrophic fac-
tor that regulates neurogenesis and mediates the effects of EE
and antidepressants on hippocampal plasticity (28, 29). In this
study, we have investigated the effects of short term EE treat-
ment on mouse models of depressive-like behaviors. Our
results demonstrate that housing adult mice in an EE cage for 7
days produces antidepressant-like effects and suggests a mech-
anism by which down-regulation of miR-107, acting through
hypoxia-inducible factor-1o (HIF-1ar), mediates VEGE-depen-
dent hippocampal spinogenesis to underlie the antidepressant-
like effects of EE.

EXPERIMENTAL PROCEDURES

Animals—Adult (8 —12 weeks old) male C57BL/6], heterozy-
gous VEGF receptor 2 (Flk-1)-deficient (B6.129-Kdr*™""/]),
homozygous brain-derived neurotrophic factor (BDNF)-floxed
(Bdnf™?2¢/]), and calmodulin kinase II-cre transgenic mice
were originally obtained from The Jackson Laboratory (Bar
Harbor, ME) and bred within our animal facility. Bdnf™?3'2¢/]
mice were crossed to calmodulin kinase II-cre mice to generate
BDNF conditional knock-out mice. Bdnf'™¥2¢/] mice were
used as the control littermates for comparison with BDNF con-
ditional knock-out mice. Mice were genotyped by a polymerase
chain reaction (PCR)-based method using genomic DNA iso-
lated from tail samples. The knock-out mice were backcrossed
to C57BL/6] mice for five generations to obtain a homogeneous
genetic background. All experimental procedures were per-
formed according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of National
Cheng Kung University. Four mice were housed per cage in a
temperature-controlled room under a 12-h light/dark cycle
with ad libitum access to food and water. All behavioral tests
were done during the light cycle of the day (10:00 a.m. to 4:00
p.m.). All efforts were made to minimize animal suffering and
to reduce the number of mice used.

Housing Conditions—Mice were housed in groups of four in
standard laboratory cages sized 28 X 15 X 15 cm?® (length X
wide X height) until the beginning of the experiments. After 1
week, mice were then randomly assigned to standard (SE) or
enriched rearing environment (EE) groups. SE used the same
type of cage during the habituation period. The EE consisted a
large cage (34 X 25 X 29 cm?®) provided with different devices
such as plastic tubes, ropes, two running wheels, and 3—4 toys.
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In some experiments, mice were housed in the enriched cage
with locked running wheels. The devices were rearranged and
renewed every 3 days to stimulate animal’s exploratory
behavior.

Tail Suspension Test—The mice were tested on a modified
version of the tail suspension test (TST) described by Steru ez al.
(30). On the day of testing, experimental mice were transferred
to the experiment room and allowed to acclimatize for 3 h. Mice
were individually suspended by the tail to a horizontal ring-
stand bar (distance from floor = 25 cm) using adhesive tape
wrapped around its tail (1 cm from tip). Typically, mice dis-
played multiple escape-oriented behaviors interspersed with
bouts of immobility as the session progressed. A 3-min test
session was used that was recorded by a digital video camera
positioned in front of the TST apparatus. The total duration of
immobility for individual animal was recorded. Mice were con-
sidered immobile when they hung passively and motionless.
Because of a propensity of C57BL/6] mice to climb up their tails
during the testing session (31), mice that climbed their tail or
fell off the hanger were excluded from the final analysis (less
than 20% of the total population). We also noted that mice with
relatively lower body weight or younger than 8 weeks old may
display a high propensity to climb up their tails during the test.
Thus, 8-week-old male mice, 20 -24 g body weight, were used
for TST. The behavioral performance was scored by a trained
observer blind to the experimental conditions.

Sucrose Preference Test—Sucrose preference test (SPT) was
performed on a modified version as described previously (32).
Mice were first habituated to consume water in the two-bottle-
choice paradigm for 3 days. At the beginning of the experiment,
mice were housed individually in the test chamber identical to
their home cage, and water was deprived for 1 h to increase
drinking behavior. In the test session, mice were provided
access to two bottles with 1% sucrose solution and water,
respectively, for 3 h. The sucrose preference score was deter-
mined dividing the volume of sucrose consumed by the total
liquid consumption.

Chronic Mild Stress—To induce chronic mild stress (CMS),
mice were exposed to a variable sequence of mild and unpre-
dictable stressors according to the procedure adapted from
Willner et al. (33) and Moreau et al. (34). The procedure
included the following: one overnight period of food and water
deprivation for 16 h; two 5-min periods of social defeat; one
period of continuous overnight illumination for 16 h; one 3-h
4 °C cold exposure; two 0.5-h periods of restraint stress; one
overnight period of confinement to small cages (14 X 14 X 15
cm?, length X wide X height) for 16 h; one 3-h 40° cage tilt; and
one overnight period in a soiled cage for 16 h (by adding 100 ml
of water to the home cage). The CMS procedure was carried out
in a randomized fashion for a 1 week period and repeated over
3 weeks. After CMS, mice were subjected to SE or EE for 7 days
before behavioral tests.

Plasma Corticosterone Assay—Blood samples were obtained
from the tail vein just before and after CMS and after exposure
to SE or EE for 7 days and were centrifuged at 1000 X g, and
plasma was separated and stored at —20 °C. Because behavioral
tests were performed between 10:00 a.m. and 4:00 p.m., blood
samples were collected at 10:00 a.m. (2 h after the start of the
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light cycle of experimental animals). Plasma corticosterone lev-
els were determined using a commercially available enzyme
immunoassay kit (Cayman Chemical, Ann Arbor, MI) accord-
ing to the manufacturer’s instructions.

Hippocampal Neuronal Cultures—Primary cultures of hip-
pocampal neurons were prepared from newborn C57BL/6]
mouse pups on postnatal day 0 as described elsewhere (35, 36).
Mouse pups were decapitated, and hippocampi were dissected
out in ice-cold Hanks’ balanced salt solution (Invitrogen). Tis-
sues were enzymatically digested with 0.25% trypsin (Sigma) for
15 min at 37 °C. Cells were disaggregated by trituration and
plated on poly-L-lysine-coated Petri dishes or glass coverslips in
Neurobasal-A medium containing B27 serum-free supplement
(Invitrogen), 0.5 mM L-glutamine, and antibiotics (50 units/ml
penicillin and 50 wg/ml streptomycin). Half of the growth
medium was replaced every 3 days thereafter.

Quantitative Real Time PCR (qPCR)—Total RNA was iso-
lated from hippocampal CA1 tissue lysates using a TriReagent
kit (Molecular Research Center, Cincinnati, OH) and treated
with RNase-free DNase (RQ1; Promega) to remove potential
contamination by genomic DNA. Total RNA (1 pg) from sam-
ples was reverse-transcribed using a SuperScript cDNA synthe-
sis kit (Invitrogen). qPCR was performed on the Roche Light-
Cycler instrument (Roche Diagnostics) using the FastStart
DNA Master SYBR Green I kit (Roche Diagnostics) according
to the manufacturer’s instructions. The primers used in this
experiment were as follows: HIF-1e, 5'-TGCTTGGTGCTGA-
TTTGTGA-3' (forward) and 5'-GGTCAGATGATCAGAGT-
CCA-3' (reverse); VEGF, 5'-GCTCTCTTGGGTGCACTGGA-3’
(forward) and 5'-CACCGCCTTGGCTTGTCACA-3’ (reverse);
and 18 STRNA, 5'-CAACTTTCGATGGTAGTCGC-3' (forward)
and 5'-CGCTATTGGAGCTGGAATTAC-3' (reverse). Sam-
ples were amplified for 40 cycles consisting of 95 °C (20 's), 60 °C
(205),and 72 °C (40 s), and PCR amplifications were repeated in
duplicate. After amplification, equal volumes of PCR products
were subjected to electrophoresis on 1% (w/v) agarose gels and
visualized with ethidium bromide. A melting curve was created
at the end of the PCR cycle to confirm that a single product had
been amplified. Data were analyzed by LightCycler quantifica-
tion software to determine the threshold cycle above back-
ground for each reaction. The relative transcript amount of the
gene of interest, which was calculated using standard curves of
serial RNA dilutions, was normalized to that of 18 S rRNA.

Western Blotting Analysis—Hippocampal tissue samples
were lysed in ice-cold Tris-HCI buffer solution (TBS; pH 7.4)
containing a mixture of protein phosphatase and proteinase
inhibitors (50 mm Tris-HCI, 100 mm NaCl, 15 mm sodium pyro-
phosphate, 50 mm sodium fluoride, 1 mm sodium orthovana-
date, 5 mm EGTA, 5 mm EDTA, 1 mm phenylmethylsulfonyl
fluoride, 1 wm microcystin-LR, 1 um okadaic acid, 0.5% Triton
X-100, 2 mMm benzamidine, 60 ug/ml aprotinin, and 60 ug/ml
leupeptin) to avoid dephosphorylation and degradation of pro-
teins and ground with a pellet pestle (Kontes Glassware). Sam-
ples were sonicated and spun down at 15,000 X gat 4 °C for 15
min. The supernatant was then assayed for total protein con-
centration using the Bradford protein assay kit (Bio-Rad). Each
homogenate tissue sample was separated in a 7% SDS-poly-
acrylamide gel. Following transfer onto nitrocellulose mem-

40940 JOURNAL OF BIOLOGICAL CHEMISTRY

branes, blots were blocked in TBS containing 3% bovine serum
albumin (BSA) and 0.1% Tween 20 for 1 h and then blotted
overnight at 4 °C with antibodies for HIF-1a (1:1000; Novus,
Littleton, CO), HIF-18 (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), synapsin I (1:2000; Cell Signaling, Danvers,
MA), PSD-95 (1:5000; Millipore, Temecula, CA), or B-actin
(1:2000; Sigma). Each blot was probed with horseradish perox-
idase (HRP)-conjugated secondary antibody for 1 h and devel-
oped using the ECL immunoblotting detection system (GE
Healthcare). Immunoblots were analyzed by densitometry
using Bio-profil BioLight PC software. Only film exposures that
were not saturated were used for quantification analysis.
Expression of HIF-1a or HIF-13 was evaluated relative to that
of B-actin. Background correction values were subtracted from
each lane to minimize variability across membranes.

Preparation of Synaptoneurosomes—Hippocampal CA1 tis-
sues were minced in ice-cold homogenization buffer (0.32 m
sucrose, 20 mm HEPES, 1 mm EDTA, 1X protease inhibitor
mixture, 5 mm sodium fluoride, and 1 mm sodium vanadate)
and homogenized using a glass tissue grinder with a Teflon
pestle. The homogenate was centrifuged at 1000 X g for 10 min
to remove nuclei and cell debris, and the supernatant was trans-
ferred to a new tube and centrifuged at 10,000 X g for 30 min to
generate a crude synaptoneurosomal fraction. After centrifuga-
tion, the pellet was resuspended and sonicated in protein lysis
buffer (50 mMm Tris-HCl, 150 mMm NaCl, 1% Triton X-100, 0.1%
SDS, 2 mm EDTA, 1 mM sodium vanadate, 5 mMm sodium fluo-
ride, and 1X protease inhibitor mixture). All procedures were
performed at 4 °C.

Construction and Production of Engineered Lentiviruses—
Engineered self-inactivating recombinant lentiviruses were
used for stably overexpressing or silencing the HIF-1a gene in
mouse hippocampus iz vivo or primary culture of mouse hip-
pocampal neurons in vitro described by Huang et al. (36).
Viruses were produced by co-transfection of lentiviral DNA
with two helper plasmids in HEK293T cells as follows: vesicular
stomatitis virus envelope glycoprotein and A8.9 (37). Medium
containing recombinant lentiviruses was harvested 36-48 h
after transfection and ultracentrifuged to obtain concentrated
lentiviral particles. Pellets were resuspended by phosphate
buffer solution with titers of 10° to 10° units/ml. For HIF-1a
knockdown experiments, small hairpin RNAs (shRNAs) were
expressed under a human H1 promoter and EGFP (as a marker
for infection efficacy) under the CAG promoter (Addgene plas-
mid 12247). A set of shRNAs targeted at the coding region
of mice HIF-1la (shRNA-HIF-1a) and one control shRNA
directed against DsRed (shRNA-DsRed) were designed. Gener-
ation of short hairpin sequences were cloned into lentiviral vec-
tor using a PCR-based strategy, GTGATGAAAGAATTACT-
GAGT (shRNA-HIF-1a) and AGTTCCAGTACGGCTCCAA
(shRNA-DsRed). The shRNAs were injected into the CAl
region of the dorsal hippocampus, and the specificity and effi-
ciency of the shRNAs were confirmed by collecting virus-in-
fected hippocampal CA1 tissues for Western blotting analysis.
For overexpression of constitutively active HIF-1aw (CA-HIE-
la), a lentiviral vector (UXIE) with bicistronic expression of
transgenes and EGFP was constructed under the control of
ubiquitin promoter and separated by an internal ribosomal
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entry site. CA-HIF-1a was cloned by internal deletion of the
oxygen regulation degradation domain (amino acids 392—520),
which resulted in a sustained increase in expression levels of
HIF-1a under normoxic conditions (38), and the efficiency of
CA-HIF-1a was proved by luciferase activity in our previous
study (36).

For Flk-1 receptor knockdown experiments, the short hair-
pin sequences of Flk-1 receptors were cloned into lentiviral
vector based on a PCR strategy, CCCTGTGAAGTATCT-
CAGTTA (shRNA-FIk-1). For experiments requiring overex-
pression of the dominant negative form of Flk-1 receptors (DN-
Flk-1), the transmembrane domain sequence and 23 residues
of the cytoplasmic part of full-length Flk-1 receptors were
retained but truncated the intracellular kinase domain by dele-
tion of the 561 C-terminal amino acids (39). The DN-FIk-1 was
further constructed fusing with EGFP under the control of
CAG promoter. For analysis of dendritic spines, hippocampal
cultured neurons were grown on coverslips that transiently co-
transfected with constructs encoding B-actin-targeted EGFP
(B-actin-EGFP) with shRNA-DsRed, shRNA-Flk-1, or DN-
Flk-1 plasmids using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Construction of Lentiviral Vectors Expressing miRNAs and
Antagomirs—To generate miRNA expression constructs, a
200-bp DNA fragment surrounding the individual miRNA
sequence was amplified by PCR from the mouse genome
library. The PCR products were then cloned into the lentiviral
expression vectors under the control of H1 promoter. The
EGFP-expressing cassette with its EFla promoter was cloned
into a lentivirus expression vector to visualize the infected cells.
The following primers were used: miR-107, 5'-ACGCGTCGC-
GCCATTACTGCCGTAGACCA-3' and 5'-ATCGATGAAC-
TTAGCAATCTTTCAAA-3'; miR-20b, 5'-ACGCGTCGCA-
TTTGAACGGCACAATTTC-3' and 5'-ATCGATCAGCCA-
TATATTCACATATA-3'; miR-134, 5'-ACGCGTCGCCAA-
CCTTGGTGAGGCAGCTG-3" and 5'-ATCGATATCCTGG-
TCCACTGAGCAGG-3'; and miR-138, 5'-ACGCGTCGCG-
GGTTCTGGGCTTTCTACCT-3', and 5'-ATCGATTG-
AACATCACCTTTCACAGT-3'. All constructs were gener-
ated by using standard protocols in molecular biology and con-
firmed by DNA sequencing.

For stable interference with endogenous miRNA expression
and function, we used antagomiR treatment (40, 41). The indi-
vidual antagomiR was cloned into the lentiviral vector under
the control of H1 promoter. Short hairpin sequences targeting
different endogenous miRNAs were cloned into the lentiviral
vector based on a PCR strategy as follows: miR-107, AGCAG-
CATTGTACAGGGCTATCA; miR-20b, CAAAGTGCTCAT-
AGTGCAGGTA; miR-134, TGTGACTGGTTGACCAGA-
GGG; and miR-138, AGCTGGTGTTGTGAATCAGGCCG.

Stereotaxic Viral Injection—Recombinant lentiviruses that
express control shRNA-DsRed, shRNA-HIF-1«, miR-107, or
antagomiR-107 were injected bilaterally into the CA1 region of
the dorsal hippocampus using standard stereotaxic procedures.
Under pentobarbital anesthesia, concentrated virus stock solu-
tion was injected into the targeted sites (0.5 ul per site at 0.25
wl/min) by using a Hamilton syringe with a 34-gauge blunted
tip needle. All mice received four sites of viral injection target-
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ing the CA1 region of the dorsal hippocampus (coordinates:
anteroposterior = —2 mm from bregma; lateral = =1.8 mm;
ventral = 1.7 mm; anteroposterior = —2.5 mm from bregma;
lateral = +2.3 mm; ventral = 1.9 mm) in accordance with the
description by Franklin and Paxinos (42). Animals were allowed
to recover for 10 days before starting the experiments.

Golgi Impregnation—Mice were deeply anesthetized with
sodium pentobarbital (50 mg/kg intraperitoneally) and tran-
scardially perfused with phosphate-buffered solution (PBS),
and brains were then removed and immersed in Golgi-Cox
solution at room temperature for 2 weeks. After transferring to
a 30% sucrose solution for 48 h, 200-um thick coronal sections
were prepared by use of a vibrating microtome (VT1200S;
Leica, Nussloch, Germany). The slices were subsequently alka-
linized in 18.7% ammonia, fixed in Kodak Rapid Fix solution,
dehydrated in alcohol, cleared with xylene, mounted onto gela-
tinized slides, and coverslipped under Permount (Fisher). Spine
number was determined blind to the treatment condition. At
least 10 pyramidal neurons from each animal (three animals per
group) were chosen for analysis. Images of dendritic spines
were taken from the secondary and tertiary branches of basilar
dendrites (30—100 um from the soma) of hippocampal CA1
pyramidal neurons by using the Olympus microscope equipped
with a 100X 1.25 NA oil immersion objective. Multiple Z-stack
images of neurons from CA1 regions were collected with the
aid of a computer-assisted neuron tracing system (Neuro-
Lucida, Microbrightfield, Inc.) and further reconstructed by
using Image] software. Spines were defined as dendritic protru-
sions =2 um in length, with an obvious head structure. The
number of spines was counted with 20-um dendrite segments
and presented as the number of dendritic spines in 20 wm.

Quantification of VEGE-A Protein by Enzyme-linked Immu-
nosorbent Assay—The amount of VEGF-A in hippocampal tis-
sues or the release from cultured hippocampal neurons was
measured by ELISA using a commercially available kit specific
for mice VEGF-A (Bender MedSystems, Vienna, Austria)
according to the manufacturer’s instructions.

Quantification of BDNF by Enzyme-linked Immunosorbent
Assay (ELISA)—The BDNF levels were measured with a con-
ventional two-site enzyme-linked immunosorbent assay kit
according to the manufacturer’s protocol (Promega, Charbon-
niere, France). Briefly, hippocampal tissues were homogenized
with ice-cold lysis TBS and centrifuged for 20 min at 15,000 X
gat4 °C. BDNF concentrations were calculated from regression
analysis of human recombinant BDNF standard curve run in
each assay and expressed as normalized per ug of tissue weight.

Plasmid Transfection and VEGF Treatment—For quantita-
tive analysis of dendritic spine number in vitro, hippocampal
neuronal cultures (3 X 10° cells) were grown on glass coverslips
(10-mm diameter) inserted in Petri dishes. The mature neuro-
nal cultures at 12 days in vitro (DIV) were co-transfected with
0.5 ug of B-actin-EGFP plasmid and 1 ug of shRNA-DsRed,
shRNA-FIk-1, or DN-Flk-1 plasmid by Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

To determine the effect of VEGF on the number of dendritic
spines, mature neuronal cultures at 12 DIV were transfected
with the indicated plasmids for 3 days, followed by stimulation
with VEGF (100 ng/ml) for 24 h. VEGF (Sigma) was first dis-
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solved in distilled water as stock solution and further diluted
into culture medium to achieve final concentrations of 1-100
ng/ml. The stock solutions of VEGF were aliquots stored at
—20°C.

Immunofluorescence Staining—Cultured hippocampal neu-
rons were fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature. After fixation, neurons were washed three
times with PBS at room temperature and then permeabilized
and blocked simultaneously in a solution containing 2% goat
serum, 3% BSA, and 0.2% Triton X-100 in PBS for 1 h at room
temperature. The primary antibody against GFP (1:5000;
Abcam) was added in blocking solution and incubated over-
night at 4°C to enhance the EGFP-expressed signal. After
rinses with PBS, coverslips with neurons were incubated for 1 h
at room temperature with appropriate Alexa Fluor 488-conju-
gated secondary antibodies diluted in 3% BSA, counterstained
with nucleic marker 4,6-diamidino-2-phenylindole (1:2000;
Santa Cruz Biotechnology), rinsed extensively in PBS, and
mounted with ProLong Gold Antifade Reagent (Invitrogen).

Immunohistochemistry—Mice were deeply anesthetized
with sodium pentobarbital (50 mg/kg, intraperitoneally) and
perfused transcardially with PBS and 4% paraformaldehyde.
After the perfusion, brains were removed and continued to fix
in 4% paraformaldehyde for 48 h at 4 °C and then transferred to
the solution containing 30% sucrose that was immersed at 4 °C
for at least 48 h before slicing. Coronal slices were sectioned to
a 40-um thickness, washed with 0.3% Triton X-100, and then
incubated for blocking with solution containing 3% goat serum
in PBS. After blocking, floating tissue slices were washed with
wash buffer (TBS-T, 10 mm Tris-HCI, 150 mm NaCl, and
0.025% Tween 20; pH 7.4), incubated with 1% H,O, for 30 min
to block endogenous peroxidase, and incubated in PBS. The
sections were incubated in the primary antibody against GFP
(1:1000; Abcam) overnight at 4 °C in PBS with 0.1% Triton
X-100. Finally, sections were washed with TBS-T and then
incubated with the secondary Alexa Fluor 488 anti-rabbit anti-
bodies for 1 h at room temperature. The immunostained sec-
tions were collected on separate gelatin-coated glass slides,
washed, dehydrated, and air-dried, and the slices were cover-
slipped with Permount (Fisher).

Image Acquisition and Quantification—Fluorescence micro-
scopic images of neurons were obtained using an Olympus
BX51 microscope (Olympus, Tokyo, Japan) or an Olympus
FluoView FV1000 confocal microscope with sequential acqui-
sition setting at a resolution of 1024 X 1024 pixels and a sam-
pling of six consecutive optical sections in the Z-stack. The high
magnification images were recorded with an Olympus Plan
Apochromat 60X oil immersion objective (1.42 numerical
aperture and 0.15 working distance). At least 20 neurons (~3-5
dendrites per neuron) from three independent experiments
were used to determine spine density for each experimental
condition by using MetaMorph image analysis software (ver-
sion 7.0, Molecular Devices, Downingtown, PA). The number
of dendrites used for quantification is indicated in the figures.
To quantify dendritic spine number, dendritic segments
50-100 wm from the soma were used, and each individual
spine present on the dendrites was manually traced. The num-
ber of dendritic spines was measured at 50 wm distant from the
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soma and a 50-um length of dendritic segment. Dendritic
spines were defined as any protrusions of 0.5-5 um in length
that had a clear neck and a relatively large head structure (43,
44). Blind conditions were used for the morphometric quanti-
fication of acquired images.

Statistical Analysis—Data for each experiment were normal-
ized relative to controls and presented as means *= S.E. The
significance of any difference between means was calculated by
using analysis of variance with Bonferroni’s post hoc analyses in
comparison between multiple groups or the unpaired Student’s
t test between two groups. Probability values (p) less than 0.05
were considered to be statistically significant. The number of
experiments performed was indicated by n.

RESULTS

Short Term Exposure to EE Produces Antidepressant-like
Effects—To determine whether EE has antidepressant-like
effects in behavioral models of depression, we used the TST
(30), a variable that is considered to reflect “behavioral despair,”
to assess depressive-like behaviors in adult male mice previ-
ously housed in SE or EE for a period of 3 or 7 days. As shown in
Fig. 1A, mice previously housed in EE for 7 days spent signifi-
cantly less time immobile compared with mice previously
housed in SE as indicated by a main effect of housing (F; 4, =
6.8; p < 0.05) and a significant housing X treatment duration
interaction (F(, 45y = 5.7; p < 0.05). In addition, previous EE
treatment also had antidepressant-like effects in both the SPT
and forced swimming test (data not shown), two other classical
experimental models used to evaluate behavioral despair. How-
ever, no significant differences in total distance traveled and
percentage of time spent in the central zone in the open field
were observed in EE-housed mice when compared with SE-
housed mice, indicating that previous exposure to EE did not
alter the anxiety state of the animals (data not shown). More-
over, the antidepressant-like effects of enriched housing in the
TST were still evident 1 week following EE treatment and were
able to restore upon re-exposure to EE (Fig. 1B).

EE Increases Hippocampal VEGF Expression Associated with
the Antidepressant-like Effects—Because mice previously
housed in EE for 7 days consistently showed antidepressant
efficacy in the TST, we chose this assessment for all subsequent
experiments designed to elucidate the mechanisms underlying
the antidepressant-like effects of EE. We next evaluated poten-
tial mediators underlying the EE-induced antidepressant-like
effects. Although EE may affect a wide range of signaling events
(45), we chose to focus on the growth factor signaling pathways
for the following two reasons: 1) increased hippocampal
expression of VEGF and BDNF are observed after long term EE
treatment (46 —48), and 2) the effectiveness of antidepressant
treatments are correlated with the expression levels of VEGF
and BDNF in the hippocampus (49 -52). When we measured
VEGEF-A and BDNF protein expression in the hippocampal tis-
sue lysates of EE- or SE-housed mice at the end of the 7-day
treatment period by ELISA, both hippocampal VEGF-A and
BDNF levels in EE-housed mice (VEGEF-, 35.3 £ 0.8 pg/mg tis-
sue; BDNF, 254.2 * 25 pg/mg tissue) were significantly higher
than in SE-housed mice (VEGF-A, 29.8 = 1.8 pg/mg tissue;
BDNF, 165.5 * 21 pg/mg tissue) (Fig. 1, C and D). To further
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FIGURE 1. Short term exposure to EE produced antidepressant-like effects. A, depressive-like behaviors were measured by the TST. The immobility time
during a 3-min TST was measured in mice after housing in an SE or EE for a period of 3 or 7 days. B, schematic representation of the experimental designs for
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the hippocampus of mice subjected to SE or EE for 7 days. E, correlation analysis of VEGF-A levels in the hippocampus of mice and the immobility time in the
TST. F, correlation analysis of BDNF levels in the hippocampus of mice and the immobility time in the TST. G, immobility time in the TST for wild type (WT) or
heterozygous Flk-1 knock-out (FIk-1*/~) mice subjected to SE or EE for 7 days. H, immobility time in the TST for homozygous BDNF-floxed or BDNF conditional
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characterize the relationship between growth factors and EE-
induced antidepressant-like effects, we correlated the TST per-
formance with the expression levels of VEGF-A or BDNF pro-
tein in the hippocampus. A significant inverse correlation
between the immobility time in the TST and the levels of
VEGE-A protein was observed (r = —0.64; p < 0.01; Fig. 1E),
whereby the higher the levels of VEGF-A protein, the lower the
immobility time obtained in the TST. However, the immobility
time and BDNF protein levels were not correlated with each
other (r = —0.08; p = 0.77; Fig. 1F).

VEGEF exerts its biological functions via activation of the pro-
tein-tyrosine kinase receptors, VEGF receptor 1 (VEGFR1/
Flt-1) or VEGF receptor 2 (VEGFR2/Flk-1), which differ con-
siderably in their individual signaling properties (27). Because
pharmacological blockade of the Flk-1 inhibited the action of
chemical antidepressants (28, 29), we investigated whether
VEGF signaling through the Flk-1 is required for EE-induced
antidepressant-like effects. For this, we assessed the antidepres-
sant-like effects of EE in heterozygous Flk-1 knock-out mice.
There was no obvious difference in the immobility time
between the heterozygous Flk-1 receptor knock-out mice pre-
viously housed in EE and SE for 7 days (FIk*/~-SE, 89.3 + 5.45;
FIk*/~-EE,97.1 = 7.1 s; p = 0.39; Fig. 1G). However, immobil-
ity time in the TST was significantly reduced in EE-housed wild
type mice when compared with SE-housed mice (WT-SE,
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91.2 £4.1s; WT-EE, 64.6 = 6.7 s; p < 0.01). To examine further
the relationship between BDNF and EE-induced antidepres-
sant-like effects, we measured the antidepressant-like effects of
EE in BDNF conditional knock-out mice. As shown in Fig. 1H,
EE-housed BDNF conditional knock-out mice (BDNF~/~-SE,
81.38 + 3.8 s; BDNF /-EE, 56.6 * 2.6 s; p < 0.01) and litter-
mate controls (homozygous BDNF-floxed) (floxed-SE, 79.9 =
5.2 s; floxed-EE, 50.8 = 6.1 s; p < 0.01) showed a similarly
decreased immobility time in the TST when compared with
SE-housed mice. These results underscore an important role of
VEGE/FIk-1 signaling in mediating EE-induced antidepres-
sant-like actions.

We also determined whether EE has antidepressant-like
effects in the CMS model of depression. The experimental
design is shown in Fig. 2A4. As expected, CMS exposure exhib-
ited a significant reduction in the SPT (F 3 35, = 12.04; p < 0.01;
Fig. 2B) and an increase in immobility time in the TST (F3 55, =
15.8; p < 0.01; Fig. 2C), indications of elevated levels of depres-
sion. Exposure to EE for 7 days significantly reversed the CMS-
induced behavioral deficits in both the SPT (CMS-SE, 61.3 =
3.7%; CMS-EE, 752 = 3.2%; p < 0.02) and TST (CMS-SE,
113.2 £ 3.9s; CMS-EE, 91.8 = 4.8 s; p < 0.01), when compared
with SE-housed CMS mice. In addition, a significant increase in
basal plasma corticosterone levels was noted in CMS mice
before being housed in SE or EE (F, 54, = 5.1; p < 0.001; Fig.
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FIGURE 2. EE treatment leads to antidepressant-like effects in chronic
mild stress model. A, schematic representation of the experimental designs
for examining the EE-induced antidepressant-like effects in mice subjected to
a 21-day CMS before SE or EE treatment. B, depressive-like behaviors were
measured by the SPT. Preference ratios for sucrose solution over water were
measured in CMS mice after housing in an SE or EE for a period of 7 days.
C, depressive-like behaviors were measured by the TST. The immobility time
during a 3-min TST was measured in CMS mice after housing in an SE or EE for
a period of 7 days. D, plasma corticosterone levels were measured in CMS
mice before and after housing in an SE or EE for a period of 7 days. The total
number of animals examined is indicated by n in parentheses. Data are pre-
sented as means *+ S.E.*, p < 0.05 compared with pre-exposed CMS (Pre-CMS)
group.

2D). However, we found no significant effect of housing treat-
ment on basal plasma corticosterone levels in CMS mice (CMS-
SE, 56.4 * 2.7 ng/ml; CMS-EE, 58.8 £ 4.6 ng/ml; p = 0.65),
indicating that the antidepressant-like effects of enriched hous-
ing is not due to the reversal of CMS-induced increases in
plasma corticosterone levels.

EE Increases Dendritic Spine Number in Hippocampal CA1
Pyramidal Neurons—Because alterations in the morphology
and number of dendritic spines are closely associated with
depressive-like behaviors and their treatments (4, 14-16), we
therefore examined the influence of EE on spine number of
hippocampal CA1 pyramidal neurons based on Golgi-Cox
staining. Golgi impregnation demonstrated that the spine
number of CA1 pyramidal neurons was significantly increased
in the hippocampus of EE-housed mice when compared with
SE-housed mice (Fig. 34). The number of dendritic spines was
significantly elevated after housing mice in EE for 3 days and
reached maximal level for 5 days (SE, 21.7 = 0.6; EE-1 day,
22.5 = 0.5; EE-3 days, 27.2 * 0.5; EE-5 days, 30.9 = 0.6; EE-7
days, 32.1 + 0.6; F( o) = 61.4; p < 0.05; Fig. 3B). In addition, we
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Cand D, representative immunoblot and corresponding densitometric anal-
ysis showing the expression levels of synapsin | and PSD-95 in the synap-
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jected to SE or EE for 1-7 days. E, summary graph showing the number of
dendritic spines of hippocampal CA1 pyramidal neurons in WT or Flk-1/~
mice subjected to SE or EE for 7 days. F, summary graph showing the number
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BDNF ~/~ mice subjected to SE or EE for 7 days. The total number of dendrites
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also observed that the levels of presynaptic protein synapsin I
and postsynaptic protein PSD-95 were significantly increased
in the synaptoneurosomal fractions prepared from hippocam-
pal CA1 tissues of EE-housed mice when compared with SE-
housed mice (Fig. 3, C and D). Levels of synapsin I and PSD-95
were elevated after housing mice in EE for 5 days and reached
maximal level for 7 days.

To test whether VEGF/FIk-1 signaling is required for EE-
induced increase in spine number, we measured the effect of EE
on dendritic spine number in heterozygous Flk-1 knock-out
mice (F(355) = 57.4; p < 0.01). As shown in Fig. 3E, no signifi-
cant difference was observed in the spine number in hippocam-
pal CAl pyramidal neurons between the heterozygous Flk-1
knock-out mice previously housed in EE and SE for 7 days
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(FIk*/~-SE, 22.5 = 0.5; FIk" /" -EE, 22.9 = 0.8; p = 0.66). How-
ever, a significant increase in spine number was observed in
EE-housed wild type mice when compared with SE-housed
mice (WT-SE, 21.9 £ 0.7; WT-EE, 31.9 = 0.6; p < 0.01). We
also performed similar experiments in BDNF conditional
knock-out mice (F35, = 58.6; p < 0.01). EE-housed BDNF
conditional knock-out mice (BDNF/~-SE, 21.7 * 0.5
BDNF /7-EE, 31.9 * 0.8; p < 0.01) and littermate controls
(floxed-SE, 22.1 £ 0.5; floxed-EE, 31.6 = 1.0; p < 0.01) showed
a similar increase in spine number when compared with SE-
housed mice (Fig. 3F). These results strongly support a role for
VEGE/FIk-1 signaling in mediating an EE-induced increase in
dendritic spine number in hippocampal CAl pyramidal
neurons.

To further confirm that VEGF can promote dendritic spine
formation, we took advantage of an in vitro neuronal culture
system to examine the role of VEGF/FIk-1 signaling in the reg-
ulation of spinogenesis. For this, hippocampal neuronal cul-
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tures were transfected with a DNA construct encoding 3-actin-
EGEFP at 12 DIV. Three days after transfection, neurons were
treated with different doses of VEGF (1-100 ng/ml) for 24 h,
followed by the morphological analysis. We found that VEGF
produced a significant and dose-dependent increase in the
number of dendritic spines (F5 ;59 = 25.2, p < 0.001; Fig. 4, A
and B). In addition, the increase in spine number by VEGF was
time-dependent, which became apparent as soon as 12 h and
remained elevated at 24 and 48 h following VEGF (100 ng/ml)
treatment (F(4,,291) = 81.6, p < 0.001; Fig. 4, C and D). To deter-
mine whether the increase in spine number by VEGF was medi-
ated through the activation of Flk-1, we co-transfected hip-
pocampal neurons with B-actin-EGFP DNA construct and a
lentiviral vector expressing shRNA specifically targeted against
Flk-1 (shRNA-Flk-1) or a control vector expressing an shRNA
sequence targeted against DsRed (shRNA-DsRed) at 12 DIV
and then examined at 16 DIV after treatment with VEGF for
24 h. As shown in Fig. 5, A and C, the spine number was
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increased by VEGF treatment in hippocampal neurons trans-
fected with shRNA-DsRed (control, 38.7 = 0.9; VEGF, 47.4 =
1.1; p <0.01), but this increase was not observed in shRNA-Flk-
1-transfected neurons (control, 37.6 * 0.6; VEGF, 38.6 = 0.6;
p = 0.2). Neither shRNA-DsRed nor shRNA-FIk-1 transfection
alone significantly altered the spine number. Similarly, overex-
pression of a dominant negative mutant of Flk-1 (DN-Flk-1)
completely prevented the VEGF-induced increase in the spine
number (control, 38.1 = 0.6; VEGF, 38.4 = 0.5; p = 0.78) when
compared with neurons transfected with the control vector
(control, 37.9 = 0.7; VEGF, 46.5 = 0.9; p < 0.001; Fig. 5, B and
D). Neither DN-FIk-1 nor vector transfection alone signifi-
cantly altered the spine number of hippocampal neuronal
cultures.

EE Stimulates VEGF Production by the Up-regulation of
HIF-1a—To determine whether EE-induced elevation of VEGF
protein production was due to an increase in new mRNA and
protein synthesis, we examined the expression patterns of
VEGF mRNA and protein in the hippocampus of EE-housed
mice. We found that steady-state protein levels of VEGF were
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elevated after housing mice in EE for 3 days, reached maximal
levels for 4 days, and remained elevated for 7 days (F; 40) =
3.09; p < 0.05; Fig. 6A). In parallel, we observed that EE treat-
ment caused a significant increase in VEGF mRNA levels based
on qPCR analysis. The levels of VEGF mRNA were elevated
after housing mice in EE for 2 days, reached maximal levels for
3 days, and remained elevated for 4 days (F(, ¢,y = 8.65; p <
0.01; Fig. 6B).

Because the expression of VEGF is tightly regulated by
HIF-1a (53-55), we therefore examined the influence of EE on
HIF-1a protein expression in the hippocampus. Western blot-
ting analysis revealed that HIF-1a protein in hippocampal CA1
region was significantly increased by exposure to EE for 2 or 3
days (F(; 3g) = 2.3; p < 0.05; Fig. 6C). Notably, this enhancement
did not persist by increasing the period of EE treatment. In
addition, the increase in HIF-1a protein levels following a 3-day
EE treatment was only observed in the CA1 region but not in
the CA3 region or the dentate gyrus of the hippocampus (Fig.
6D). However, the expression levels of HIF-1 protein were not
significantly affected by EE treatments (data not shown). These
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results suggest that the stimulatory effect of EE on VEGF pro-
duction is mediated, at least in part, by the up-regulation of
HIF-1a.

HIF-1a Is Essential for EE-induced Antidepressant-like
Effects—The above results clearly indicate that HIF-1« plays a
crucial role in EE-induced elevation of VEGF production, and
the subsequent activation of VEGF/Flk-1 signaling is required
specifically for EE-induced antidepressant-like effects. These
findings prompted us to investigate whether knockdown of hip-
pocampal CA1 HIF-1a could inhibit the EE-induced antide-
pressant-like effects. For this, we generated a lentiviral vector
expressing shRNA specifically targeted against HIF-le
(shRNA-HIF-1a) and a control ShARNA-DsRed. Measurement
of HIF-1a levels by Western blotting analysis revealed signifi-
cant reduction in expression of HIF-1a protein in hippocampal
neuronal cultures transfected with shRNA-HIF-1a when com-
pared with shRNA-DsRed-transfected neurons, confirming the
ability of shRNAs to knock down HIF-1a (36). Having con-
firmed the knockdown efficiency of sSARNA-HIF-1a in vitro, we
then microinjected shRNA-DsRed or shRNA-HIF-1« bilater-
ally into the CA1 region of the dorsal hippocampus of mice. Ten
days after the injection of shRNA, mice were subjected to EE or
SE for 7 days, followed by the TST (Fig. 7A). Lentivirus-medi-
ated gene delivery resulted in widespread transgene expression
in the neurons, as shown by EGFP fluorescence in mice injected
with shRNA-HIF-1a (Fig. 7B). In addition, a significant
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decrease in hippocampal HIF-la protein expression was
observed in mice transfected with shRNA-HIF-1« when com-
pared with naive or shRNA-DsRed-transfected mice (Fig. 7C).
Furthermore, we observed no significant difference in the
expression of VEGF-A protein in the hippocampal tissue
lysates of EE- or SE-housed shRNA-HIF-1a-transfected mice at
the end of 7-day treatment period (SE, 111.6 * 14.2%; EE,
115.3 £ 13.8%; p = 0.86; Fig. 7D). However, the protein levels of
VEGEF-A were significantly increased in EE-housed shRNA-
DsRed-transfected mice when compared with SE-housed
shRNA-DsRed-transfected mice (EE-housed mice, 164.0 *=
12.3%, versus SE-housed mice; p < 0.001). In the TST, EE-in-
duced antidepressant-like effects were completely blocked in
shRNA-HIF-1a-transfected mice (SE, 93.5 * 7.0 s; EE, 104.1 *
6.9 s; p = 0.31) when compared with SE-housed shRNA-HIF-
la-transfected mice (Fig. 7E). The immobility time in the TST
was significantly reduced in EE-housed shRNA-DsRed-trans-
fected mice when compared with SE-housed shRNA-DsRed-
transfected mice (SE, 94.1 = 5.4 s; EE, 67.0 = 5.5 s; p < 0.01).
Conversely, overexpression of the constitutively active form of
HIF-1a (CA-HIF-1a) in the hippocampus significantly reduced
the immobility time in the TST (F(3 5,y = 12.4; p < 0.001) and
occluded the antidepressant effect of EE (CA-HIF-1a-SE,
67.1 = 4.2s; CA-HIF-1a-EE, 69.6 = 3.1 s; p = 0.64; Fig. 7F). We
also investigated the role of HIF-1a in EE-induced increase in
spine number of hippocampal CA1 pyramidal neurons (Fi3 g4y =
98.2; p < 0.01). We found no significant difference in spine
number between the shRNA-HIF-1a-transfected mice housed
in an EE and SE for 7 days (SE, 25.7 = 0.5; EE, 25.1 = 0.4; p =
0.37; Fig. 7, G and H). However, a significant increase in spine
number was observed in EE-housed shRNA-DsRed-transfected
mice when compared with SE-housed shRNA-DsRed-trans-
fected mice (SE, 25.9 = 0.4; EE, 35.5 = 0.6; p < 0.001). These
results suggest an important role for the HIF-1a-dependent
induction of VEGF expression in mediating EE-induced eleva-
tion of dendritic spine number and antidepressant-like effects.

The importance of HIF-1a-dependent induction of VEGF
expression in the regulation of spinogenesis was further deter-
mined by transfection of hippocampal neuronal cultures with
the lentiviral construct encoding CA-HIF-1a. Overexpression
of CA-HIF-1a resulted in a significant increase in VEGF pro-
tein expression (F(, ,,, = 8.6; p < 0.01) and occluded the stim-
ulatory effect of VEGF on dendritic spines (CA-HIF-1a-Con-
trol, 48.2 = 1.0; CA-HIF-1a-VEGEF, 47.9 = 0.7; p = 0.77; data
not shown). These results demonstrate a new role for HIF-1a in
controlling dendritic spine number.

Role of miR-107 in EE-induced Elevation of HIF-1a Protein
Expression—We next asked if the elevated HIF-1a protein
expression after EE treatment was due to an increase in HIF-1«
mRNA transcription. Unexpectedly, we found that although
HIF-1a protein levels were significantly increased after housing
mice in EE for 2 or 3 days (F; 35, = 2.3; p < 0.05), the mRNA
levels of HIF-1a were not altered by EE treatment (F, ;o) =
0.12; p = 0.99; Fig. 84). Recent reports have suggested that
miRNAs can regulate HIF-1 expression in a broad spectrum of
cancer cell lines (56 —59). We therefore considered the possibil-
ity that EE may increase HIF-1a protein expression through a
post-transcriptional regulation of gene expression via specific
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miRNAs. Because computational analysis (60, 61) and loss-of-
function experiments (58, 59, 62) predicted that HIF-1« is a

formed overexpression and knockdown experiments targeting
different miRNAs in primary hippocampal neuronal cultures.

potential direct target of miR-107 and miR-20b, we measured
the expression levels of these miRNAs in the hippocampal tis-
sue lysates of EE- or SE-housed mice, using qPCR by LNA-
based primers specific for individual mature miRNAs. We
found that housing mice in EE for 1-3 days led to a significant
decrease in miR-107 (F 3 39 = 4.59; p < 0.01), miR-20b (F5 35 =
6.25; p <0.01),and miR-134 (F 5 55, = 4.25; p < 0.05) expression
(Fig. 8B). However, the expression of miR-138 was not altered
by exposure to EE (F 3 5, = 0.42; p = 0.743). To directly verify
the nature of HIF-la inhibition by these miRNAs, we per-

40948 JOURNAL OF BIOLOGICAL CHEMISTRY

As shown in Fig. 8C, lentiviral overexpression of miR-107, but
not miR-20b, miR-134, or miR-138, in neurons resulted in
reduced levels of HIF-1« protein relative to untransfected con-
trol or vector-transfected neurons. By contrast, abrogation of
endogenous miR-107 function with the expression of antisense
sequences specific for miR-107 (antagomiR-107) significantly
increased the expression of HIF-1« protein relative to untrans-
fected control or vector-transfected neurons (Fig. 8D). Specific
inhibition of other three miRNAs by specific antagomirs had no
effect on HIF-1a protein expression. Together, these results
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support a role for miR-107 in negatively regulating HIF-1« pro-
tein expression.

miR-107 Negatively Regulates Dendritic Spine Formation by
Inhibiting the HIF-1o/VEGF/Flk-1 Signaling—To investigate a
possible regulatory mechanism between miR-107 and dendritic
spine formation, we knocked down endogenous miR-107 in
hippocampal neuronal cultures obtained from wild type and
heterozygous Flk-1 knock-out mice and examined dendritic
spine number and VEGF-A protein expression. Transfection of
wild type but not Flk-1 knock-out neurons with antagomiR-107
led to a significant increase in spine number when compared
with control vector (wild type, F; ,5,) = 21.9, p < 0.01; Flk-1
knock-out, F; 1,9y = 2.11; p = 0.15; Fig. 9, A and B). Similar
effects were observed in wild type, and Flk-1 knock-out neurons
received VEGF (100 ng/ml) treatment for 24 h (wild type,
F1126) = 32.9, p < 0.01; Flk-1 knock-out, F(; o) = 0.64; p =
0.43). In addition, VEGF treatment did not cause a further
increase in spine number in neurons transfected with antago-
miR-107 (F(; 47, = 0.71; p = 0.4; Fig. 9, C and D). Co-transfec-
tion of antagomiR-107 with shRNA-HIF-la suppressed
antagomiR-107-induced increase in spine number (F, o,y =
0.013; p = 0.91). Moreover, the expression of VEGF-A protein
appears significantly higher in neurons transfected with
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antagomiR-107 when compared with control vector (wild type,
F(112) = 9.28, p <0.01; FIk-1 knock-out, F(; ;5 = 2.94;p = 0.11;
Fig. 9E). These results suggest that miR-107 negatively regu-
lates dendritic spine formation by an inhibition of HIF-1a/
VEGF/FIk-1 signaling in neurons.

Role of miR-107 in EE-induced Antidepressant-like Effects—
The above results clearly indicate that miR-107 plays a crucial
role in the regulation of HIF-1a and VEGF expression as well as
dendritic spine formation. We next examined whether miR-
107 is involved in EE-induced antidepressant-like effects using
an overexpression strategy. We microinjected lentiviral vectors
expressing miR-107 bilaterally into the CA1 region of the dorsal
hippocampus of mice. Ten days after the overexpression of
miR-107, mice were subjected to EE or SE housing for 7 days,
followed by the TST (Fig. 10A). Lentivirus-mediated gene deliv-
ery resulted in widespread transgene expression in the neurons,
as shown by EGFP fluorescence in mice injected with miR-107
(Fig. 10B). Mice that received miR-107 exhibited no significant
change in hippocampal HIF-1a protein expression after EE
housing (SE, 90.1 * 8.4%; EE, 111.5 * 11.6%; p = 0.14) when
compared with control vector (EE, 175.9 = 10.9% versus SE-
housed mice; p < 0.01; Fig. 10C). In addition, we observed no
significant difference in expression of VEGF-A protein in the
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hippocampal tissue lysates of EE- or SE-housed miR-107-trans-
fected mice at the end of the 7-day treatment period (SE,
120.3 = 15.5%; EE, 108 * 13.7%; p = 0.56; Fig. 10D). However,
the protein levels of VEGF-A were significantly increased in
EE-housed control vector-transfected mice when compared
with SE-housed control vector-transfected mice (EE, 161.1 *+
16.3% versus SE-housed mice; p < 0.05). In the TST, EE-in-
duced antidepressant activity was completely blocked in miR-
107-transfected mice when compared with SE-housed miR-
107-transfected mice (SE, 89.7 = 2.5 s; EE, 108 = 13.7 s; p =
0.36; Fig. 10E). Immobility time in the TST was significantly
reduced in EE-housed control vector-transfected mice when
compared with SE-housed control vector-transfected mice (SE,
93.7 = 6.3 s; EE, 65.7 = 6.5 5; p < 0.01). We also examined the
influence of miR-107 overexpression on EE-induced increase in
dendritic spine number in hippocampal CA1 pyramidal neu-
rons. We found no significant difference in spine number
between the miR-107-transfected mice housed in EE and SE for
7 days (SE, 25.1 *+ 0.4; EE, 24.9 = 0.5; p = 0.82; Fig 10, Fand G).
However, a significant increase in spine number was observed
in EE-housed control vector-transfected mice when compared
with SE-housed control vector-transfected mice (SE, 25.8 *+
0.4;EE, 35.6 = 0.5; p = 0.82; p < 0.001). These findings strongly
support a negative regulatory role of miR-107 in EE-induced
elevation in spine number and antidepressant-like effects.
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We finally evaluated whether a correlation exists between
changes in the number of dendritic spines in hippocampal CA1
pyramidal neurons and antidepressant-like effects in mice. We
pooled different treatment group data and found a significant
inverse correlation between spine number and the immobility
time in the TST (r = —0.75; p < 0.01; Fig. 11), confirming the
strong relationship of dendritic spine number and depressive-
like behaviors.

DISCUSSION

In this study, we highlight a novel role for HIF-1a-mediated
VEGF expression in EE-induced increase in dendritic spine num-
ber in hippocampal CA1 neurons and behavioral features of an
antidepressant performance. We confirm that HIF-1« is a specific
target of miR-107 and suggest that EE enhances HIF-1a expres-
sion by a post-transcriptional regulation of HIF-1« gene through a
mechanism that involves the down-regulation of miR-107. VEGF
promotes dendritic spine formation and thereby exerts its antide-
pressant-like effects through the activation of Flk-1.

Exposure to EE has previously been shown to exhibit antide-
pressant-like effects in different animal models of depression
(25, 26, 63). Although an EE may exert its antidepressant-like
effects through a number of mechanisms (45), most of previous
studies have focused on examining the regulation of hippocam-
pal neurogenesis following long term exposure (3—8 weeks) to
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EE. Here, we extend these findings and demonstrate for the first
time that previous short term exposure (3—7 days) to EE is able
to produce antidepressant-like effects. Our results highlight the
existence of a positive correlation between EE-induced increase
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in spine number in hippocampal CA1l pyramidal neurons and
antidepressant-like effects. It is noteworthy that although EE-in-
duced antidepressant-like effects are not permanent and progres-
sively decay over a period of days, these effects are able to be
restored upon re-exposure to EE. Given that increased environ-
mental complexity and novelty may lead to greater levels of mental
stimulation and physical activity (45), it will therefore be interest-
ing to determine whether a more complex rearing environment
may enhance and prolong the antidepressant-like effects of EE.
Recent studies have demonstrated that EE may alter the hip-
pocampal expression of VEGF (48, 64), but no consensus has
thus far emerged. Cao et al. (48) have shown that rats housed in
EE for 4 weeks resulted in a prominent increase in hippocampal
VEGF mRNA and protein levels. However, no significant
change in VEGF mRNA levels in the hippocampus has been
reported in mice housed in EE for 4 weeks (65). Therefore, it
cannot be determined from these inconsistent results whether
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altered hippocampal VEGF expression may represent a molec-
ular basis for mediating the effects of EE on brain function. Our
data demonstrate a positive correlation between EE-induced
increase in hippocampal VEGF protein levels and the antide-
pressant-like effects. In accordance with previous findings in
the mouse model (65), our data also indicate that the initial
increase in VEGF levels returns to near basal levels when the
duration of exposure to EE is extended beyond 14 days. In addi-
tion, by using the heterozygous Flk-1 knock-out mice, we dem-
onstrate that VEGF, acting through Flk-1 receptors, mediates
the effects of EE on dendritic spine formation and depressive-
like behaviors. Moreover, our results confirm and extend pre-
vious findings that, in addition to VEGF, exposure to EE also
enhances BDNF expression in the hippocampus (46, 47). Sur-
prisingly, we found no significant correlation between hip-
pocampal BDNF levels and EE-induced antidepressant-like
effects. This finding seems to contradict the previous hypothe-
sis illustrating that depression is associated with reduced BDNF
levels in the hippocampus, and BDNF-induced neuroplasticity
contributes to the actions of antidepressants (13, 66). One pos-
sible interpretation of our finding is that VEGF production or
signaling may underlie rapid antidepressant effects by regula-
tion of hippocampal dendritic spine morphogenesis, whereas
the more long term antidepressant effects are potentially medi-
ated by BDNF signaling in regulating neurogenesis. Further
studies are required to test this possibility.

A pressing question that follows these observations is how EE
enhances VEGF gene expression. Our results suggest that
HIF-1a is the principal regulator for governing the stimulatory
effect of EE on VEGF production. We found that the increase in
HIF-1a protein levels by EE is transient, consistent with our
data showing no persistent increase in VEGF-A mRNA levels
by EE treatment. Knockdown of HIF-1a by RNA interference
completely blocked the EE-induced hippocampal VEGF pro-
duction. Surprisingly, the levels of HIF-1la& mRNA remained
unchanged following exposure to an EE, suggesting that EE
increases HIF-1a protein expression by a post-transcriptional
mechanism. This finding is in contrast with observations made
in a previous study demonstrating that the HIF-1a« mRNA lev-
els increased 6- and 7-fold after 3 and 6 h of EE treatment (67).
These apparently disparate results could be attributed to the
different sampling times. This interpretation is supported by
previous observation that housing rats in EE for 4 weeks only
induced a transient increase in HIF-1a mRNA expression in the
hippocampus (48). Thus, it is reasonable to speculate the par-
ticipation of other gene regulatory mechanisms in mediating
the EE-induced increase in HIF-1la protein expression. Fur-
thermore, under hypoxic conditions, lack of hydroxylation pre-
vents HIF-1a degradation by the ubiquitin-proteasome system
and leads to rapid HIF-1la accumulation (68, 69). Thus, we
could not exclude the possibility that an inhibition of HIF-1c
degradation may play some role in EE-induced increased
HIF-1o protein expression.

Hundreds of miRNAs have been characterized, many of
which are enriched in the brain (70, 71), but few studies have
been conducted to determine the influence of EE on brain
miRNA expression profile. We observed a significant down-
regulation of miR107, miR20b, and miR134 following housing
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mice in EE. More importantly, our data indicate that expression
of miR-107 is inversely correlated with HIF-1« protein levels in
the hippocampus, suggesting an important role for miR-107 in
controlling EE-induced HIF-la expression and subsequent
VEGF production. These results are in agreement with a previ-
ous computational approach that revealed the potential bind-
ing site for miR-107 in the 3’-untranslated region of HIF-1«
mRNA (61). Our results also confirmed that expression levels of
HIF-1p protein remain unchanged following housing mice in
EE (data not shown). This contrasts with observations made in
a recent study, which showed that knockdown of miR-107
enhances HIF-18 expression and hypoxic signaling in human
colon cancer cells (72). This discrepancy could be due to the use
of different cell types that may vary in their mode of action.

The accumulation of a specific miRNA is dependent on the
rates of transcription, processing, and also decay. Thus, the
decrease in miR-107 abundance in response to EE treatment
could be associated with a decrease in gene transcription, an
increase in miR-107 turnover rate, or both. Although the true
molecular basis of how EE reduces the expression of miR-107 in
the hippocampus remains unclear, a number of potential
mechanisms may be involved. First, EE may act indirectly by
reducing expression of endogenous p53 and subsequently
decreasing miR-107 expression. Indeed, recent research indi-
cates that p53 can stimulate miR-107 expression in human
colon cancer cells (72). Second, EE may act on general miRNA
processing machinery (i.e. diminished Dicer or Argonaute lev-
els) to reduce miR-107 expression (73, 74). Although we cannot
completely exclude this possibility, there was no significant dif-
ference in the Dicer protein levels between EE- and SE-housed
mice (data not shown). Third, EE may promote miR-107 deg-
radation by activation of small RNA-degrading nuclease (e.g.
5'—3" exoribonuclease 2), resulting in a rapid reduction of miR-
107 levels. In this regard, a previous study has revealed that
housing rats in an EE cage for 7-10 days can lead to a significant
increase in 5'-3'-exoribonuclease 2 expression in the hip-
pocampus (75). Nevertheless, additional studies are needed to
clarify all these possibilities.

A leading hypothesis of depression supports a role for hip-
pocampal dendritic spine loss in the development of depres-
sive-like behaviors (14 —16). This hypothesis is supported by the
observations that chronic antidepressant administration
reverses the dendritic spine loss and ameliorates depressive-
like behaviors in a rat learned helplessness model of depression
(16, 17). Furthermore, Li et al. (4) demonstrate that the rapid
antidepressant-like response following ketamine treatment is
mediated by an increase in dendritic spine density in the pre-
frontal cortex. In accordance with these findings, these results
show a strong correlation between the EE-induced increase in
the number of dendritic spines in hippocampal CA1 pyramidal
neurons and antidepressant activity and suggest a new pathway
in regulating these processes via the down-regulation of miR-
107. Although a recent study indicates a functional relevance of
miR-134 in dendritic spine formation (76), our results do not
support a role for miR-134 in mediating the effect of EE on
dendritic spine formation.

These observations beg the question of how could the
remodeling of hippocampal dendritic spines contribute to
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change depressive-like behaviors. The hippocampus has been
firmly established in playing a critical role in learning and mem-
ory (77), regulating the brain’s response to stress (78) and mod-
ulating the mesolimbic and mesocortical dopamine reward and
motivation circuitries (79, 80), which all may make contribu-
tion to the mechanisms of depressive behaviors (16, 81).
Because dendritic spines represent the major postsynaptic
compartment for excitatory synaptic inputs, changes in the
structure and number of dendritic spines may alter the func-
tional activity of hippocampal neurons. Deterioration of hip-
pocampal neuronal activity might contribute to the develop-
ment of cognitive impairment, dysregulation of the stress
response, and loss of motivation, common traits of depression
in humans and animals (66).

Exercise has also been shown to increase the expression of a
variety of neurotrophic factors, including BDNF, VEGF, and
insulin-like growth factor-1 (IGF-1) (82—85), and to enhance
dendritic length and numbers of spines in the hippocampus
(86). As our enriched environments contained running wheels
to enhance motor activity, it is thus possible that increased
motor activity might contribute to some of antidepressant-like
effects of EE. Although we cannot exclude this possibility, it
should be noted that previous work on exercise-induced anti-
depressant-like effects were done using long term exercise reg-
imens (3—4 weeks) (51, 87). It is noteworthy that similar anti-
depressant-like effects were seen in mice housed in the
identical enriched cage with the locked running wheels for 7
days (data not shown), partially excluding the contribution of
exercise in EE-induced antidepressant-like effects observed in
our short term EE exposure protocol.

Recently, significant progress has been made at uncovering
the role of VEGF in the actions of chemical antidepressants.
Multiple classes of antidepressants, including selective sero-
tonin and noradrenalin uptake inhibitors, have been reported
to increase the expression levels of VEGF mRNA and protein in
the hippocampus (28, 29). Likewise, intracerebroventricular
infusion of VEGF mimics the behavioral actions produced by
antidepressants (28). Because the induction of VEGF requires
chronic administration of chemical antidepressants for at least
2 weeks and the inconvenience of the direct infusion of VEGF, a
new strategy is needed, directed at a faster increase in hip-
pocampal VEGF. We show here that short term exposure to EE
is able to induce a rapid increase in hippocampal VEGF that
ultimately produces antidepressive-like behaviors in both naive
and CMS mice. It is noteworthy that although the results
obtained from animal experiments cannot be fully translated
into human experiments, our findings suggest that EE may pro-
vide a reservoir of protection against the potential detrimental
effect of ensuring depression-inducing situations and have the
ability to reduce or reverse a previously established depressive
disorder. In addition, it is unclear whether EE may act synergis-
tically with other antidepressant treatments to rapidly provide
beneficial antidepressant effects. Furthermore, because activa-
tion of the HIF-1 transcriptional complex may regulate numer-
ous downstream targets, some of these molecules may work
together with VEGF to underlie the EE-induced antidepres-
sant-like effects. Further studies are required to explore these
issues in humans and animals.
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In conclusion, we provide compelling evidence that previous
short term exposure to EE can be highly effective to provide
beneficial antidepressant-like effects. By using molecular
genetic approaches, we show that these effects are mediated
through the down-regulation of miR-107, leading to an increase
in HIF-1a expression, which in turn enhances VEGF produc-
tion in the hippocampus. Moreover, we observed that EE-in-
duced antidepressant-like effects are significantly correlated
with a VEGF/FIk-1-mediated increase in dendritic spine num-
ber in hippocampal CA1 pyramidal neurons. These data also
suggest that VEGF may be a key mediator linking the environ-
ment to depressive-like behaviors (88).
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