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Hypoxia-inducible factor-1 (HIF-1) is an important transcriptional factor in mammalian cells for coordination of adaptive responses to
hypoxia. It consists of a regulatory subunit HIF-1�, which accumulates under hypoxic conditions, and a constitutively expressed subunit
HIF-1�. In addition to the well characterized oxygen-dependent mode of action of HIF-1, recent work has shown that various growth
factors and cytokines stimulate HIF-1� expression, thereby triggering transcription of numerous hypoxia-inducible genes by oxygen-
independent mechanisms. In this study, we examined whether accumulation of HIF-1� induced by insulin-like growth factor-1 (IGF-1)
has a regulatory role in excitatory synaptic transmission in hippocampal neuron cultures. Our results show that IGF-1 induced a time- and
dose-dependent increase in HIF-1� expression that was blocked by pretreatment with selective IGF-1 receptor antagonist, transcriptional
inhibitor, and translational inhibitors. In addition, pharmacological blockade of the phosphatidylinositol 3-kinase/Akt/mammalian target of
the rapamycin signaling pathway, but not extracellular signal-regulated kinase, inhibited IGF-1-induced HIF-1� expression. More
importantly, the increase in HIF-1� expression induced by IGF-1 was accompanied by increasing levels of vascular endothelial growth
factor (VEGF) mRNA and protein, which enhanced excitatory synaptic transmission. In parallel, blockade of HIF-1� activity by echino-
mycin or lentiviral infection with dominant-negative mutant HIF-1� or short hairpin RNA targeting HIF-1� inhibited the increase in
expression of VEGF and the enhancement of synaptic transmission induced by IGF-1. Conversely, transfection of constitutively active
HIF-1� into neurons mimicked the effects of IGF-1 treatment. Together, these results suggest that HIF-1� accumulation can enhance
excitatory synaptic transmission in hippocampal neurons by regulating production of VEGF.

Introduction
Hypoxia-inducible factor-1 (HIF-1) is a transcriptional factor in
mammalian cells that is selectively stabilized and activated under
hypoxic conditions; it coordinates adaptive responses to hypoxia
(Semenza, 1998; Sharp and Bernaudin, 2004; Ke and Costa,
2006). HIF-1 consists of two subunits, HIF-1� and HIF-1�, both
belonging to the bHLH/PAS (basic helix-loop-helix/Per-ARNT-
Sim) protein family and both required for DNA binding and
transactivation of target genes (Wang et al., 1997). HIF-1�, also
known as the aryl-hydrocarbon nuclear translocator, is expressed
constitutively and its mRNA and protein levels are constant re-
gardless of oxygen availability (Kallio et al., 1997). In contrast, the

level of HIF-1� is regulated by a variety of systems. HIF-1� is
primarily regulated at the level of protein stability. Under nor-
moxic conditions, HIF-1� is rapidly degraded by the ubiquitin–
proteasome system (Salceda and Caro, 1997; Sharp and
Bernaudin, 2004). HIF-1� degradation is inhibited under hy-
poxic conditions, leading to accumulation and translocation
from cytoplasm to nucleus, where it dimerizes with HIF-1� to
form the transcriptionally active HIF-1 complex (Kallio et al.,
1997). The activated HIF-1 complex binds to specific hypoxia
response elements (HREs) of target genes and associates with
transcriptional coactivators to induce gene expression (Lando et
al., 2002; Ke and Costa, 2006). Although expression of HIF-1� is
mainly controlled by oxygen tension, it is also regulated by
oxygen-independent mechanisms. For example, HIF-1� has
been shown to be activated in response to insulin-like growth
factor-1 (IGF-1) in cancer cells and epithelial cell lines, leading
to expression of vascular endothelial growth factor (VEGF)
(Punglia et al., 1997; Fukuda et al., 2002; Slomiany and Rosenz-
weig, 2006). Researchers have reported that activation of HIF-1�
in the CNS is involved in the mechanism by which IGF-1 pro-
motes cell survival after cerebral ischemia (Chavez and LaManna,
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2002). However, the role of IGF-1-induced HIF-1� expression
in regulating excitatory synaptic transmission has not been
investigated.

VEGF was originally thought to be a potent and selective en-
dothelial cell mitogen implicated in vascularization and angio-
genesis (Ferrara and Davis-Smyth, 1997). Studies involving the
CNS have demonstrated localization of VEGF and its receptors
on neurons and astrocytes (Kovács et al., 1996; Marti and Risau,
1998). It has also been reported that VEGF induces neuronal
outgrowth (Rosenstein et al., 2003) and provides neuroprotec-
tion, particularly after ischemia or spinal injury (Krum and
Khaibullina, 2003; Widenfalk et al., 2003). Recent work has clar-
ified that VEGF can act as a neurotrophic factor that regulates
neurogenesis and mediates the effects of enriched environment
on hippocampal plasticity (Jin et al., 2002; Cao et al., 2004). In
addition, acute application of VEGF can regulate synaptic trans-
mission in the hippocampal CA1 region (McCloskey et al., 2005;
Kim et al., 2008). Whether HIF-1-induced expression of VEGF
regulates synaptic transmission in hippocampal neurons was un-
known before our research. In this study, we showed that IGF-1
increases expression of HIF-1� through activation of the phos-
phatidylinositol 3-kinase (PI3K)/Akt/mammalian target of the
rapamycin (mTOR) signaling pathway and leads to increased
VEGF secretion, which, in turn, enhances excitatory synaptic
transmission.

Materials and Methods
Establishment and maintenance of hippocampal neuron cultures. All exper-
imental procedures were approved by the Institutional Animal Care and
Use Committee of National Cheng Kung University. Primary cultures of
hippocampal neurons were prepared from the brains of newborn
Sprague Dawley rat pups on postnatal day 0 as described previously
(Balkowiec and Katz, 2002; Huang et al., 2005). Briefly, rat pups were
decapitated and hippocampi were dissected out in ice-cold HBSS (In-
vitrogen). Tissues were enzymatically digested with 0.25% trypsin
(Sigma-Aldrich) for 15 min at 37°C. Cells were disaggregated by tritura-
tion and plated on poly-L-lysine-coated Petri dishes or glass coverslips in
Neurobasal A medium containing B27 serum-free supplement (Invitro-
gen), 0.5 mM L-glutamine, and antibiotics (50 U/ml penicillin and 50
�g/ml streptomycin). Thereafter, one-half of the growth medium was
replaced every 3 d.

Human embryonic kidney 293 cell culture, transfection, and imaging.
Human embryonic kidney 293 (HEK293) cells were cultured in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen)
and L-glutamine and incubated in 5% CO2-air humidified atmosphere at
37°C.

For imaging experiments, HEK293 cells were grown on coverslips and
transiently transfected with constructs encoding enhanced green fluores-
cent protein (EGFP), or constitutively active form of HIF-1� (HIF-1�-
CA) fused to EGFP using Lipofectamine 2000 (Invitrogen) as described
by the manufacturer. On the following day, transfected cells were treated
with echinomycin (0.5 �M) for 3 h. After treatment, the cells were imme-
diately fixed in 4% paraformaldehyde (0.1 M phosphate buffer, pH 7.4)
for 15 min and washed in PBS three times. Fluorescent images of cells
were acquired with a high-resolution laser-scanning confocal micro-
scope (Olympus Fluoview 1000), using an Olympus Plan Apochromat
60� oil-immersion objective (1.42 numerical aperture and 0.15 working
distance).

Drug treatment of hippocampal neurons. Hippocampal neurons were
maintained for 14–15 d in vitro (DIV) before treatment with IGF-1 or de-
feroxamine (DFO). Cultured hippocampal neurons were starved from B27
for 6 h before performing any treatment. Either 3-bromo-5-t-butyl-4-
hydroxy-benzylidenemalonitrile (AG1024), 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one (LY294002), 2-(4-piperazinyl)-8-phenyl-
4 H-1-benzopyran-4-one (LY303511), wortmannin, 1,4-diamino-2,3-
dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126), 1,4-diamino-

2,3-dicyano-1,4-bis(methylthio)butadiene (U0124), 2-(2-amino-3-
methoxyphenyl)-4H-1-benzopyran-4-one (PD98059), rapamycin, ascom-
ycin, cycloheximide, anisomycin, or actinomycin D was applied 30 min
before addition of IGF-1. Echinomycin was applied 1 h before IGF-1
application. All drugs were prepared as concentrated stock solutions in
distilled water or dimethylsulfoxide (DMSO) and diluted to final con-
centration in culture medium just before application. The final concen-
tration of DMSO in medium did not exceed 0.1%. AG1024, LY294002,
LY303511, wortmannin, U0126, U0124, PD98059, anisomycin, actino-
mycin D, rapamycin, ascomycin, 5-((7-benzyloxyquinazolin-4-yl)amino)-
4-fluoro-2-methyl phenol hydrochloride (ZM 323881), and ( E)-3-(3,
5-diisopropyl-4-hydroxyphenyl)-2-[(3-phenyl-n-propyl)amino-carbonyl]
acrylonitrile (SU 1498) were dissolved in DMSO and stored at �20°C
until the day of experiment. IGF-1 and DFO were dissolved in distilled
water and diluted into culture medium to achieve final concentrations of
1–1000 ng/ml (Fukuda et al., 2002) and 100 �M (Sandau et al., 2001),
respectively. VEGF was dissolved in distilled water. The stock solutions of
IGF-1 and VEGF were aliquots stored at �20°C. An IGF-1 receptor
tyrosine kinase inhibitor, AG1024 (0.5 �M) (Párrizas et al., 1997), was
used to explore the role of IGF-1 receptors. LY294002 (20 �M) (Lee et al.,
2005), its inactive analog, LY303511 (20 �M) (Lee et al., 2005), and wort-
mannin (5 �M) (Lee et al., 2005) were used to examine whether PI3K
played a role. U0126 (5 �M) (Favata et al., 1998), its inactive analog,
U0124 (5 �M), and PD98059 (10 �M) (Lee et al., 2005) were used to
evaluate the contribution of the extracellular signal-regulated kinase/
mitogen-activated protein kinase (ERK MAPK). Rapamycin (50 nM)
(Canabal et al., 2007) and its inactive analog, ascomycin (50 nM) were
used to explore the role of mTOR. Because ZM 323881 (10 nM) has been
shown to effectively block VEGF receptor 2-mediated Rac1 activation in
human umbilical vein endothelial cells (Garrett et al., 2007) and SU 1498
(5 �M) has been shown to specifically abolish the ability of VEGF (100
ng/ml) to induce cell proliferation through VEGF receptor 2 in cortical
cultures (Zhu et al., 2003), they were used to examine whether VEGF
receptor 2 played a role in regulating synaptic transmission. The tran-
scription inhibitor actinomycin D (1 �M) (Suzuki et al., 2001) and the
protein synthesis inhibitors, cycloheximide (10 �M) (Wang et al., 2004)
and anisomycin (2 �M) (Suzuki et al., 2001), were used to explore the role
of transcription- and translation-dependent mechanisms. Echinomycin
was dissolved in distilled water and diluted to a final concentration of 0.5
�M (Kong et al., 2005). IGF-1, DFO, ascomycin, echinomycin, VEGF, SU
1498, and DMSO were purchased from Sigma-Aldrich, whereas
LY294002, wortmannin, U0126, U0124, PD98059, cycloheximide,
anisomycin, actinomycin D, and ZM 323881 were obtained from
Tocris Bioscience and AG1024 and LY303511 were purchased from
Calbiochem.

Construction and production of engineered lentiviruses. Engineered self-
inactivating recombinant lentiviruses were used for stably overexpress-
ing or silencing the HIF-1� gene in the primary cultures of hippocampal
neurons. All viruses were produced by cotransfection of lentiviral DNA
with two helper plasmids in HEK293T cells: VSV-G (vesicular stomatitis
virus envelope glycoprotein) and �8.9 (Kutner et al., 2009). Medium
containing recombinant lentiviruses was harvested 36 – 48 h after trans-
fection and ultracentrifuged to obtain concentrated lentiviral particles.
Pellets were resuspended by phosphate buffer solution with titers of
10 8�10 9 U/ml. For experiments requiring overexpression of dominant-
negative (DN) or constitutively active (CA) HIF-1�, a lentiviral vector
(UXIE) with bistronic expression of transgenes and EGFP was con-
structed under the control of ubiquitin promoter and separated by an
internal ribosomal entry site (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Construction of HIF-1�-DN, a
deletion mutant of HIF-1� (deletion of amino acids 30 –389) con-
structed by removing the DNA-binding domain, transactivation do-
mains, and an oxygen-dependent degradation domain from full-length
rat HIF-1� (Chen et al., 2003), was cloned into the UXIE lentiviral vector.
HIF-1�-CA was cloned by internal deletion of the oxygen regulation
degradation domain (amino acids 392–520) (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material), which resulted in a
sustained increase in expression levels of HIF-1� under normoxic con-
ditions (Sutter et al., 2000). For HIF-1� knockdown experiments, short
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hairpin RNAs (shRNAs) were expressed under a human H1 promoter
and EGFP (as a marker for infection efficacy) under the CAG promoter
(Addgene plasmid 12247). Two sets of shRNAs targeted at different re-
gions of rat HIF-1� (shRNA-I and shRNA-II) and one control shRNA
directed against DsRed (shRNA-DsRed) were designed. The following
sets of short hairpin sequences were cloned into lentiviral vector using
a PCR-based strategy: GTGATGAAAGGATTACTGAGT (shRNA-I),
TGCTCTTTGTAGTTGGGTCTA (shRNA-II), and AGTTCCAGTAC-
GGCTCCAA (shRNA-DsRed). To confirm specificity and efficiency of
the shRNAs, different sets of lentiviral particles were added into the
hippocampal neuron cultures at 5 DIV and cell lysates were collected at
14 –15 DIV for Western blotting (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).

For VEGF receptor 2 knockdown experiments, three sets of shRNAs
targeting different regions of rat VEGF receptor 2 (shRNA-VEGFR2)
were designed. The following sets of short hairpin sequences were cloned
into lentiviral vector using a PCR-based strategy: CGTGACTCTGAG-
GAAAGGGTG (shRNA-I), CCCTGTGAAGTATCTCAGTTA (shRNA-
II), and GACATCTTGATTGTGGCATTC (shRNA-III). To confirm
specificity and efficiency of these shRNAs, plasmids of different shRNAs
were cotransfected with GFP-tagged VEGF receptor 2 into HEK293 cells;
cell lysates were harvested 48 h later to check for knockdown of GFP-
VEGF receptor 2. Different sets of lentiviral particles were added into the
primary culture neurons at 5 DIV with cell lysates collected at 14 –15 DIV
for Western blotting. Because shRNA-II displayed very efficient knock-
down of VEGR receptor 2, we used this shRNA to perform electrophys-
iological studies (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material).

Performance of dual-luciferase reporter assay. To confirm the efficiency
of HIF-1�-DN and HIF-1�-CA on HRE-mediated transcriptional abil-
ity, HEK293 cells grown on six-well plates were transiently transfected
with 1 �g of HIF-1�-DN-expression or HIF-1�-CA-expression plasmids
combined with 1 �g of 5�HRE-firefly luciferase plasmid by Lipofet-
amine 2000 (Invitrogen) (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Luciferase activity was assayed
by the Dual-Luciferase Reporter Assay system with 0.2 �g of pRL-SV40
Renilla luciferase reporter (Promega) as the internal control. Firefly lu-
ciferase relative light units (RLUs) were normalized against Renilla lucif-
erase RLUs. To examine regulation of HRE-mediated transcriptional
activity by IGF-1 in the experimental neuron system, mature neuron
cultures at 12 DIV were transfected with 1 �g of 5�HRE-firefly luciferase
plasmid and 0.2 �g of Renilla luciferase plasmid by Lipofetamine 2000.
Twenty-four hours after transfection, neurons were cultured in medium
containing IGF-1 (300 ng/ml). After treatment, neurons were harvested
and processed for luciferase activity assay using the luciferase assay sys-
tem (Promega). Luminescence was measured using a 96-well luminom-
eter (Microlumat; Berthold).

Western blotting analysis. Cultured neurons were dissolved in ice-cold
Tris-HCl buffer solution (TBS), pH 7.4, containing a mixture of protein
phosphatase and proteinase inhibitors (50 mM Tris-HCl, 100 mM NaCl,
15 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium
orthovanadate, 5 mM EGTA, 5 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 1 �M microcystin-LR, 1 �M okadaic acid, 0.5% Triton X-100, 2
mM benzamidine, 60 �g/ml aprotinin, and 60 �g/ml leupeptin) to avoid
dephosphorylation and degradation of proteins and collected by cell
scraper. All samples were sonicated and spun down at 15,000 � g at 4°C
for 15 min. Supernatant was assayed for total protein concentration us-
ing the Bio-Rad Bradford Protein Assay kit. Each sample was separated in
7.5% SDS-PAGE gel. After transfer onto nitrocellulose membranes, blots
were blocked in TBS containing 3% bovine serum albumin (BSA) and
0.01% Tween 20 for 1 h and then blotted for 2 h at room temperature
with antibodies for HIF-1� (1:1000; Millipore Bioscience Research Re-
agents), HIF-1� (1:1000; Santa Cruz Biotechnology), or �-actin (1:2000;
Sigma-Aldrich). Each blot was probed with horseradish peroxidase
(HRP)-conjugated secondary antibody for 1 h and developed using the
ECL immunoblotting detection system (GE Healthcare). Immunoblots
were analyzed by densitometry using Bio-profil BioLight PC software.
Only film exposures in the linear range of the ECL reaction were used for
quantification analysis. Expression of HIF-1� or HIF-1� was evaluated

relative to that of �-actin. Background correction values were subtracted
from each lane to minimize variability across membranes.

Quantitative real-time reverse transcription–PCR analysis. Total RNA
was isolated from hippocampal neuron cultures using the TriReagent kit
(Molecular Research Center) and treated with RNase-free DNase (RQ1;
Promega) to remove potential contamination by genomic DNA. Total
RNA (2 �g) from hippocampal neurons was reverse transcribed with the
SuperScript cDNA synthesis kit (Invitrogen). Real-time reverse tran-
scription (RT)-PCR was performed on the Roche LightCycler instru-
ment (Roche Diagnostics) using the FastStart DNA Master SYBR Green
I kit (Roche Applied Science) according to the manufacturer’s instruc-
tions. The primers used in this experiment were as follows: HIF-1�,
5�-GACAATAGCTTCGCAGAATGC-3� (forward) and 5�-TCGTAAC-
TGGTCAGCTGTGG-3� (reverse); VEGF, 5�-AATGATGAAGCCCTG-
GAGTG-3� (forward) and 5�-AATGCTTTCTCCGCTCTGAA-3� (reverse);
and 18S rRNA, 5�-CAACTTTCGATGGTAGTCGC-3� (forward) and 5�-
CGCTATTGGAGCTGGAATTAC-3� (reverse). Crude total RNA sam-
ples were amplified for 40 cycles. Each cycle consisted of denaturation at
95°C for 10 s, annealing at 62°C for 10 s, and extension at 72°C for 15 s.
After amplification, equal volumes of crude cultured-neuron PCR prod-
ucts were subjected to electrophoresis on 1% (w/v) agarose gels and
visualized with ethidium bromide. PCR amplifications were repeated in
duplicate. 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 quantification software to determine the threshold cycle
above background 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 18S rRNA.

Electrophysiological recordings. Cells grown for 14 –15 DIV on glass
coverslips were transferred to a submersion-type recording chamber
continually perfused with 30 –32°C extracellular solution containing the
following (in mM): 115 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES, 20
glucose, pH 7.4. The recording pipettes were pulled from borosilicate
capillary tubing and heat-polished. Electrode resistance was typically 3– 6
M�. The composition of internal solution was as follows (in mM): 116
K-gluconate, 6 KCl, 2 NaCl, 20 HEPES, 0.5 EGTA, 2 Na2ATP, 0.3
Na3GTP, 5 QX-314 (lidocaine N-ethyl bromide), which had an osmolar-
ity of 290 –295 mOsm and pH of 7.3. After a high-resistance seal (�2 G�
before breaking into whole-cell mode) was obtained, suction was applied
lightly through the pipette to break through the membrane. Recordings
were made using a patch clamp amplifier (Axopatch 200B; Molecular
Devices). Electrical signals were low-pass filtered at 1 kHz and digitized at
10 kHz using a 12 bit analog-to-digital converter (Digidata 1320; Molec-
ular Devices). An Intel Pentium-based computer with pCLAMP software
(version 8.0; Molecular Devices) was used for on-line data acquisition.
For recording miniature EPSCs (mEPSCs), cells were held at �60 mV in
extracellular solution containing bicuculline methiodide (20 �M) and
tetrodotoxin (1 �M) and analyzed off-line using commercially available
software (Mini Analysis 4.3; Synaptosoft). This software detects events
based on amplitudes exceeding a threshold set just above the baseline
noise of the recording (�3 pA) and 20 – 80% rise times �0.5 ms. The
decay time of averaged mEPSCs was fitted to double exponential functions.
Its weighted mean (�m) was calculated from individual time constants
(�1, �2) and their relative amplitudes (a1, a2) as follows: �m 	 a1�1 
 a2�2

(Yamashita et al., 2003). All detected events were reexamined and ac-
cepted or rejected based on subjective visual examination. The program
measured amplitudes and intervals between successive detected events.
Background current noise was estimated from the baseline with no clear
event and was subtracted from signals before analysis. The mEPSC fre-
quency was calculated by dividing the total number of detected events by
the total time sampled. Data from the last 5 min of each 20 min recording
epochs were used to assess the mEPSC frequency. Events were ranked by
amplitude and interevent interval for preparation of cumulative proba-
bility distribution. To minimize potential sampling bias attributable to
the difference in the mEPSC frequency among neurons, a fixed number
of mEPSCs from each neuron (i.e., 250 mEPSCs during last 5 min of each
20 min recording) were pooled for calculating cumulative probability of
the mEPSC amplitude and interevent interval. Series and input resis-
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tances were monitored throughout experiments. Data were discarded if
series resistance changed �15% during the experiment.

Chromatin immunoprecipitation assay. A chromatin immunoprecipi-
tation assay kit (Millipore Bioscience Research Reagents) was used for
chromatin immunoprecipitation (ChIP) assays as described previously
(Kazi et al., 2005). Hippocampal neuron cultures were washed twice with
PBS and cross-linked with 1% formaldehyde at room temperature for 10
min. Neurons were rinsed twice with ice-cold PBS containing 1� pro-
tease inhibitor mixture. Cross-linked chromatin was prepared and son-
icated on ice to an average size of 500 –1000 bp, and then centrifuged at
15,000 � g at 4°C for 10 min to remove insoluble material. Equal
amounts (200 �g) of cross-linked protein/DNA lysates were incubated
with HIF-1� antibody (Millipore Bioscience Research Reagents) or con-
trol rabbit IgG for each immunoprecipitation at 4°C overnight, followed
by incubation with protein G-agarose for 2 h at 4°C with rotation. Beads
were washed sequentially with 1 ml of low-salt wash buffer, high-salt
wash buffer, LiCl immune complex wash buffer, and finally TE buffer (10
mM Tris-HCl and 1 mM EDTA, pH 8.0), all at 4°C. Protein/DNA com-
plexes were eluted twice with elution buffer, and then incubated with 5 M

NaCl at 65°C for 4 –5 h to reverse DNA–protein cross-links. DNA was
purified using the QIAquick PCR purification kit (QIAGEN) to a final
volume of 40 �l. The post-ChIP yield of target region DNA in each
sample was analyzed by PCR. The primers used for rat VEGF �944 to
�611 were (forward) 5�-TCTGCCAGACTCCACAGTG-3�and (reverse)
5�-TGCGTGTTTCTAACACCCAC-3� (GenBank accession number
U22373). PCRs were conducted as follows: 5 min at 95°C followed by
30 cycles of 30 s at 95°C, 10 s at 58°C, and 30 s at 72°C, with a final step
of 5 min at 72°C. Amplified DNA was analyzed by 2% agarose gel
electrophoresis with a 100 bp DNA marker. The expected sizes of PCR
products were confirmed by sequencing.

Quantification of VEGF secretion by ELISA. Release of VEGF-A from
cultured hippocampal neuron cultures was measured by collecting re-
leased VEGF-A from culture medium. IGF-1 was added to neurons (4 �
10 5) at 14 –15 DIV, after which medium was collected at different time
points. The amounts of secreted VEGF-A were detected by ELISA using a
commercially available kit specific for rat VEGF-A (R&D Systems) ac-
cording to the manufacturer’s instructions.

Lactate dehydrogenase release analysis. After exposure to various treat-
ments, hippocampal neuronal culture media were collected and centri-
fuged, and lactate dehydrogenase (LDH) activity was quantified using a
colorimetric cytotoxicity assay kit (BioVision) according to the manu-
facturer’s instructions. Absorbance data were obtained using a 96-well
Molecular Devices Spectramax Microplate Reader (Molecular Devices)
with a 450 nm filter, and 650 nm as reference wavelength. All assays were
run in duplicate. Maximum LDH release was determined by cell lysis of
untreated cells with cell culture media containing 1% Triton X-100.

DNA fragmentation analysis. DNA fragmentation assay was performed
using a Cell Death Detection ELISA kit (Roche) that is specific for
nucleosome-associated cytosolic DNA. After exposure to various treat-
ments, cells were harvested and homogenated by lysis buffer and centri-
fuged at 10,000 � g for 15 min at 4°C to obtain the cytoplasmic fraction
of the cell lysates. Twenty microliter aliquots of the supernatant were
then dispensed into a streptavidin-coated 96-well microtiter plate and
incubated with 80 �l of antibody mixture for 2 h at room temperature
with mild shaking. The antibody mixture consisted of a mixture of anti-
histone biotin and anti-DNA-HRP directed against various histones and
antibodies to both single-stranded DNA and double-stranded DNA,
which are major constituents of the nucleosomes. After incubation,
plates were washed with incubation buffer and the amount of nucleo-
somes retained by anti-DNA-HRP was determined spectrophotometri-
cally with 2,2�-azino-di-(3-ethylbenzthiazoline sulfonate)diammonium
salt as an HRP substrate. The absorbances of all samples were measured
at 405 nm using a Molecular Devices Spectramax Microplate Reader.
Nonspecific signal was determined by subtraction of a reagent blank. All
assays were run in duplicate.

Superoxide dismutase activity analysis. Total superoxide dismutase
(SOD) activity was determined by a using the Cayman Chemical
Superoxide Dismutase Assay kit (Cayman Chemical) according to the
manufacturer’s instructions. This kit allows highly sensitive SOD

measurement by using a tetrazolium salt for detection of dismutation
of superoxide radicals generated by xanthine oxidase and hypoxan-
thine. After exposure to various treatments, cells were harvested and
homogenated by lysis buffer and centrifuged at 10,000 � g for 15 min
at 4°C to obtain the cytoplasmic fraction of the cell lysates. Equal
protein amounts of supernatant fractions were incubated with reac-
tion mixture containing the tetrazolium salt for 20 min. The absor-
bance of each standard and sample was read at 450 nm using a 96-well
Molecular Devices Spectramax Microplate Reader (Molecular De-
vices). SOD activity was calculated using an equation obtained from
the linear regression fit of the standard curve data. All assays were run
in duplicate. One unit was defined as the amount of enzyme needed to
exhibit 50% dismutation of the superoxide radical.

Figure 1. IGF-1 stimulates HIF-1� protein expression in hippocampal neuron cultures.
A, Representative immunoblots and corresponding densitometric analysis showing HIF-1� and
HIF-1� protein levels in hippocampal neuron cultures from vehicle control (C), IGF-1 (1–1000
ng/ml), or DFO (100 �M) treatment for 6 h. B, Representative immunoblots and corresponding
densitometric analysis showing HIF-1� and HIF-1� protein levels in hippocampal neuron cul-
tures from vehicle control or IGF-1 (300 ng/ml) treatment for 1–24 h. Data are presented as
mean � SEM. *p � 0.05 compared with the vehicle control (distilled water) group by unpaired
Student’s t test.
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Glutathione assay. The concentration of
glutathione was performed by using a by a
using the Cayman Chemical GSH Assay kit
(Cayman Chemical) according to the manu-
facturer’s instructions. The quantification of
glutathione by using glutathione reductase
based on the reaction of the sulfhydryl group
from glutathione with 5,5�-dithiobis(2-
nitrobenzoic acid) (DTNB), which produces
a yellow colored 5-thio-2-nitrobenzoic acid
(TNB). The rate of TNB production is di-
rectly proportional to the concentration of
glutathione in the sample. After exposure to
various treatments, cells were harvested and
homogenated by lysis buffer and centrifuged
at 10,000 � g for 15 min at 4°C to obtain the
cytoplasmic fraction of the cell lysates. Fifty
microliter aliquots of each sample were dis-
pensed into 96-well microtiter plate and in-
cubated with the assay mixture for 25 min at
room temperature with mild shaking. The
absorbances of all samples were measured at
412 nm using a Molecular Devices Spectra-
max Microplate Reader. Nonspecific signal
was determined by subtraction of a reagent
blank. All assays were run in duplicate.

Immunofluorescence staining. Cultured neu-
rons were fixed with 4% paraformaldehyde in
PBS containing 10% sucrose for 20 min at
room temperature. After washing, neurons
were permeabilized and blocked simulta-
neously in a solution containing 2% goat se-
rum, 3% BSA, and 0.2% Triton X-100 in PBS
for 1 h at room temperature. The primary an-
tibodies, anti-VGLUT1 (anti-vesicular gluta-
mate transporter 1) (1:500 dilution; Millipore)
and anti-PSD-95 (1:300 dilution; Abcam) were
added in PBS containing 3% BSA and incu-
bated overnight at 4°C. After rinses with PBS,
coverslips were incubated with appropriate Al-
exa Fluor 488- or 568-conjugated secondary
antibodies for 1 h at room temperature and
counterstained with nucleic marker DAPI
(4�,6-diamidino-2-pheny-
lindole) (1:2000; Santa Cruz Biotechnology).

Image acquisition and quantification. Images
of neurons were obtained using a standard fluorescent microscope
(BX51; Olympus) or a FluoView 1000 confocal microscope (Olympus)
with sequential acquisition setting at a resolution of 1024 � 1024 pixels,
z-stack with four to six optical sections. For higher magnification pic-
tures, an Olympus Plan Apochromat 60� oil-immersion objective
(1.42 numerical aperture and 0.15 working distance) was used. Meta-
Morph software (Molecular Devices) was used to quantify the frac-
tion of colocalization of synapsin 1 and PSD-95, and the synapse
density of colocalized punta. Synapsin 1 and PSD-95 were colocalized
if the markers directly overlapped or were closely apposed to each
other. The number of synapses was measured at 50 �m distant from
the soma and a 50 �m length of dendritic segment. Typically, 5–10
neurons were studied per coverslip. Blind conditions were used for
the morphometric quantification of acquired images.

Statistical analysis. Data for each experiment were normalized relative
to controls and presented as mean � SEM. The significance of any dif-
ference between means was calculated using the unpaired Student’s t test.
Values of p � 0.05 were considered significant. The number of experi-
ments performed with separate cultures was indicated by n. Statistical
comparison of mEPSCs was done using the Kolmogorov–Smirnov test.
Cumulative probability distributions of the mEPSC amplitude and inter-
event interval were considered different using a conservative critical
probability level of p � 0.01 (Hoffman and Lupica, 2001).

Results
IGF-1 stimulates HIF-1� expression in hippocampal
neuron cultures
Initial experiments were designed to investigate whether activa-
tion of IGF-1 receptors regulated HIF-1� protein expression in
our neuron cultures. We used iron chelator DFO (100 �M) as a
positive control because it stabilizes HIF-1� expression through
inhibition of asparaginyl hydroxylase, causing increased expres-
sion of HIF-1 target genes (Sandau et al., 2001; Hirsilä et al.,
2005). As expected, DFO stimulated expression of HIF-1�. Ex-
posure of B27-starved neuron cultures to IGF-1 for 6 h resulted in
a dose-dependent increase in levels of HIF-1� protein, with max-
imal effect observed with 300 ng/ml IGF-1 based on Western
blotting analysis of whole-cell lysates (158.3 � 11.2% of control
levels; p � 0.05 compared with control; n 	 7) (Fig. 1A). In time
course experiments, HIF-1� protein levels peaked at 6 h (176.8 �
15.4% of control levels; p � 0.05 compared with control; n 	 5)
and remained elevated until 24 h (151.3 � 13.7% of control
levels; p � 0.05 compared with control; n 	 5) after IGF-1 (300
ng/ml) treatment (Fig. 1B). In contrast, HIF-1� protein expres-
sion was not significantly affected by either IGF-1 or DFO treat-

Figure 2. IGF-1 stimulates HIF-1� protein expression through the activation of PI3K/Akt/mTOR signaling pathway.
A, Representative immunoblots and corresponding densitometric analysis showing HIF-1� protein levels in hippocampal
neuron cultures from IGF-1 (300 ng/ml) treatment for 6 h with or without AG1024 (0.5 �M). B, Representative immuno-
blots and corresponding densitometric analysis showing HIF-1� protein levels in hippocampal neuron cultures from IGF-1
(300 ng/ml) treatment for 6 h with or without LY294002 (20 �M) or LY303511 (20 �M). C, Representative immunoblots and
corresponding densitometric analysis showing HIF-1� protein levels in hippocampal neuron cultures from IGF-1 (300
ng/ml) treatment for 6 h with or without U0126 (5 �M) or U0124 (5 �M). D, Representative immunoblots and correspond-
ing densitometric analysis showing HIF-1� protein levels in hippocampal neuron cultures from IGF-1 (300 ng/ml) treat-
ment for 6 h with or without rapamycin (50 nM) or ascomycin (50 nM). Data are presented as mean � SEM. *p � 0.05
compared with the vehicle (0.1% DMSO)-treated control group by unpaired Student’s t test.
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ment. These data clearly demonstrate that IGF-1 stimulates
HIF-1� expression in our model in a time- and dose-dependent
manner. Because application of IGF-1 (300 ng/ml) for 6 h con-
sistently stimulated HIF-1� expression, we chose this treatment
protocol for all subsequent experiments designed to identify
mechanisms underlying this event. Notably, a 24 h treatment of
neuron cultures with IGF-1 (300 ng/ml) did not cause any detect-
able change in cell survival using LDH and DNA fragmentation
assays (supplemental Fig. S4, available at www.jneurosci.org as
supplemental material). To exclude the possibility that the stim-
ulatory effect of IGF-1 on HIF-1� expression could be derived
from induction of oxidative stress in the absence of neuronal

death, we assayed antioxidant enzyme SOD activity and total
glutathione levels. No significant difference was found in either
total SOD activity or glutathione levels in IGF-1-treated neuron
cultures compared with control (untreated) cultures (supple-
mental Fig. S5, available at www.jneurosci.org as supplemental
material). These data globally indicate that the stimulatory effect
of IGF-1 on HIF-1� expression is not mediated by oxidative
stress or a change in cell viability.

IGF-1-induced HIF-1� expression is dependent on activation
of the PI3K/Akt/mTOR signaling pathway
IGF-1 receptors are structurally very similar to insulin receptors;
IGF-1 binds to both IGF-1 and insulin receptors, although the
former bind with �2000-fold greater affinity (Kjeldsen et al.,
1991). Additional experiments were performed to verify whether
the IGF-1-induced increase in HIF-1� protein expression was
specifically mediated by activation of IGF-1 receptors. To directly
test this possibility, neuron cultures were pretreated with a selec-
tive inhibitor of IGF-1 receptor, AG1024, which blocks IGF-1
receptor tyrosine kinase activity (Párrizas et al., 1997). As shown
in Figure 2A, AG1024 (0.5 �M) completely blocked IGF-1-
induced increase in HIF-1� protein expression (87.9 � 8.3% of
control levels; p � 0.05 compared with IGF-1 alone; n 	 4).
AG1024 treatment alone had no effect on the basal expression
level of HIF-1� protein. These results indicate that activation of

Figure 3. IGF-1 stimulates HIF-1� accumulation through a transcriptional and translational
mechanism. A, Representative immunoblots and corresponding densitometric analysis show-
ing HIF-1� protein levels in hippocampal neuron cultures from IGF-1 (300 ng/ml) treatment for
6 h with or without actinomycin D (Act D) (1 �M), cycloheximide (CHX) (10 �M), or anisomycin
(Ani) (2 �M). B, Representative immunoblots and corresponding densitometric analysis show-
ing HIF-1� protein stability in hippocampal neuron cultures treated with IGF-1 or DFO. Hip-
pocampal neuronal cultures were treated with IGF-1 (300 ng/ml) or DFO (100 �M) treatment for
6 h, after which cycloheximide was added for 30 –90 min. Total protein was isolated and ex-
pression of HIF-1� was analyzed by Western blotting. Data are presented as mean � SEM.
*p � 0.05 compared with the vehicle (0.1% DMSO)-treated control group by unpaired Stu-
dent’s t test.

Figure 4. IGF-1 stimulates VEGF-A mRNA expression and protein secretion. A, Hippocampal
neuron cultures were stimulated IGF-1 (300 ng/ml) for 6 h. Levels of HIF-1� and VEGF-A mRNA
expression were analyzed by quantitative real-time PCR. B, Summary of experiments showing
the time course of VEGF protein secretion in hippocampal neuron cultures treated with IGF-1.
Data are presented as mean � SEM. *p � 0.05 compared with the IGF-1 0 h (untreated) group
by unpaired Student’s t test.
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IGF-1 receptor signaling by IGF-1 serves to regulate expression of
HIF-1� protein in our neuron model.

A broad set of distinct signal transduction pathways can be
activated by IGF-1. To define the specific signaling pathway that
contributes to IGF-1-induced increases in HIF-1� protein ex-
pression, the requirement of PI3K activation was first examined.
Neuron pretreatment with the specific PI3K inhibitor LY294002
(20 �M) (Vlahos et al., 1994) completely blocked the IGF-1-
induced increase in HIF-1� protein expression (93.3 � 7.1% of
control levels; p � 0.05 compared with IGF-1 alone; n 	 5) (Fig.
2B). Similar results were observed with use of a structurally un-
related PI3K inhibitor, wortmannin (5 �M) (data not shown). In
contrast, the inactive analog of LY294002, LY303511 (20 �M), did
not significantly affect the action of IGF-1 (152.6 � 9.8% of
control levels; p � 0.05 compared with IGF-1 alone; n 	 5).
Neither LY294002 nor LY303511 treatment alone altered basal
levels of HIF-1� protein. These results support the hypothesis
that activation of PI3K is required for IGF-1-induced increases in
HIF-1� protein expression in our hippocampal neuron cultures.

To evaluate the contribution of the ERK MAPK signaling
pathway in regulation of HIF-1� protein expression induced by
IGF-1, neuron cultures were pretreated with a selective MAPK
kinase (MEK)1/2 inhibitor, U0126 (5 �M, a dose corresponding
to the EC100 of this compound) (Favata et al., 1998). This treat-
ment had no significant effect on IGF-1-induced increases in
HIF-1� protein expression (138.6 � 11.9% of control levels; p �
0.05 compared with IGF-1 alone; n 	 5) (Fig. 2C). The inactive
analog of U0126, U0124 (5 �M), also did not significantly affect
IGF-1 activity (146.3 � 11.3% of control levels; p � 0.05 com-
pared with IGF-1 alone; n 	 5). Similar results were observed
with use of another MEK1/2 inhibitor, PD98059 (10 �M)
(142.9 � 12.5% of control levels; p � 0.05 compared with IGF-1
alone; n 	 4). None of U0126, PD98059, or U0124 treatment
alone altered the basal levels of HIF-1� protein. These results
exclude an involvement of the MAPK signaling cascade in IGF-
1-induced increases in HIF-1� protein expression in our hip-
pocampal neuron cultures.

mTOR, a serine/threonine protein kinase that regulates trans-
lation initiation, is a crucial downstream node in PI3K/Akt sig-
naling (Gingras et al., 1998). To test whether PI3K and Akt act
through an mTOR-coupled mechanism to regulate HIF-1� pro-
tein expression, we evaluated a specific inhibitor of mTOR, rapa-
mycin (Sabers et al., 1995). As shown in Figure 2D, pretreatment
of neuron cultures with rapamycin (50 nM) partially, but signifi-
cantly, inhibited IGF-1-induced increases in HIF-1� protein ex-
pression (126.8 � 9.3% of control levels; p � 0.05 compared with
IGF-1 alone; n 	 4). In contrast, the inactive structural analog
ascomycin (50 nM) did not significantly affect IGF-1 activity
(154.6 � 7.8% of control levels; p � 0.05 compared with IGF-1
alone; n 	 4). Neither rapamycin nor ascomycin alone altered
basal levels of HIF-1� protein. We concluded that IGF-1 stimu-
lates HIF-1� protein expression in our experimental system
through a rapamycin-sensitive and PI3K-dependent mechanism.

IGF-1 stimulates HIF-1� expression by upregulation of
transcription- and translation-dependent processes
To determine whether IGF-1-induced increases in HIF-1� pro-
tein expression resulted from an increase in new mRNA and
protein synthesis, we pretreated hippocampal neuron cultures
with the transcription inhibitor actinomycin D (1 �M) or the
protein translation inhibitors, cycloheximide (10 �M) and aniso-
mycin (2 �M). As shown in Figure 3A, all pretreatments com-
pletely blocked IGF-1-induced increases in HIF-1� protein

expression (actinomycin D, 104.5 � 7.6% of control levels;
cycloheximide, 89.8 � 12.5% of control levels; anisomycin,
97.8 � 12.9% of control levels; p � 0.05 compared with IGF-1
alone; n 	 7). None of the actinomycin D, cycloheximide, or
anisomycin treatments alone altered basal levels of HIF-1� pro-
tein. In parallel, we observed that IGF-1 induced a significant
increase in HIF-1� mRNA levels based on quantitative real-time
RT-PCR analysis. Levels of HIF-1� mRNA were elevated at 1 h,
reached maximal levels at 6 h, and remained elevated until �24 h
after IGF-1 treatment (Fig. 4A).

To analyze the possible effect of IGF-1 on HIF-1� protein
stability, we performed a time course of HIF-1� turnover in the
presence of the protein translation inhibitor cycloheximide. Neu-
rons were treated with IGF-1 (300 ng/ml) or DFO (100 �M) for

Figure 5. IGF-1 induces the binding of HIF-1 to the hypoxia response element. A, Hippocam-
pal neuron cultures were treated with or without IGF-1 (300 ng/ml) for 1–3 h, and then lysed
and subjected to ChIP assay as described in Materials and Methods using anti-HIF-1� antibody.
The immunoprecipitated material was subjected to PCR using primer pair that flanked HIF-1�
binding site (�944��611). Agarose gel electrophoresis was performed on products of PCR.
Templates were DNA derived from cells before ChIP (input), and DNA in immunoprecipitates
were derived by ChIP with anti-HIF-1�. Shown is a quantitative analysis of the HIF-1� bands,
expressed as percentage change from basal values. B, Hippocampal neuron cultures were trans-
fected with plasmid encoding HRE upstream of firefly luciferase. Twenty-four hours after trans-
fection, neurons were treated with or without IGF-1 (300 ng/ml) for 1– 48 h, and then lysed and
subjected to luciferase activity assay. HRE-luciferase activity was normalized against Renilla
luciferase activity. Data are presented as mean � SEM. *p � 0.05 compared with the IGF-1 0 h
(untreated) group by unpaired Student’s t test.
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6 h to induce HIF-1� accumulation, after which cycloheximide
(10 �M) was added for an additional 30–90 min to block ongoing
protein synthesis. Western blot analyses showed that DFO stimu-
lated HIF-1� accumulation and DFO-induced HIF-1� protein
levels remained unchanged in the presence of cycloheximide
(n 	 6). In contrast, after 6 h of IGF-1 stimulation, addition of
cycloheximide led to diminished HIF-1� protein expression (n 	
6). Within 90 min of protein synthesis inhibition, �60% of the
amount of IGF-1-induced HIF-1� protein disappeared (Fig.
3B). These results are in agreement with the idea that IGF-1 in-
creases HIF-1� protein accumulation through a mechanism
that increases HIF-1� mRNA transcription and translation
without an additional increase in HIF-1� protein stability.

IGF-1 stimulates HIF-1�-mediated VEGF mRNA expression
and protein secretion
Next, we examined the effect of IGF-1 on mRNA and protein
expression of VEGF. Consistent with reports using cancer cells
and epithelial cell lines (Miele et al., 2000; Fukuda et al., 2002;
Slomiany and Rosenzweig, 2006), we found that IGF-1 (300 ng/
ml) treatment increased VEGF mRNA expression (Fig. 4A).
IGF-1 induced an increase in VEGF mRNA levels by 3 h that
peaked at 6 h and persisted at 12 h, declining thereafter (n 	 8). A
consistent, significant increase in VEGF-A protein secretion was

also observed in hippocampal neuron cul-
tures exposed to IGF-1 (300 ng/ml) (n 	
8). Levels of VEGF-A secretion were ele-
vated at 6 h, reached maximal levels at
12 h, and remained elevated until �24 h
after IGF-1 treatment (Fig. 4B).

To assess whether enhanced levels of
VEGF mRNA and protein were associated
with an increase in HIF-1 binding to the
HRE of the VEGF promoter, we per-
formed ChIP assay. HIF-1 DNA binding
activity to the HRE present at positions
�923 to �916 (5�-TACGTGGG-3�) of
the VEGF promoter was detected in neu-
rons treated with IGF-1 (300 ng/ml). As
shown in Figure 5A, IGF-1 significantly
increased HIF-1 DNA binding activity to
the VEGF promoter, with a peak at 3 h
that remained stable until at least 6 h
(n 	 5).

To further evaluate the direct impact
of IGF-1-induced HIF-1� accumulation
on VEGF transcriptional upregulation,
we measured HIF-1 transcriptional activ-
ity using a luciferase reporter assay. For
this aim, hippocampal neuron cultures
were transfected with plasmid encoding
HRE upstream of firefly luciferase. After
IGF-1 treatment, firefly luciferase activity
in cell extracts was determined and nor-
malized against Renilla luciferase activity.
IGF-1 induced a significantly time-
dependent increase in luciferase activ-
ity, which reached maximal levels at 6 h
and remained elevated until �48 h after
IGF-1 treatment (n 	 5) (Fig. 5B).
These results strongly indicate IGF-1
treatment can stimulate HIF-1 tran-
scriptional activity.

To definitively demonstrate the role of HIF-1� in IGF-1-
induced increases in VEGF mRNA expression and protein secre-
tion, we used both a pharmacological as well as molecular
approaches to inhibit HIF-1� activity. Because echinomycin
specifically inhibits HIF-1 DNA-binding activity to the VEGF
promoter (Kong et al., 2005), we examined the effects of echino-
mycin on IGF-1-induced increases in VEGF mRNA expression
and protein secretion. We confirmed echinomycin treatment in-
hibited DNA binding affinity of HIF-1 in HEK293 cells (supple-
mental Fig. S6, available at www.jneurosci.org as supplemental
material). In addition, pretreatment of hippocampal neurons
with echinomycin (0.5 �M) almost completely blocked IGF-1-
induced increases in VEGF mRNA expression and protein secre-
tion (n 	 6) (Fig. 6A,C). A significant decrease in VEGF mRNA
expression and protein secretion was also observed in neuron
cultures exposed to echinomycin alone, indicating that HIF-1
DNA-binding activity is required to maintain basal transcription
of the VEGF gene.

We next examined the effect of HIF-1�-DN on IGF-1-
induced increases in levels of VEGF mRNA and protein. Overex-
pression of HIF-1�-DN prevented enhancement by IGF-1 on
VEGF mRNA expression and protein secretion (n 	 6) (Fig.
6A,C). A significant decrease in VEGF mRNA expression and
protein secretion was also observed in neurons with HIF-1�-DN

Figure 6. HIF-1 is required for IGF-1-induced VEGF mRNA expression and protein secretion. A, Control, HIF-1�-DN- or HIF-1�-
CA-expressing hippocampal neuron cultures were stimulated IGF-1 (300 ng/ml) for 6 h with or without echinomycin (0.5 �M).
Levels of VEGF-A mRNA expression were analyzed by quantitative real-time PCR. B, VEGF-A mRNA levels were determined in
control shRNA-DsRed, HIF-1�-shRNA-I-, or HIF-1�-shRNA-II-expressing hippocampal neuron cultures with or without IGF-1 (300
ng/ml) treatment for 6 h. C, Control, HIF-1�-DN-, or HIF-1�-CA-expressing hippocampal neuron cultures were stimulated IGF-1
(300 ng/ml) for 6 h with or without echinomycin (0.5 �M). Levels of VEGF-A protein secretion were determined by ELISA of the
culture media. D, Secreted VEGF-A protein levels were determined in the culture media from control shRNA-DsRed, HIF-1�-
shRNA-I-, or HIF-1�-shRNA-II-expressing hippocampal neuron cultures with or without IGF-1 (300 ng/ml) treatment for 6 h. Data
are presented as mean � SEM. *p � 0.05 compared with the vehicle (0.1% DMSO)-treated control group by unpaired Student’s
t test.
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overexpression. In contrast, overexpres-
sion of HIF-1�-CA significantly increased
VEGF mRNA expression and protein se-
cretion and occluded the stimulatory ef-
fect of IGF-1 (n 	 6) (Fig. 6A,C). The
importance of HIF-1� for the IGF-1-
induced increase in VEGF mRNA expres-
sion and protein secretion was further
determined by transfecting hippocampal
neuron cultures with lentiviral construct
encoding shRNA against HIF-1�. Mea-
surement of HIF-1� levels by Western
blotting analysis revealed significant re-
duction in expression of HIF-1� protein
in neurons transfected with HIF-1�
shRNA-I or shRNA-II compared with
control shRNA-DsRed-transfected neu-
rons (supplemental Fig. S2, available at
www.jneurosci.org as supplemental ma-
terial), confirming the ability of shRNAs
to knockdown HIF-1�. As shown in Fig-
ure 6, B and D, levels of VEGF mRNA and
protein were increased by IGF-1 treat-
ment in hippocampal neurons transfected
with a control shRNA-DsRed (n 	 6), but
this increase was not observed in either
HIF-1� shRNA-I-transfected (n 	 6) or
shRNA-II-transfected neurons (n 	 6). A
significant decrease in VEGF mRNA ex-
pression and protein secretion was also
observed in hippocampal neurons trans-
fected with either HIF-1� shRNA-I or
shRNA-II alone. Based on these data, we
suggest that IGF-1 stimulates VEGF ex-
pression through an HIF-1�-dependent
transcriptional mechanism.

IGF-1 enhances excitatory
synaptic transmission through
HIF-1�-mediated VEGF secretion
Having documented evidence that IGF-1
induces HIF-1�-mediated VEGF secretion
in pure hippocampal neuron cultures, we
reasoned its impact on neuronal functions.
A potential regulation in excitatory synaptic
transmission was investigated using whole-
cell patch-clamp recordings of mEPSCs.
Because VEGF receptor 2 inhibitors, ZM
323881 and SU 1498, were dissolved in DMSO and the final con-
centration of DMSO in medium was 0.1%, vehicle control hip-
pocampal neuron cultures were incubated for 24 h with 0.1%
DMSO. There was no significant influence of 0.1% DMSO treat-
ment on both the mean frequency (1.3 � 0.2 Hz; n 	 8) and
amplitude of mEPSCs (10.8 � 1.6 pA; n 	 8) compared with
untreated group (frequency, 1.4 � 0.3 Hz; amplitude, 11.2 � 1.4
pA; n 	 6) (data not shown). Treatment of neurons with IGF-1
(300 ng/ml) for 24 h produced a significant increase in the fre-
quency of mEPSCs (6.4 � 0.4 Hz; n 	 10; p � 0.05 compared
with control), although mEPSC amplitude was not significantly
affected (13.2 � 2.3 pA; n 	 10; p � 0.05 compared with control)
(Fig. 7A–E). No significant difference was found in rise time
(from 20 to 80% of the peak) or weighted decay time of mEPSCs
in IGF-1-treated hippocampal neurons (rise time, 0.41 � 0.08

ms; decay time, 8.9 � 1.2 ms; n 	 10) compared with controls
(rise time, 0.36 � 0.06 ms; decay time, 8.6 � 0.9 ms; n 	 8).
Pretreatment with the selective VEGF receptor 2 inhibitor ZM
323881 (10 nM) (Whittles et al., 2002) or SU 1498 (5 �M) (Shen et
al., 1999) completely blocked IGF-1-induced enhancement of
mEPSCs (ZM 323881, 1.2 � 0.2 Hz, n 	 6; SU 1498, 1.4 � 0.2 Hz,
n 	 5; ZM 322881 plus IGF-1, 1.6 � 0.2 Hz, n 	 8; SU 1498 plus
IGF-1, 1.6 � 0.3 Hz, n 	 6; p � 0.05 compared with IGF-1 alone).
In addition, IGF-1-induced enhancement of mEPSC frequency
was not observed in VEGF receptor 2 shRNA-expressing neu-
rons (shRNA-VEGFR2, 1.3 � 0.2 Hz, n 	 6; shRNA-VEGFR2
plus IGF-1, 1.9 � 0.3 Hz, n 	 8; p � 0.05 compared with IGF-1
alone). These results reveal that increased expression of VEGF
and hence activation of VEGF receptor 2 are required for IGF-1-
induced synaptic enhancement.

Figure 7. IGF-1 increases the frequency of mEPSCs through the activation of VEGF receptor 2. A, Representative traces of
mEPSCs in control (A1, A2) or VEGF receptor 2-shRNA-expressing (shRNA-VEGFR2) (A3) hippocampal neurons from IGF-1 (300
ng/ml) treatment for 24 h with (A2) or without ZM 323881 (10 nM) (A1). B, Cumulative distribution of the mEPSC interevent
interval. IGF-1 induces a significant decrease in the interevent interval (i.e., increased frequency), which is blocked by pretreatment
with ZM 323881. C, Cumulative distribution of the mEPSC amplitude. The amplitude of mEPSCs was not significantly affected by
IGF-1 treatment. D, E, The bar graphs showing the summary data of the effect of IGF-1 on the average frequency and amplitude of
the mEPSCs in control or shRNA-VEGFR2-expressing hippocampal neurons with or without ZM 323881 (10 nM) or SU 1498 (5 �M)
pretreatment. The total number of experiments performed with separate cultures is shown in parentheses. Data are presented as
mean � SEM. *p � 0.05 compared with the vehicle (0.1% DMSO)-treated control group by unpaired Student’s t test.
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To further determine the role of HIF-1� activation in de-
velopment of IGF-1-induced enhancement of mEPSCs, we pre-
treated hippocampal neurons with echinomycin or HIF-1�-DN.
As shown in Figure 8, neither echinomycin nor HIF-1�-DN treat-
ment alone affected the frequency (echinomycin, 1.6 � 0.3 Hz, n 	
7; HIF-1�-DN, 1.5 � 0.3 Hz, n 	 6; p � 0.05 compared with con-
trol) or amplitude of mEPSCs (echinomycin, 11.2 � 2.1 pA, n 	 7;
HIF-1�-DN, 10.9�2.5 pA, n	6; p�0.05 compared with control).
However, both treatments significantly blocked the enhancement
effect of IGF-1 on the frequency of mEPSCs (echinomycin plus
IGF-1, 2.1 � 0.3 Hz, n 	 8; HIF-1�-DN plus IGF-1, 2.2 � 0.3 Hz,
n 	 8; p � 0.05 compared with IGF-1 alone). In contrast, overex-
pression of HIF-1�-CA significantly increased the frequency of
mEPSCs (8.7 � 0.9 Hz; n 	 5; p � 0.05 compared with control) and

occluded enhancement by IGF-1 (9.1 � 0.7
Hz; n 	 6; p � 0.05 compared with IGF-1
alone). HIF-1�-CA treatment alone had no
effect on mEPSC amplitude (13.3 � 2.7 pA;
n 	 5; p � 0.05 compared with control). We
found that mEPSC frequency and amplitude
recorded in HIF-1�-shRNA-expressing
neurons (shRNA-I, 1.8 � 0.3 Hz and
11.2 � 2.5 pA, n 	 4; shRNA-II, 1.6 � 0.3
Hz and 11.9 � 2.4 pA, n 	 4) were not sig-
nificantly different compared with values
for shRNA-DsRed-expressing neurons
(1.5 � 0.2 Hz and 11.2 � 2.5 pA; n 	 4),
whereas HIF-1� shRNA-I and shRNA-II
completely blocked IGF-1-induced en-
hancement of mEPSCs (control shRNA-
DsRed plus IGF-1, 6.2 � 0.5 Hz, n 	 6;
shRNA-I plus IGF-1, 2.3 � 0.3 Hz, n 	 6;
shRNA-II plus IGF-1, 2.4 � 0.3 Hz, n 	 6;
p � 0.05 compared with shRNA-DsRed
plus IGF-1) (Fig. 9A–E).

To confirm that IGF-1-induced en-
hancement of excitatory synaptic transmis-
sion was not attributable to residual IGF-1
in cultures, we tested the acute effect of
IGF-1 (300 ng/ml) on mEPSCs. Compared
with control neurons, neurons exposed to
IGF-1 for 1 h had no significant difference in
frequency (control, 1.3 � 0.2 Hz, n 	 8;
IGF-1–1 h, 1.8 � 0.4 Hz, n 	 6; p � 0.05
compared with control) or amplitude of
mEPSCs (control, 10.8 � 1.6 pA, n 	 8;
IGF-1–1 h, 10.9 � 2.2 pA, n 	 6; p � 0.05
compared with control) (Fig. 10A–E).
These results rule out a possible role of re-
sidual IGF-1 in cultures in governing en-
hancement of synaptic transmission
occurring after prolonged IGF-1 exposure.

Finally, we showed that treatment of
hippocampal neuron cultures with VEGF
(1 ng/ml) for 1 or 12 h mimicked the effect
of IGF-1 in eliciting a significant increase
in frequency of mEPSCs (VEGF–1 h, 2.9 �
0.4 Hz, n	5; VEGF–12 h, 5.8�1.4 Hz, n	
10; p � 0.05 compared with control),
whereas amplitude of mEPSCs was not sig-
nificantly affected (VEGF–1 h, 11.7 � 1.7
pA, n 	 5; VEGF–12 h, 13.2 � 2.6 pA, n 	
10; p � 0.05 compared with control) (Fig.

10A–E). No significant difference was found in rise time (from 20
to 80% of the peak) or weighted decay time of mEPSCs in VEGF-
treated hippocampal neurons (VEGF–1 h, rise time, 0.38 � 0.09
ms, and decay time, 8.6 � 1.6 ms, n 	 5; VEGF–12 h, rise time,
0.34 � 0.08 ms, and decay time, 8.2 � 1.2 ms, n 	 10) compared
with controls (rise time, 0.36 � 0.06 ms, and decay time, 8.6 � 0.9
ms; n 	 8). In addition, pretreatment with ZM 323881 (10 nM) or
SU 1498 (5 �M) completely blocked VEGF (for 12 h)-induced
enhancement of mEPSCs (ZM 323881, 1.5 � 0.3 Hz, n 	 4; SU
1498, 1.4 � 0.3 Hz, n 	 3; ZM 322881 plus VEGF, 1.9 � 0.4 Hz,
n 	 5; SU 1498 plus VEGF, 1.7 � 0.3 Hz, n 	 4; p � 0.05
compared with VEGF alone). Furthermore, VEGF-induced en-
hancement of mEPSC frequency was not observed in VEGF re-
ceptor 2 shRNA-expressing neurons (shRNA-VEGFR2, 1.4 � 0.3

Figure 8. HIF-1 is required for IGF-1-induced increase in the mEPSCs. A, Representative traces of mEPSCs in hippocampal
neurons from IGF-1 (300 ng/ml) treatment for 24 h with echinomycin (0.5 �M) (A1) or in HIF-1�-DN- (A2) or HIF-1�-CA-
expressing (A3) hippocampal neurons from IGF-1 treatment for 24 h. B, Cumulative distribution of the mEPSC interevent interval.
The IGF-1-induced increase in the mEPSC frequency is blocked by pretreatment with echinomycin or in HIF-1�-DN-expressing
hippocampal neurons. HIF-1�-CA-expressing hippocampal neurons show a significant increase in the mEPSC frequency. C, Cumu-
lative distribution of the mEPSC amplitude. The amplitude of mEPSCs was not significantly affected by IGF-1 treatment. D, E, The
bar graphs show the summary data of the effect of IGF-1 on the average frequency and amplitude of the mEPSCs with echinomycin
or in HIF-1�-DN- or HIF-1�-CA-expressing hippocampal neurons. The data of control and IGF-1 treatment were taken from Figure
7. The total number of experiments performed with separate cultures is shown in parentheses. Data are presented as mean�SEM.
*p � 0.05 compared with the vehicle (0.1% DMSO)-treated control group by unpaired Student’s t test.
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Hz, n 	 4; shRNA-VEGFR2 plus VEGF,
2.1�0.6 Hz, n	6; p�0.05 compared with
VEGF alone). Together, these results
strongly suggest that IGF-1 enhances excita-
tory synaptic transmission in hippocampal
neuron cultures through HIF-1� upregula-
tion and VEGF secretion.

Discussion
This paper presents data that support a
novel role of HIF-1�-mediated VEGF ex-
pression in IGF-1-induced enhancement
of excitatory synaptic transmission in hip-
pocampal neuron cultures. We demon-
strated that IGF-1 stimulates HIF-1�
expression by de novo transcription of the
HIF-1� gene through activation of the
PI3K/Akt/mTOR signaling pathway.
VEGF released from neurons may act, at
least in part, via VEGF receptor 2 to en-
hance excitatory synaptic transmission.

IGF-1-induced VEGF synthesis and
secretion has been reported in several
non-neuron cell lines, including human
retinal pigment epithelial cells (Punglia et
al., 1997), colon cancer cells (Fukuda et
al., 2002), endometrial adenocarcinoma
cells (Bermont et al., 2001), and human
mesangial cells (Gruden et al., 2003).
Here, we demonstrated for the first time,
to our knowledge, that IGF-1 induces
VEGF production in nearly pure primary
hippocampal neuron cultures. Our data
demonstrate a positive correlation be-
tween IGF-1-induced increases in VEGF
mRNA level and protein production. We
found that VEGF production started to
increase 3 h after IGF-1 treatment, ap-
proached maximal levels at 12 h, and re-
mained elevated until �24 h. This time
course for IGF-1-induced VEGF produc-
tion is similar to that previously shown for
non-neuronal cells. However, it is note-
worthy that the levels of IGF-1-induced
VEGF production we observed in hip-
pocampal neurons were lower than re-
ported in non-neuronal cells. It remains
unclear whether preexisting IGF-1 recep-
tor levels in these cell types are different or
posttranscriptional regulatory mechanisms for increasing VEGF ex-
pression in response to IGF-1 stimulation vary among cell types.
Because secreted VEGF protein levels were determined in culture
media, our data do not allow us to exclude the possibility that the
efficiency of VEGF secretion or the metabolic turnover rate of VEGF
varies considerably among cell types.

HIF-1 is the principal regulator of hypoxia-induced VEGF
expression. It is now well established that HIF-1 can be activated
by conditions other than hypoxia. Various growth factors and
cytokines have been shown to be capable of stimulating synthesis,
as well as stabilizing and activating, HIF-1� (Sharp and Bernau-
din, 2004). Under hypoxic conditions, lack of hydroxylation pre-
vents HIF-1� degradation by the ubiquitin–proteasome system
and leads to rapid HIF-1� accumulation (Maxwell et al., 1999;

Jaakkola et al., 2001). In this study, the stimulatory effect of IGF-1
on HIF-1� protein expression does not imply a significant inhi-
bition of HIF-1� degradation but instead an increase in synthesis.
This increment is related in timely manner to an increase in
HIF-1� mRNA, suggesting this effect is attributable to transcrip-
tional upregulation of HIF-1� gene expression. This hypothesis is
supported by observations that IGF-1-induced HIF-1� expression
was completely blocked by pretreatment with the transcriptional
inhibitor actinomycin D and that the time courses of HIF-1� turn-
over were not significantly altered by IGF-1 in the presence of the
translation inhibitor cycloheximide.

A pressing question that follows these observations is how
IGF-1 activates HIF-1� gene expression. IGF-1 receptors transduce
IGF-1 signals to the nucleus primarily via the PI3K/Akt and

Figure 9. IGF-1 does not alter the mEPSC frequency in HIF-1�-shRNA-expressing hippocampal neurons. A, Representative
traces of mEPSCs in control shRNA-Ds-Red (A1), HIF-1�-shRNA-I- (A2), and HIF-1�-shRNA-II-expressing (A3) hippocampal neu-
rons from IGF-1 (300 ng/ml) treatment for 24 h. B, Cumulative distribution of the mEPSC interevent interval. IGF-1 has no effect on
the frequency of mEPSCs in shRNA-I- or shRNA-II-expressing hippocampal neurons. C, Cumulative distribution of the mEPSC
amplitude. The amplitude of mEPSCs was not significantly affected by IGF-1 treatment in control shRNA-Ds-Red, shRNA-I-, or
shRNA-II-expressing hippocampal neurons. D, E, The bar graphs show the summary data of the effect of IGF-1 on the average
frequency and amplitude of the mEPSCs in control shRNA-Ds-Red, shRNA-I-, or shRNA-II-expressing hippocampal neurons. The
data of control and IGF-1 treatment were taken from Figure 7. The total number of experiments performed with separate cultures
is shown in parentheses. Data are presented as mean � SEM. *p � 0.05 compared with the control group by unpaired Student’s
t test.
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MAPK pathways. Our finding that the IGF-1-induced increase in
HIF-1� expression was blocked by two structurally unrelated
PI3K inhibitors and the mTOR inhibitor, supports a pathway
involving PI3K and mTOR. This is consistent with reports show-
ing that activation of the PI3K/Akt/mTOR signaling pathway by
IGF-1 can stimulate HIF-1� expression in colon cancer cells
(Fukuda et al., 2002) and ARPE-19 cells (Treins et al., 2005). The
molecular mechanism by which PI3K/Akt regulates HIF-1� tran-
scription remains to be elucidated. A recent study in pulmonary
artery smooth muscle cells indicated that hypoxia can increase
HIF-1� transcription through activation of the PI3K/Akt signal-
ing pathway and nuclear factor-�B (NF�B) (Belaiba et al., 2007).
Given involvement of the PI3K/Akt pathway in activation of
NF�B (Sizemore et al., 1999; Madrid et al., 2000), it is possible
that PI3K/Akt stimulates HIF-1� indirectly by inducing NF�B,

which in turn binds and therefore acti-
vates the HIF-1� promoter. Our findings
showed that the MAPK pathway is not in-
volved in IGF-1-induced HIF-1� accumu-
lation. This contrasts with observations
made in a previous study, which reported a
dual requirement for PI3K and MAPK sig-
naling in IGF-1-induced HIF-1� expression
in colon cancer cells (Fukuda et al., 2002).
This discrepancy could be attributable to
differences in experimental design as well as
differences in cell types.

Consistent with previous studies
(Fukuda et al., 2002; Treins et al., 2005),
the current study showed that blockade of
mTOR signaling with rapamycin inhib-
ited IGF-1-induced HIF-1� expression.
Because our results indicate that the in-
hibitory effect of rapamycin was less than
those observed for LY294002 and wort-
mannin, it is possible that other members
of the PI3K signaling pathway may be in-
volved in mediating IGF-1-induced
HIF-1� expression. Although the mecha-
nism by which mTOR regulates HIF-1�
protein expression remains to be estab-
lished, it is highly likely that mTOR acts
mainly through regulation of transla-
tional control to mediate its effects on
HIF-1�. Additional studies are required
to examine this possibility.

What are the functional consequences
of IGF-1-induced VEGF synthesis and se-
cretion? Our data indicate that increased
VEGF secretion is accompanied by a con-
comitant increase in the frequency but
not amplitude of mEPSCs and that this
enhancement is blocked by the selective
VEGF receptor 2 inhibitors or knock-
down of VEGF receptor 2 expression by
shRNA. An increase in the frequency of
mEPSCs is classically interpreted as an in-
crease in the number of glutamatergic
synaptic contacts and/or a presynaptic en-
hancement of glutamate release probabil-
ity (Katz, 1969). However, IGF-1 (300 ng/
ml) treatment for 24 h does not affect
glutamatergic synapse density identified by

vesicular glutamate transporter 1/PSD-95 colocalization (supple-
mental Fig. S7, available at www.jneurosci.org as supplemental ma-
terial), arguing against a global change in synaptic contacts. Thus, the
observed increases in mEPSC frequency by IGF-1 or VEGF treat-
ment are most likely attributable to an enhancement of presynaptic
release probability. Additional studies are needed to clarify this pos-
sibility. The lack of effect of IGF-1 or VEGF on mEPSC kinetics also
implies that their action on glutamatergic transmission is not medi-
ated by a change in postsynaptic responsiveness to glutamate. Inter-
estingly, the observed synaptic enhancement to VEGF exposure was
more evident when VEGF was applied for 12 h. Although the mech-
anism underlying this delayed appearance of VEGF action remains
unclear, an intriguing possibility is its induction because of a
complex set of signaling mechanisms. The effect of VEGF on
glutamatergic transmission is still controversial, with evidence

Figure 10. VEGF increases the frequency of mEPSCs. A, Representative traces of mEPSCs in hippocampal neurons from IGF-1
(300 ng/ml) treatment for 1 h (A1) or VEGF (1 ng/ml) treatment for 1 h (A2) or 12 h (A3). B, Cumulative distribution of the mEPSC
interevent interval. VEGF induces a significant decrease in the interevent interval. C, Cumulative distribution of the mEPSC ampli-
tude. The amplitude of mEPSCs was not significantly affected by IGF-1 or VEGF treatment. D, E, The bar graphs show the summary
data of the effects of IGF-1 and VEGF on the average frequency and amplitude of the mEPSCs in control or shRNA-VEGFR2-
expressing hippocampal neurons with or without ZM 323881 (10 nM) or SU 1498 (5 �M) pretreatment. The data of control were
taken from Figure 7. The total number of experiments performed with separate cultures is shown in parentheses. Data are
presented as mean � SEM. *p � 0.05 compared with the vehicle (0.1% DMSO)-treated control group by unpaired Student’s t test.
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for both inhibition (McCloskey et al., 2005) and enhancement
(Kim et al., 2008). The reasons for these discrepancies are un-
clear. They may be attributable to use of different doses and time-
scales of VEGF challenges, leading to activation of different
cellular events that vary in mode of action. Here, we extended
these findings by showing for the first time that stimulation of
HIF-1� expression is required for induction of IGF-1-induced
VEGF secretion and synaptic potentiation. This notion is sup-
ported by our findings that both genetic disruption and pharma-
cological blockade of HIF-1� prevented IGF-1-induced VEGF
secretion and enhancement of mEPSC frequency. In addition,
treatment of hippocampal neurons with VEGF mimicked the
action of IGF-1 in enhancing mEPSC frequency. Together, these
results reveal a novel role for HIF-1-mediated VEGF expression
in regulation of excitatory synaptic transmission.

In conclusion, we not only demonstrated that IGF-1 is able to
induce HIF-1-mediated VEGF synthesis and secretion in hip-
pocampal neurons, but we also identified the molecular mecha-
nism by which IGF-1 increases HIF-1� expression through the
activation of PI3K/Akt/mTOR signaling pathway. Our findings
also highlight the importance of VEGF in signal processing in
hippocampal neurons and confirm that excitatory synaptic trans-
mission is certainly regulated by locally released VEGF (Kim et
al., 2008). It is unknown whether this might occur in hippocam-
pal slices or intact animals and its functional relevance remains
elusive. Given evidence to date indicates that blood vessels and
glia are major sites of the actions of VEGF in the brain (Ruiz de
Almodovar et al., 2009), we cannot exclude the possibility that
VEGF may also act on these non-neuronal cells to mediate its
effect on glutamatergic transmission in intact tissue preparations
or may modulate glutamatergic transmission, but have very dif-
ferent effects depending on the preparations. It is noteworthy
that, although the VEGF expression in hippocampal neurons is
low under basal physiological conditions, it is strongly upregu-
lated after cerebral ischemia (Jin et al., 2000) or status epilepticus
(Nicoletti et al., 2008) to exert neuroprotective effects. It is un-
certain whether VEGF exerts its neuroprotective effect by altering
the glutamatergic transmission. Although increased glutamater-
gic transmission would be more likely to promote neuronal dam-
age (Hara and Snyder, 2007), augmentation of glutamatergic
function may also increase the secretion of some protective fac-
tors (i.e., neuropeptide Y) to protect neurons from cell death (El
Bahh et al., 2001; Silva et al., 2005). Additional studies are neces-
sary to explore this issue. Despite the clear significance of VEGF
in neuron survival, there is strong evidence that neuronal VEGF
has an additional role in linking hippocampal activity with neu-
rogenesis, learning, and memory (Cao et al., 2004). Furthermore,
neuronal VEGF expression in the hippocampus has been consid-
ered to be an important mediator for producing antidepressant
behaviors (Lee et al., 2009). It will be interesting to determine
whether neuronal VEGF exerts these physiological effects
through enhancement of excitatory synaptic transmission.
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