
Development/Plasticity/Repair

The Neuropeptide VGF Produces Antidepressant-Like
Behavioral Effects and Enhances Proliferation in
the Hippocampus
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Brain-derived neurotrophic factor (BDNF) is upregulated in the hippocampus by antidepressant treatments, and BDNF produces
antidepressant-like effects in behavioral models of depression. In our previous work, we identified genes induced by BDNF and defined
their specific roles in hippocampal neuronal development and plasticity. To identify genes downstream of BDNF that may play roles in
psychiatric disorders, we examined a subset of BDNF-induced genes also regulated by 5-HT (serotonin), which includes the neuropeptide
VGF (nonacronymic). To explore the function of VGF in depression, we first investigated the expression of the neuropeptide in animal
models of depression. VGF was downregulated in the hippocampus after both the learned helplessness and forced swim test (FST)
paradigms. Conversely, VGF infusion in the hippocampus of mice subjected to FST reduced the time spent immobile for up to 6 d, thus
demonstrating a novel role for VGF as an antidepressant-like agent. Recent evidence indicates that chronic treatment of rodents with
antidepressants increases neurogenesis in the adult dentate gyrus and that neurogenesis is required for the behavioral effects of antide-
pressants. Our studies using [ 3H]thymidine and bromodeoxyuridine as markers of DNA synthesis indicate that chronic VGF treatment
enhances proliferation of hippocampal progenitor cells both in vitro and in vivo with survival up to 21 d. By double immunocytochemical
analysis of hippocampal neurons, we demonstrate that VGF increases the number of dividing cells that express neuronal markers in vitro.
Thus, VGF may act downstream of BDNF and exert its effects as an antidepressant-like agent by enhancing neurogenesis in the
hippocampus.
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Introduction
Depression is a complex disorder often resulting, in part, from
exposure to chronic stress and is associated with a significant
decrease in the volume of the hippocampus (Videbech and
Ravnkilde, 2004; Neumeister et al., 2005). Recent evidence sug-
gests that the well documented delay in antidepressant efficacy
(Adell et al., 2005) may be attributable to neural adaptive mech-
anisms to reverse the damage of stress in the hippocampus in-

cluding changes in synaptic plasticity, neurogenesis, and synap-
togenesis (Castren, 2005; Dranovsky and Hen, 2006; Warner-
Schmidt and Duman, 2006). These modifications of neuronal
function most likely require the transcription of new molecules.
Studies show that antidepressants, which primarily enhance
5-HT levels in the synapse also affect transcription of a number of
genes including synapse-associated proteins and neuropeptides
(Alfonso et al., 2005; Yamada and Higuchi, 2005; Holmes et al.,
2006; Iwata et al., 2006; Sairanen et al., 2007). Furthermore,
chronic antidepressant treatment upregulates the transcription
factor cAMP response element binding protein (CREB) (Nibuya et
al., 1996; Sairanen et al., 2005) and overexpression of CREB is
sufficient to induce antidepressant-like effects in animal models
of depression (Wallace et al., 2004), indicating the importance of
transcription for antidepressant actions.

One CREB-activated gene implicated in depression is the neu-
rotrophin BDNF. BDNF gene expression is reduced in the hip-
pocampus in animal models of depression (Smith et al., 1995;
Murakami et al., 2005; Gronli et al., 2006). In contrast, BDNF
protein levels are increased in postmortem samples from human
psychiatric patients treated with antidepressants (Chen et al.,
2001; Karege et al., 2005). Moreover, BDNF is induced by selec-
tive serotonin reuptake inhibitors and repeated electroconsulsive
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seizure in animals (Nibuya et al., 1995; Altar et al., 2003; Russo-
Neustadt et al., 2004). Finally, BDNF is required for the behav-
ioral effects of antidepressants (Saarelainen et al., 2003; Monteg-
gia et al., 2004), and BDNF itself has been shown to exert
antidepressant-like effects in several models of depression (Siu-
ciak et al., 1997; Shirayama et al., 2002; Hoshaw et al., 2005).
BDNF may be involved in the antidepressant-induced reversal of
hippocampal atrophy and cell loss by promoting the regrowth of
damaged nerve fibers or the production of new neurons (Castren
et al., 2007; Tanis et al., 2007). Indeed, overexpression or infusion
of BDNF in the adult rat results in newly generated cells in the
subgranular layer of the dentate gyrus and forebrain (Benraiss et
al., 2001; Pencea et al., 2001; Scharfman et al., 2005).

In addition to these long-term effects of BDNF on neuronal
development and neurogenesis, BDNF is also known to affect
acute regulation of synaptic transmission (Lohof et al., 1993;
Kang and Schuman, 1995; Levine et al., 1995; Gottschalk et al.,
1998; Lessmann, 1998; Messaoudi et al., 1998; Sairanen et al.,
2007). However, it remains to be revealed how a single trophic
molecule can exert such a diverse temporal continuum of effects.
BDNF may mediate its many actions through the expression of
downstream molecules. We successfully used transcriptional
profiling after neurotrophin treatment to identify novel roles for
genes in neuronal function (Thakker-Varia et al., 2001; Alder et
al., 2003). Among the many classes of genes induced by BDNF,
our studies reveal that synaptic vesicle proteins and neuropep-
tides are important regulators of hippocampal function
(Thakker-Varia et al., 2001; Alder et al., 2003, 2005; Ring et al.,
2006). We recently discovered a role for the neuropeptide VGF in
mediating synaptic activity of hippocampal cells (Alder et al.,
2003). In this report, we show that the neuropeptide VGF is up-
regulated by both BDNF and 5-HT treatment and that VGF pro-
tein in the hippocampus is reduced in animals subjected to be-
havioral models of depression. We also demonstrate that VGF
infusions reduce depressive-like behaviors in the forced swim test
(FST) paradigm, and VGF enhances proliferation of hippocam-
pal progenitor cells. Those newly born cells survive for at least
21 d and differentiate into neurons. Together, our studies suggest
a novel function for VGF in the pathophysiology of depression.

Materials and Methods
Preparation of hippocampal neuronal cultures. Hippocampi were ob-
tained from time-mated embryonic day 18 rats [Sprague Dawley; Hilltop
Laboratories (Scottsdale, PA)] and killed by CO2 asphyxiation in accor-
dance with institutional guidelines for care and use of animals. Pooled
tissue from each litter was mechanically triturated in Eagle’s minimum
essential medium with glucose and 7.5% fetal bovine serum and plated
on poly-D-lysine-coated Petri dishes at 350,000 cells/dish. Cultures were
maintained in serum-free medium at 37°C in a 95% air/5% CO2 humid-
ified incubator as described previously (Thakker-Varia et al., 2001) and
contained virtually pure neurons.

Peptides and chemical reagents. VGF peptide (“TLQP” 62 aa
C-terminal amidated peptide) was custom synthesized by Biopeptide
(San Diego, CA). BDNF (50 ng/ml) (Peprotech, Rocky Hill, NJ) was used
for transcriptional studies, because this dose is within the physiological
range and was effective in previous electrophysiological and transcrip-
tional profiling studies (Thakker-Varia et al., 2001; Alder et al., 2003).
5-HT (Sigma, St. Louis, MO) was used at 1 �M for transcriptional studies
as determined by a dose–response study. The 5-HT receptor agonist used
was 5-carboxamindotryptamine (5-CT) (1 �M; Sigma), which activates
5-HT1A, 5-HT1B, 5-HT1D, 5-HT5, and 5-HT7 receptors. Serotonin recep-
tor antagonists used were N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]-
ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY100635) against
5-HT1A and ( R)-3-(2-(2-(4-methylpiperidin-1-yl)-ethyl)pyrrolidine-1-
sulfonyl)phenol (SB269970) against 5-HT7 (10 �M; Sigma). Methyl-9-

( S)-12( R)-epoxy-1 H-diindolo[1,2,3-fg: 3�2�1�-kl]pyrrolo[3,4-i][1,6]-
benzodiazocine-2,3,9,10,11,12-hexahydro-10-( R)-hydroxy-9-methyl-
1-oxo-10-carboxilate (K252a) was used to block troporelated kinase
(trk) receptors (200 nM; Calbiochem, La Jolla, CA). Cells were pretreated
with antagonists for 30 min before addition of agonist. Imipramine hy-
drochloride (10 mg/kg; Sigma) (Naudon et al., 2007) or vehicle was
administered daily to rats by intraperitoneal injections for 21 d and tissue
was collected 1 d after the last injection.

RNA isolation. Total cellular RNA was prepared from hippocampal
cultures (10 d in vitro) by the guanidine isothiocyanate method followed
by cesium chloride gradients (Chomczynski and Sacchi, 1987). Removal
of chromosomal DNA contamination from total cellular RNA was per-
formed and the RNA was quantitated by absorbance at 260 nm
(Thakker-Varia et al., 2001).

Real-time RT-PCR. cDNA (200 �l) was prepared from 2 �g of RNA
using random primers and SuperScript II reverse transcriptase. Twenty-
five microliter PCRs were then performed using gene specific primers
designed by Primer Express software and TaqMan MGB probes (Applied
Biosystems 7000 Sequence Detection System; Applied Biosystems, Foster
City, CA). Duplicate wells were included for each condition and primer
pair. Primers specific to the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH ) were used as an internal control.
Data analysis was performed according to the protocol provided by Ap-
plied Biosystems (Alder et al., 2003).

SDS-PAGE and Western blot analysis. Hippocampal neurons plated at
350,000 cells per 35 mm dish or flash-frozen hippocampal tissue were
solubilized in lysis buffer (20 mM Tris, pH 8, 0.5% Triton X-100, 0.5%
SDS, protease inhibitor tablet, 1 mM PMSF, and 0.5 mM vanadate). The
protein content was determined using the BCA protein assay kit (Pierce
Chemical, Rockford, IL). Samples were subjected to 8 –12% gradient
SDS-PAGE and transferred to polyvinylidenedifluoride (PVDF) mem-
branes (Millipore, Bedford, MA). The PVDF membranes were incubated
with primary antisera to VGF (1:1000; Steve Salton 5902), Arc (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), and Actin (1:500; Santa
Cruz Biotechnology) (Alder et al., 2003) followed by anti-rabbit or goat
HRP-conjugated IgG (1:5000). In some experiments, membranes were
also probed with a commercial VGF antibody (R15; Santa Cruz Biotech-
nology). The immunopositive bands were visualized by chemilumines-
cence using the ECL detection kit (NEN, Boston, MA) and quantitated
on a Bio-Rad (Hercules, CA) Gel Doc 2000 (Thakker-Varia et al., 2001).

Learned helplessness. Adult male rats (300 – 400 g) were placed in two
electrically linked shuttle boxes (46 � 19 � 18 cm) located within two
illuminated (7.5 W bulb) sound-attenuating chambers (69 � 69 � 53
cm). The shuttle boxes were divided in half by a wall with a doorway (7.5
cm 2). A scrambled shock generator delivered shocks (1 mA) through the
floor grid and walls of the apparatus. Animals placed in the shuttle box
(controllable condition) could learn to escape the shock by traversing the
apparatus once. Crossing through the shuttle box doorway tripped a
balance switch and thereby terminated the shock exposure in both boxes
simultaneously. Animals placed in the other shuttle box (uncontrollable
condition) could not escape the shock and thus could not establish con-
trol over the stressor. Because the shuttle boxes were electrically linked,
the yoked control was exposed to the same number and amount of shock
as was the animal that could learn to escape. Each day, animals were
exposed to 30 trials (30 s maximum shock duration; 1 mA; 60 s intratrial
interval) of training over the course of 7 d. The latency to escape was
recorded and used as a measure of performance. After each training
session, rats were returned to their home cage for 24 h (Shors et al., 1989;
Leuner et al., 2004b). Naive controls were also included. For protein
expression studies, subjects were killed on day 7, 1 h after their last
session. Hippocampi and cerebelli were dissected immediately and flash
frozen. Protein was extracted from the tissue and subjected to Western
blot as described above (Alder et al., 2003).

Forced swim test. On the first day of training, C57BL/6 mice (4 months
old; 30 g) were placed in a container with water at a depth of 17 cm (25°C)
for 6 min. At this depth, the mice could not touch the bottom with their
hindlimbs or tail (Dalla et al., 2004). For protein expression studies, 1 d
after training, hippocampi and cerebelli were dissected immediately and
flash frozen. Protein was extracted from the tissue and subjected to West-
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ern blot. Controls consisted of naive animals. Alternatively, to test
whether VGF can reverse the effects of depression (Siuciak et al., 1997;
Hoshaw et al., 2005), VGF or saline was infused intrahippocampally 4 h
after the first training session to allow time for recovery. Mice received
anesthetic doses of tribromoethanol in amyl alcohol (Avertin) (0.375
mg/g; Sigma) and a 30 gauge injection needle attached to a Hamilton
syringe was used to deliver the peptide. Coordinates were as follows:
anterior–posterior, �1.9 mm with respect to bregma; lateral, �1.5 mm;
ventral, �1.5 mm with respect to the surface of the skull (Heinrich et al.,
2006). Mice receive bilateral infusions of 100 ng in 1 �l of VGF in sterile
saline delivered manually over 1 min. The needle was left in place for 1
min after delivery to allow for diffusion of the neuropeptides (Wanisch et
al., 2005). Controls consisted of saline infusion (negative control) or
BDNF (500 ng; positive control). Three and 6 d after infusion, the mice
were placed back into the water for 6 min and the sessions were video-
taped. The time spent immobile as defined by a lack of movement other
than what is necessary to keep the head above water was scored (Duman
et al., 2007). The behavior was videotaped and also scored by an observer
blinded to treatment. The location of infusion site was confirmed by
visual inspection after the animal was killed and only data from mice in
which the infusion site was at the hippocampus were included.

Open field test. The open field apparatus consisted of a (40 � 40 � 49
cm) clear Plexiglas arena with a white floor marked with tape dividing it
into 12 equal quadrants (Chen et al., 2006). Separate sets of mice were
used for FST and open field testing. Three and 6 d after intrahippocampal
VGF infusion as described above, a single mouse was placed into the
center of the open field and its behavior was videotaped. During the 15
min of open field performance, the number of crossings of the quadrants
with all four paws was scored (Zomkowski et al., 2006). The apparatus
was washed with water and ethanol in between mice.

[3H]Thymidine assay in vitro. Hippocampal cells were plated in 24-
multiwell plates (100,000 cells/well), treated at time of plating with VGF
at concentrations of 10, 3, 1, 0.1, 0.03 �M in triplicate and exposed to
[ 3H]thymidine (1 �Ci/ml) for the last 4 h of 48 h incubations. Cells were
harvested and collected for scintillation counting (Lu and DiCicco-
Bloom, 1997).

Bromodeoxyuridine double-labeling immunocytochemistry in vitro.
Hippocampal cells (350,000 cells per 35 mm dish) were treated with VGF
(3 �M) at the time of plating. Bromodeoxyuridine (BrdU) (10 �M) was
added to cells at 48 h, and cultures were fixed in 4% paraformaldehyde
4 h or 6 d later. Neurons were then incubated with the following primary
antibodies: nestin (1:250; Hybridoma Bank, University of Iowa, Iowa
City, IA), neuronal class III �-tubulin (TuJ1; 1:500; Covance, Princeton,
NJ), glial fibrillary acidic protein (GFAP) (1:400; Chemicon, Temecula,
CA), or Tau (1:500; Sigma). Secondary antibodies consisted of Alexa
Fluor 594 (red) goat anti-mouse or goat anti-rabbit (1:1000) after which
cells were briefly refixed. The cells were then treated with 2N HCl fol-
lowed by rat anti-BrdU (1:100; Accurate Chemical and Scientific, West-
bury, NY) and Alexa Fluor 488 (green) goat anti-rat (1:1000). The cells
were coverslipped with Fluoromount G and the immunostaining was
visualized on a Zeiss (Oberkochen, Germany) inverted fluorescence mi-
croscope at 40� (Wagner et al., 1999).

BrdU labeling in vivo. Surgical implantation of guide cannulas was
performed by Zivic Laboratories (Pittsburgh, PA). Adult male rats (215–
375 g) were implanted bilaterally with 22 gauge steel guide cannulas
(Plastics One, Roanoke, VA) in the dorsal hippocampus above the den-
tate gyrus (coordinates: anterior–posterior, �3.8 mm with respect to
bregma; lateral, �2.0 mm; ventral, �3.0 mm with respect to the surface
of the skull). The patency of the guide cannulas was maintained with
dummy cannulas. The rats were allowed to recover from surgery for 7 d.
VGF (4 �g in 2 �l) or saline was delivered manually by a Hamilton
syringe connected to a 28 gauge internal cannula, which protruded
slightly beyond the guide cannula, and the injection cannula was left in
place for 1 min after delivery to allow for diffusion of the neuropeptide
(Babri et al., 2007). VGF was infused daily for 7 d and the animals were
weighed every day at the time of injection.

Immediately after the last intrahippocampal infusion with VGF or
saline, animals received BrdU (100 mg/kg) intraperitoneally, and rats
were perfused transcardially with 4% paraformadehyde 2 h or 21 d later.

Brains were dissected and postfixed overnight. The location of cannulas
was confirmed by visual inspection, and only data from animals in which
the infusion site was at the hippocampus were included. The tissue was
sectioned using a vibratome (40 �m) coronally in a 1:12 series, mounted
on charged poly-lysine-coated slides and processed immunochemically.
Briefly, slides were immersed in citrate buffer (0.01 M) and microwaved.
Tissue was treated with trypsin and 2N HCl. BrdU antibody (1:200;
Becton Dickinson, Franklin Lakes, NJ) was applied overnight followed by
goat anti-mouse biotinylated secondary antibody (1:200). Staining was
visualized with DAB/nickel-cobalt (Vectastain ABC kit; Vector Labora-
tories, Burlingame, CA) and cresyl violet counterstaining (Cheng et al.,
2001). DAB-positive cells in the subgranular zone (SGZ) plus granular
cell layer (GCL) and hilus (H) were counted in every 12th section, with an
average of 10 sections per region in each animal (Leuner et al., 2004a).
Cells were counted as being in the SGZ plus GCL when they are in the
GCL or within two cell bodies width of it. Cells were counted as hilar
when they are beyond two cell bodies of the GCL. To estimate the total
number of BrdU� cells per dentate gyrus, counts were multiplied by 12.

For identification of BrdU� cell types in vivo, tissue was obtained as
above and treated with sodium citrate buffer (SSC) plus formamide. The
slides were then treated with 2N HCl and incubated overnight with rat
anti-BrdU (1:100; Accurate Chemical and Scientific) plus either GFAP
(1:400; Chemicon) or NeuN (1:200; Chemicon). The slides were incu-
bated in donkey anti-rat biotin-SP followed by fluorescein-DTAP-
streptavidin and finally donkey anti-mouse rhodamine red X (Jackson
ImmunoResearch Laboratories, West Grove, PA) (Leuner et al., 2004a).
The slides were coverslipped with Fluoromount G (Southern Biotech,
Birmingham, AL) and the immunostaining was visualized on a Zeiss
Apotome microscope with Z plane projection to verify double labeling.

Cleaved caspase-3 immunocytochemistry. Rats implanted with bilateral
intrahippocampal cannulas as described above received VGF or saline
injections (2 �l/d for 7 d) and tissue was perfused 21 d after the last
injection (Gould and Tanapat, 1997). Sections (12 �m) throughout the
hippocampus were incubated in cleaved caspase-3 (Asp175) antibody
(1:200; Cell Signaling, Danvers, MA) overnight at 4°C followed by goat
anti-rabbit biotin (1:1000). Staining was visualized with DAB/nickel-
cobalt (Vectastain Elite ABC kit; Vector Laboratories). Slides were coun-
terstained for Nissl using toluidine blue O and coverslipped with
Permount.

Results
5-HT regulates a subset of BDNF-induced genes through an
independent pathway
To begin to elucidate mechanisms of BDNF as an antidepressant,
we examined the transcriptional regulation by 5-HT of BDNF-
induced genes (Alder et al., 2003; Ring et al., 2006). Genes previ-
ously identified as BDNF-regulated were selected for this analysis
based on their categorization as either immediate-early genes
(IEGs), synapse-associated markers, or neuropeptides. Of 20
BDNF-induced genes selected, 8 were significantly upregulated
by 3 h 5-HT treatment as shown by real time RT-PCR (Table 1).
We detected upregulation of IEGs such as c-fos, early growth re-
sponse protein (EGR), and activity-regulated cytoskeletal-
associated protein (Arc), which are recognized to play a key role in
the cascade of molecular changes leading to modifications in
neural plasticity (Lanahan and Worley, 1998). We also detected
changes in the synapse-associated protein neuronal pentraxin,
which is a protein involved in synapse remodeling (Abad et al.,
2006). Another gene upregulated by BDNF and 5-HT is the serine
proteinase inhibitor plasminogen activator inhibitor (PAI), which
blocks the proteolytic cleavage of proBDNF (Pang et al., 2004).
Finally, we observed increased expression of neuropeptides in-
cluding VGF, Substance P (SP), and Neuropeptide Y (NPY). NPY
and SP but not VGF have been implicated in psychiatric disorders
(Redrobe et al., 2002b; Heilig, 2004; Chahl, 2006; Karl and Her-
zog, 2007). The regulation of gene expression was dose depen-
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dent such that the response plateaued at 1 �M 5-HT. In addition,
a number of genes induced by BDNF were not affected by 5-HT
exposure including somatostatin, prepronociceptin, thyrotropin re-
leasing hormone, period, synaptotagmin, and synaptojanin, indi-
cating the specificity of the coregulation. The common genes
regulated by both BDNF and 5-HT were the focus of all subse-
quent studies.

To explore the interaction between 5-HT and BDNF pathways
on transcription, the effectiveness of 5-HT and BDNF separately
and in combination was assayed. 5-HT was a more modest stim-
ulator of transcription than BDNF when used separately. In ad-
dition, the combination of the two treatments did not signifi-
cantly increase mRNA levels of the genes relative to BDNF alone,

indicating that there is no synergistic in-
teraction between the 5-HT and BDNF
pathways on transcription (Table 1). To
determine whether trk receptor activation
is required for 5-HT-mediated gene ex-
pression, hippocampal cells were pre-
treated with the trk receptor antagonist,
K252a, before 5-HT exposure at a concen-
tration we previously showed to be effec-
tive at blocking transcription induced by
BDNF (Alder et al., 2003). With the excep-
tion of PAI, no effect on transcription was
observed for the panel of genes (Fig. 1A),
indicating that trk activation is not neces-
sary for 5-HT-induced transcription.
Conversely, to determine whether 5-HT
receptor activation is required for BDNF-
mediated gene expression, hippocampal
cells were pretreated with 5-HT1A

(WAY100635) or 5-HT7 receptor antago-
nist (SB269970) before BDNF treatment.
The overall trend among the entire panel
of genes studied indicated no effect of
5-HT1A or 5-HT7 antagonists on BDNF-
induced transcription. Although Sub-
stance P and NPY both showed some de-
crease in BDNF-induced transcription by
the inhibitors, these data were not statisti-
cally significant (Fig. 1B,C). Together,
these data suggest that 5-HT and BDNF
stimulate transcription independently.

The receptor requirement for 5-HT-
induced transcription was studied using
receptor antagonists and the neuropep-
tides VGF, SP, and NPY as prototype
genes. The 5-HT analog 5-CT, which acti-
vates the 5-HT1A,B,D, 5-HT5, and 5-HT7

receptors, induced transcription of VGF,
SP, and NPY (2.28 � 0.39-, 1.71 � 0.18-, and 1.89 � 0.11-fold of
control, respectively; n � 3; p � 0.05, ANOVA). The involvement
of specific 5-HT receptors was assayed using the 5-HT1A antago-
nist (WAY100635) and 5-HT7 antagonist (SB269970) in combi-
nation with 5-CT as an agonist. Transcription of NPY requires
activation of 5-HT1A, whereas SP requires activation of either
5-HT1A or 5-HT7 and VGF requires activation of both 5-HT1A

and 5-HT7 (Fig. 1B–D). In contrast, agonists and antagonists of
the 5-HT2 receptor did not affect transcription of any of the
neuropeptides (data not shown). These findings suggest that
transcription of each gene requires activation of specific 5-HT
receptors.

Table 1. 5-HT and BDNF induce a common set of genes

Gene name Abbreviation Accession no. 1 �M 5-HT 50 ng/ml BDNF 5-HT � BDNF

c-fos proto-oncogene cfos X06769 2.25 � 0.23* 3.65 � 0.58* 5.80 � 1.04**
Early growth response protein 1 EGR M18416 1.41 � 0.14* 10.13 � 1.79* 9.75 � 2.29
Activity-regulated cytoskeletal-associated Arc U19866 1.70 � 0.16* 42.32 � 4.37* 52.59 � 7.30
Neuronal pentraxin 1 Ptx NM153735 1.92 � 0.24* 10.11 � 3.60* 10.36 � 5.30
Plasminogen activator inhibitor 2 PAI X64563 2.37 � 0.43* 62.17 � 3.84* 56.33 � 12.38
VGF protein precursor VGF M60525 1.67 � 0.17* 16.90 � 3.74* 13.33 � 2.68
Substance P SP NM012666 2.05 � 0.35* 4.41 � 1.09* 3.24 � 0.84
Neuropeptide Y precursor NPY M20373 1.73 � 0.17* 2.33 � 0.35* 3.39 � 0.63

Hippocampal cultures were treated with 1 �M 5-HT, 50 ng/ml BDNF, or a combination of 5-HT and BDNF for 3 h followed by real-time RT-PCR analysis of genes induced by BDNF. All samples were first normalized to GAPDH and then
represented as a ratio of vehicle controls � SE (n � 4). *p � 0.05, significantly different from control (t test); **p � 0.05, significantly different from BDNF (ANOVA).

Figure 1. 5-HT regulates transcription independent of BDNF and requires differential activation of either 5-HT1 and/or 5-HT7.
A, Average gene expression in hippocampal cells preincubated with the trk receptor antagonist K252a (200 nM) for 30 min before
5-HT treatment (1 �M) followed by real time RT-PCR for a panel of genes. Only one gene, PAI, showed a significantly lower
response to 5-HT plus K252a than 5-HT alone. *5-HT plus K252a is significantly different from 5-HT alone ( p � 0.05, ANOVA; n �
4). B, C, Average gene expression in hippocampal cells preincubated with 5-HT receptor antagonists for 30 min before BDNF
treatment (50 ng/ml) followed by real-time RT-PCR for a panel of genes. B, 5-HT1A antagonist (WAY100635; 10 �M). C, 5-HT7

receptor antagonist (SB269970; 10 �M). No statistical difference was detected between BDNF plus receptor antagonists and BDNF
alone for any of the genes ( p � 0.05, ANOVA; n � 3). D–F, Average gene expression in neurons preincubated with inhibitors to
5-HT receptor subtypes before 5-CT (1 �M) treatment followed by real-time RT-PCR for the neuropeptides VGF, SP, and NPY. D,
5-HT1A antagonist (WAY100635; 10 �M). E, 5-HT7 antagonist (SB269970; 10 �M). F, Combination of WAY100635 plus SB269970.
One group of cells in each experiment was treated with inhibitor alone and showed no significant change in expression relative to
vehicle control. *Significant reduction of transcription in the presence of inhibitor plus 5-CT relative to 5-CT alone ( p � 0.05,
ANOVA; n � 3). All samples were first normalized to GAPDH and then represented as an average ratio of vehicle controls � SE.
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Western blot analysis was performed to determine whether
transcriptional regulation of the IEG Arc and the neuropeptide
VGF by 5-HT is accompanied by protein translation. Hippocam-
pal cultures treated with 5-HT for 6 h displayed a 	1.5-fold
increase in expression of both Arc and VGF (Fig. 2A,B), indicat-
ing that the protein products of the induced genes are also up-
regulated by 5-HT. VGF protein sometimes appeared as a dou-
blet in Western blots (Hahm et al., 1999). Furthermore, whereas
the VGF antibody detects some other bands, the intensity of these
bands did not change with the treatment, indicating the specific-
ity of the antibody. To test whether chronic antidepressant treat-
ment affects VGF expression in the hippocampus, rats received
daily injections of imipramine for 21 d. Western blot analysis
revealed a 	1.4-fold increase in VGF protein expression in the
hippocampus of imipramine-treated rats compared with rats in-
jected with vehicle (Fig. 2C,D). Together, these results indicate
that VGF is induced both in vitro and in vivo after treatments that
elevate serotonin levels.

VGF is downregulated in animal models of depression and
produces antidepressant-like effects
To investigate the potential role of VGF in depression, we first
determined levels of VGF in the hippocampi of animals subjected
to a depression paradigm, FST. Mice underwent FST for 5 min
and expression of the 5-HT- and BDNF-regulated protein, VGF,
was examined in the hippocampi of the mice 24 h later by West-
ern blot analysis. We found a decrease of 	20% in the protein

levels of VGF in the mice exposed to FST relative to naive mice
(Fig. 3A). Because no effect was observed in the cerebellum
(0.93 � 0.09-fold of naive; n � 6; p � 0.05, unpaired t test), this
effect on neuropeptide expression may be specific to the hip-
pocampus. We also used another depression paradigm, learned
helplessness (LH), to demonstrate a similar phenomenon. Rats
exposed to 30 trials of mild footshock for 7 d showed a decrease in
the latency to escape the shock (controllable). In contrast, the
yoked littermates who were unable to control the stressor (un-
controllable) did not attempt to escape after the first day of train-
ing and performed poorly on a subsequent test (FR2) demon-
strating their inability to learn to escape the shock (Shors et al.,
2007). These observations suggest that the animals subjected to
uncontrollable stress exhibit a form of learned helplessness that is
an accepted model of depression. The expression of VGF in the
hippocampus was examined on the last day of training. The rats
subjected to uncontrollable stress show significant decreased in
VGF protein expression compared with naive rats, as well as com-
pared with rats subjected to controllable stress (Fig. 3B). These
data suggest that the decrease in VGF expression in the animals
subjected to uncontrollable stress is attributable to the depression
paradigm specifically. Together, these data suggest that VGF pro-
tein is downregulated in animal models and suggest that the neu-
ropeptide may play a role in the pathogenesis of depression.

The effectiveness of VGF as an antidepressant-like agent was
explored by introducing the neuropeptide via intrahippocampal
infusions into mice and subjecting the mice to FST. Mice were
preexposed to FST, followed several hours later by VGF injection
bilaterally by stereotaxic surgery. This technique was used to see
whether VGF can reverse the effect of depression as has been done

Figure 2. 5-HT and imipramine upregulate Arc and VGF protein levels. A, Western blot
analysis of Arc and VGF expression after 5-HT (1 �M) exposure of hippocampal cultures for 6 h.
B, Quantitation of protein levels indicates that Arc and VGF are upregulated. The bars represent
average protein expression � SE (n � 2). Data are first normalized to actin to control for
protein loading, and data are expressed as a fold of expression in vehicle controls. C, Represen-
tative Western blot of VGF expression in the hippocampus after intraperitoneal injection of
imipramine (10 mg/kg) for 21 d. D, Quantitation of protein levels indicates VGF is upregulated.
The bars represent average protein expression � SE (n � 4, 6). Data are first normalized to
actin, which controls for protein loading, and data are expressed as a fold of expression in
vehicle-injected rats. *p � 0.05, unpaired t test.

Figure 3. VGF expression is decreased in two models of depression. A, Representative West-
ern blot of VGF protein expression in naive rodents and those subjected to FST. Each lane
represents one animal. All data are normalized to actin expression. The bars represent average
VGF protein levels relative to naive � SE (n � 4, 5). *p � 0.05, unpaired t test. B, Western blot
of VGF protein expression in a representative naive animal and two representative pairs of
animals subjected to controllable or uncontrollable stress. All data are normalized to actin
expression. The bars represent average VGF protein expression � SE in rodents subjected to
controllable stress or uncontrollable stress (n � 7) relative to naive rats (n � 3). *p � 0.05,
ANOVA.
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for other growth factors (Siuciak et al., 1997; Hoshaw et al., 2005).
BDNF was used as a positive control and saline as a vehicle con-
trol. Three and 6 d after surgery, the mice were scored for time
spent immobile in the FST. The time an animal spends immobile
is indicative of a state of helplessness and depressive-like behav-
ior. Our data reveal that mice infused with VGF exhibited an
approximately twofold decrease in immobility both 3 and 6 d
after surgery (Fig. 4A). In a separate set of animals, there was no
change in the number of crossings in the open field test after
infusion of VGF (Fig. 4B), indicating that the effect on immobil-
ity is not attributable to a nonspecific effect on locomotor func-
tion. We also observed that the presurgery behavior for each
injection group was similar, suggesting that the differences de-
tected after surgery were attributable to the neuropeptide rather
than differences in the individual mice. Furthermore, there was
no change in behavior over the time course of the experiment in
saline infused animals, demonstrating that repeated exposure to
the FST does not affect their behavior. Finally, there was no dif-
ference in weight gain in the VGF-infused mice relative to control
mice, suggesting that there was no significant effect on metabo-
lism (data not shown) from the intrahippocampal infusion of
VGF.

VGF promotes proliferation in hippocampal cells
To explore the mechanism by which VGF acts as an
antidepressant-like agent, we studied the effect of the neuropep-
tide on proliferation of hippocampal cells. Freshly plated hip-
pocampal cultures were treated with VGF and DNA synthesis was
quantitated by [ 3H]thymidine incorporation. A dose-dependent
increase in [ 3H]thymidine incorporation was observed at 48 h
(Fig. 5A). Several other neuropeptides tested such as nociceptin
and SP did not induce proliferation of the hippocampal precur-
sors (data not shown), indicating the specificity of the effect by
VGF. BrdU incorporation studies were also performed to quan-
titate cell proliferation. Hippocampal cells were treated with VGF
or vehicle at time of plating, BrdU was added to cells at 48 h, and
cells were fixed 2 or 6 d later. A 	50% increase in DNA synthesis
by VGF was observed at both 2 and 6 d (Fig. 5B), thus validating
the [ 3H]thymidine incorporation experiments and suggesting
that the proliferating cells survive to at least 6 d in vitro. There was
no significant difference in the total number of cells in VGF-
treated cultures relative to controls (48 h, 1.08 � 0.05; 6 d, 1.10 �
0.06-fold of control; n � 5; p � 0.05, ANOVA) consistent with

the fact that BrdU-positive cells represent only 	5% of the total
cell number in control dishes and therefore should not influence
total cell number. The expression of cell cycle genes was deter-
mined in the VGF-treated cultures using real-time RT-PCR.
mRNA for cell-dividing control protein 2 (Cdc2) (also known as
Cdk1), which promotes M-phase transition required for comple-
tion of mitosis (Wang et al., 2005), was upregulated after 48 h of
exposure to VGF (1.43 � 0.09 relative to control; n � 3; p � 0.05,
ANOVA). Therefore, VGF promotes the expression of some of
the activators of cell cycle progression, supporting the hippocam-
pal cell proliferation data.

To reveal the identity of the hippocampal cells proliferating in
the presence of VGF in vitro, double immunocytochemistry ex-
periments were performed. Characterization of BrdU-positive
(BrdU�) cells in the hippocampal cultures treated with vehicle
or VGF was assessed after 6 d of differentiation by examining the
colocalization of BrdU with cell type-specific markers. Two cy-
toskeletal markers expressed in neural progenitors were used:
nestin and GFAP (Fig. 6A,B). In addition, two cytoskeletal mark-
ers of mature neurons were localized: Tau and neuronal class III
� tubulin (TuJ1) (Fig. 6C,D). BrdU� cells coexpressed not only
nestin and GFAP after VGF treatment, but also Tau and TuJ1
indicating that some of the proliferating progenitor cells had be-
gun to differentiate into mature neurons after 6 d in vitro. To
begin to determine whether VGF influences the differentiation
into neurons of the proliferating cells, the percentage of BrdU�
cells that express different cell specific markers were assayed after
the cells were allowed to differentiate for 6 d. No change in the
percentage of BrdU� cells expressing nestin was observed but a
decrease in the percentage of BrdU� cells expressing GFAP after
VGF treatment relative to control was seen. Moreover, there was
an increase in the percentage of BrdU� cells expressing either
Tau or TuJ1 (Fig. 6E). These findings indicate that VGF treat-
ment enhances the proliferation of progenitor cells that differen-
tiate into neurons and suggest that VGF may play a role in
neurogenesis.

The effect of VGF on proliferation of precursor cells in the

Figure 4. VGF intrahippocampal infusions decrease immobility in FST. A, Mice were injected
bilaterally with saline, VGF (100 ng), or BDNF (500 ng) and scored on FST (6 min) performed 3
and 6 d postsurgery. The bars represent average time spent immobile for all animals � SE (n �
5). *p � 0.05, t test. B, Mice were also scored for locomotor behavior in the open field test. The
bars represent the average number of quadrant crossings � SE in a 15 min time period scored
3 and 6 d after surgery (n � 5). *p � 0.05, t test.

Figure 5. VGF enhances DNA synthesis in hippocampal cultures. A, VGF increases [ 3H]thy-
midine incorporation in hippocampal cultures in a dose-dependent manner. Hippocampal neu-
rons were treated with VGF in concentrations ranging from 0.03 to 10 �M or vehicle control from
time of plating to 48 h. Cells were then loaded with 1 �Ci/ml [ 3H]thymidine at 37°C for 4 h. Data
are expressed as mean percentage of control � SE (n � 8). *p � 0.05, ANOVA. B, Hippocampal
cells were treated with VGF (3 �M) or vehicle control at time of plating. BrdU was added to cells
at 48 h and cells were fixed 2 or 6 d later. The bars represent fraction of total cells that were
BrdU� expressed as an average fold change relative to control � SE. Approximately 200 –700
total cells were counted per dish, and there were four dishes per condition per experiment. Each
bar represents a cell count from three independent experiments (	2400 – 8400 total cells).
*p � 0.05, ANOVA.
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dentate gyrus was explored in vivo. VGF
was delivered by intrahippocampal infu-
sion into adult male rats for 7 d followed
immediately by a single BrdU injection.
The animals were killed 2 h later (Malberg
et al., 2000), and the number of BrdU�
cells was quantitated in the dentate gyrus
in which adult neurogenesis occurs. There
was a significant increase in BrdU� cells in
the SGZ plus GCL and a trend toward
more BrdU� cells in the hilus (Fig. 7A–C).
These data suggest that VGF positively af-
fects the proliferating cell population in
vivo.

To determine whether the newly born
cells induced by VGF survive, we quanti-
tated the number of BrdU� cells 21 d after
the BrdU injection. We observed a trend
toward more BrdU� cells in the sub-
granular and granular cell layer in VGF-
treated animals compared with saline con-
trols. A statistically significant increase in
BrdU� cells was detected in the hilus of
VGF-treated rats relative to controls. We
therefore conclude that the newly born
cells induced by VGF in the dentate gyrus
survive at least 21 d (Fig. 8A–C). Previous
studies have shown that a single injection
of 2 �l of saline into the hippocampus
caused no damage or change in cell prolif-
eration in the dentate gyrus (Gould and
Tanapat, 1997). To confirm that the in-
crease in proliferating cell number in the
dentate gyrus is not attributable to damage
induced either by repeated (2 �l/d every
day for 7 d) infusions or VGF itself, we
performed immunocytochemistry for
cleaved caspase-3 (Fig. 8D,E). This anti-
body detects cells undergoing apoptosis,
and in addition we used Nissl stain to re-
veal degenerating cells. The guide cannula
is positioned above the dentate gyrus, and
we detected small numbers of caspase-3-
positive cells and darkly stained small and
rounded cell bodies as is described for de-
generating cells (Gould and Tanapat,
1997) in the immediate vicinity of the im-
planted cannula. This damage around the
guide cannula was comparable in both saline- and VGF-treated
animals. The internal cannula used to deliver saline or VGF pro-
trudes slightly beyond the guide cannula and there are several
caspase-3� cells in that region in both treatments. Importantly,
the dentate gyrus and the cell layers surrounding it do not appear
damaged in either saline- or VGF-treated animals. There are
minimal caspase-3� cells in the dentate gyrus after either saline
or VGF infusions. Therefore, repeated infusions do not cause
damage and VGF does not induce more cell death than saline.
Thus, the increase in BrdU� cells in the dentate gyrus seen in the
VGF-treated rats is most likely attributable to proliferation in-
duced by the neuropeptide rather than degenerating cells. Finally,
the differentiation of the BrdU� cells was examined after 21 d in
vivo. We observed that most of the BrdU� cells in the dentate
gyrus coexpressed the nuclear neuronal marker, NeuN. Very few

of the BrdU� cells colocalized with the precursor and astrocytic
marker GFAP (Fig. 8F–K). These findings suggest that VGF-
induced proliferating progenitor cells differentiate into mature
neurons.

Discussion
Transcriptional regulation by BDNF and 5-HT
Our aim in the present study was to identify potential molecular
mediators of the effects of BDNF on depression. The significance
of BDNF in the context of psychiatric disorders has been emerg-
ing over the past decade. However, it remains to be elucidated
how BDNF can exert diverse effects ranging from antidepressant-
like activity to modulating synaptic plasticity and neuronal
development. BDNF may mediate its many actions through
the expression of downstream molecules. Both BDNF and anti-

Figure 6. VGF promotes the differentiation of neuronal cells. A–D, BrdU and cell-specific markers colocalize after 6 d of
differentiation. Freshly plated hippocampal cells were treated with 3 �M VGF or vehicle control at time of plating. BrdU was added
to cultures at 48 h, and cells were fixed 6 d later. The arrows indicate double-labeled cells with a BrdU�nucleus (green) and nestin
(A), GFAP (B), Tau (C), and TuJ1 (red) (D). Scale bar, 50 �m. E, Quantitation of BrdU� cells expressing cell-specific markers after
6 d of differentiation in vitro. Data represent fraction of BrdU� cells coexpressing cell-specific markers including the precursor
markers nestin and GFAP and the mature neuronal markers Tau and TuJ1 (	50 BrdU� cells/dish; n � 3). *p � 0.05, ANOVA.

Figure 7. Intrahippocampal infusion of VGF increases BrdU� cells in the SGZ plus GCL. A, B, Saline (A) or VGF (4 �g) (B) was
infused daily via a cannula into the hippocampi of adult male rats for 7 d followed by a single BrdU injection (100 mg/kg). The
animals were killed 2 h later. BrdU� cells (black) are visible in the subdivisions of the dentate gyrus including the hilus (H),
subgranular zone (SGZ), granule cell layer (GCL), and stratum radiatum (SR) in coronal sections. Scale bar, 80 �m. Enlarged images
of boxed regions are shown below. C, Quantitation of total BrdU� cells in the various regions of the dentate gyrus. The bars
represent average BrdU� cells � SE (n � 7, 9). *p � 0.05, t test.
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depressants, which have effects on several molecular pathways
including enhancing 5-HT levels in the synapse, have been shown
to induce transcription (Thakker-Varia et al., 2001; Alder et al.,
2003; Alfonso et al., 2005; Yamada and Higuchi, 2005; Ring et al.,
2006). BDNF upregulates several classes of genes including syn-
aptic vesicle proteins and neuropeptides (Thakker-Varia et al.,
2001; Alder et al., 2005; Ring et al., 2006). Neuropeptides known
to be induced by BDNF include, among others, VGF, NPY, SP,
and Nociceptin (Nawa et al., 1994; Eagleson et al., 2001; Alder et
al., 2003; Ring et al., 2006). The fact that 5-HT does not regulate
expression of all BDNF-induced genes suggests that BDNF is
involved in numerous cellular processes, whereas 5-HT may have
a more defined role in the hippocampus. The common set of
specific genes we identified as regulated by both 5-HT and BDNF
relate to neuronal activation, synaptic remodeling, and neu-
ropeptides, and parallels those classes of genes altered by various
antidepressant treatments (Newton et al., 2003; Altar et al., 2004;

Alfonso et al., 2005; Yamada and Higuchi,
2005; Ploski et al., 2006; Conti et al., 2007).

Our data suggesting that trkB signaling
is not required for 5-HT-induced tran-
scription and that 5-HT receptor activa-
tion does not affect BDNF-mediated tran-
scription indicates that BDNF does not act
downstream of 5-HT or vice versa with re-
gard to transcriptional activation. This
finding may relate to the levels of tran-
scription observed with the two factors
used in this study; BDNF robustly induces
expression of these genes, whereas the
effect of 5-HT is relatively modest. In ad-
dition, BDNF and 5-HT do not have a syn-
ergistic effect on gene expression. To-
gether, our data leads us to conclude that
5-HT and BDNF employ independent
pathways to stimulate transcription, al-
though they may eventually converge on a
common mechanism to induce a common
set of genes.

The specificity of the transcriptional
regulation by 5-HT may be controlled at
the receptor level requiring the activa-
tion of either 5-HT1 and/or 5-HT7 re-
ceptors. We did not detect involvement
of 5-HT2 receptors, although they have
been implicated in transcription of IEGs
and BDNF in other cell types (Meller et
al., 2002; Pei et al., 2004). Importantly,
recent reports have shown that activa-
tion of 5-HT1A (Fricker et al., 2005) and
5-HT7 (Kvachnina et al., 2005) receptors
leads to morphological changes and in-
creased cell survival of hippocampal
neurons. Both the higher transcriptional
response of the cells to BDNF compared
with 5-HT and the requirement of spe-
cific 5-HT receptor activation for tran-
scription may be attributable to the lev-
els of expression of these receptors in
specific cell types in the hippocampus.
Deciphering the cell populations in the
hippocampus and the signaling cascades
leading to transcription of the genes de-

scribed in this study will help in understanding the involve-
ment of the different receptor subtypes in the morphological
and behavioral effects of 5-HT and BDNF.

VGF in depression models
Here, we found that 5-HT regulates the expression of a subset of
BDNF-induced neuropeptides including VGF and NPY. NPY it-
self has been shown to have antidepressant-like activity. Intrace-
rebroventricular injections of NPY or NPY receptor 1 (Y1) ago-
nists significantly reduced immobility time in both the FST
(Husum et al., 2000; Stogner and Holmes, 2000; Redrobe et al.,
2002a) and LH paradigms (Ishida et al., 2007). However, the role
of VGF in depression has not been explored. VGF is synthesized
as a precursor polypeptide, which is processed during neuronal
differentiation and becomes localized to large dense core vesicles
in several areas in the brain including the dentate gyrus of the
hippocampus (Salton et al., 2000). The receptor for VGF has not

Figure 8. VGF-induced BrdU� cells survive to 21 d and differentiate primarily into neurons. A–C, VGF-induced BrdU� cells
survive to 21 d. A, B, Saline (A) or VGF (4 �g) (B) was infused daily via a cannula into the hippocampi of adult male rats for 7 d
followed by a single BrdU injection (100 mg/kg). The animals were killed 21 d later. BrdU� cells (black) are visible in the
subdivisions of the dentate gyrus including the hilus (H), subgranular zone (SGZ), granule cell layer (GCL), and stratum radiatum
(SR) in coronal sections. Scale bar, 80 �m. Enlarged images of boxed regions are shown below. C, Quantitation of total BrdU�
cells in the various regions of the dentate gyrus. The bars represent average BrdU� cells � SE (n � 8). *p � 0.05, t test. D, E,
Repeated infusions of saline or VGF do not cause damage to the dentate gyrus. Saline (D) or VGF (4 �g) (E) was infused daily via
a cannula into the hippocampi of adult male rats for 7 d. The animals were killed 21 d later and processed for cleaved caspase-3
immunohistochemistry. Location of guide cannula is shown at low magnification (arrowhead). Scale bar, 150 �m. Enlarged
images of boxed regions showing tip of cannula, site of infusion, and dentate gyrus, respectively, are shown below. Caspase-3-
positive cells are indicated by arrows. F–H, BrdU� cells that survive primarily express neuronal markers. F, BrdU� cells (green;
arrowhead). G, NeuN� cells (red; arrow). H, Merged image showing colocalization (yellow; asterisk). I–K, BrdU� cells that
survive do not express glia markers. I, BrdU� cells (green; arrowheads). J, GFAP� cells (red; arrows). K, Merged image showing
no double-labeled cells (yellow). Scale bar, 20 �m.
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been identified, but genetic ablation of VGF results in deficits in
energy balance and the regulation of homeostasis (Hahm et al.,
1999, 2002). The VGF gene has a CREB binding site, which is
necessary for its induction by other neurotrophic factors (Salton
et al., 2000), and suggests a point of convergence for transcrip-
tional regulation by 5-HT and BDNF. Furthermore, expression
of VGF is induced by BDNF (Eagleson et al., 2001; Alder et al.,
2003) as well as in models of neuronal activity such as learning,
LTP, seizure, and synaptogenesis (Lombardo et al., 1995; Benson
and Salton, 1996; Hevroni et al., 1998; Snyder et al., 1998; Alder et
al., 2003; Newton et al., 2003; Altar et al., 2004). In support of our
findings of an increase in VGF expression after imipramine treat-
ment, an increase in VGF mRNA was observed in the hippocam-
pus of animals after electroconvulsive therapy (Newton et al.,
2003; Altar et al., 2004; Conti et al., 2007). However, fluoxetine
treatment did not show a similar increase in VGF expression,
possibly because the antidepressant treatment was only 2 weeks
long (Conti et al., 2007). Consistent with these results, we also
observed decreased VGF protein levels after both the LH and FST
depression paradigms. Similar reductions in expression of an-
other neuropeptide, NPY, was detected in these and other para-
digms (S. Thakker-Varia and J. Alder, unpublished observations)
(Sergeyev et al., 2005). Together, these findings implicate the
involvement of VGF in affective disorders.

We demonstrate for the first time the effectiveness of VGF as
an antidepressant-like agent in the FST behavioral model of de-
pression. The FST paradigm has been used widely for its excellent
pharmacologic predictive validity, and this model exhibits both
acute and chronic response to antidepressant treatment
(Dranovsky and Hen, 2006). In particular, growth factors such as
BDNF and IGF have been shown to reverse the depression-like
phenotype induced by preexposure to FST (Siuciak et al., 1997;
Hoshaw et al., 2005). The decrease in immobility time in the FST
induced by the dose of VGF used in this study was comparable
with that reported for BDNF (Shirayama et al., 2002) and NPY
(Husum et al., 2000; Stogner and Holmes, 2000), suggesting that
VGF is as effective as those factors. In addition, the effects of VGF
from a single infusion lasted up to 6 d as has been observed with
BDNF and insulin growth factor (IGF) (Shirayama et al., 2002;
Hoshaw et al., 2005), implying that VGF produces long-term and
persistent changes that underlie the antidepressant behavioral
responses. The requirement for VGF downstream of the actions
of BDNF as an antidepressant-like agent, could be examined after
the generation of adult hippocampal conditional VGF knock-out
mice.

Role of VGF in proliferation of hippocampal progenitors
It is now well established that antidepressants enhance neurogen-
esis in the dentate gyrus, perhaps to replace those cells damaged
by stress. Indeed, the decrease in proliferation of progenitor cells
within the SGZ after depression paradigms can be rescued by
antidepressant treatments (Malberg and Duman, 2003). 5-HT,
acting through the 5-HT1A receptor, also enhances neurogenesis
(Santarelli et al., 2003; Banasr et al., 2004). Finally, it has been
demonstrated that neurogenesis is actually necessary for the be-
havioral effects of antidepressants in a rodent model of depres-
sion using x-irradiation of the hippocampus to block de novo
proliferation (Santarelli et al., 2003; Jiang et al., 2005). We show
here for the first time that the neuropeptide VGF enhances neu-
rogenesis of hippocampal cells indicating a possible mechanism
for actions of VGF as an antidepressant-like agent. There is no
evidence of cell death or damage induced by VGF, and the sur-
vival of our cells both in vitro and in vivo is consistent with what

has been reported for other antidepressant treatments (Malberg
et al., 2000). Furthermore, our double-labeling studies in vitro
suggest that VGF may actually influence the differentiation of
neurons over glia and our data in vivo confirm that the prolifer-
ating cells differentiate into neurons, which also parallels reports
with other antidepressants (Malberg et al., 2000; Nakagawa et al.,
2002; Scharfman et al., 2005). Our study is the first to link VGF to
proliferation; however, another neuropeptide, NPY, has been
shown to influence proliferation in hippocampal cells via the Y1

receptor (Howell et al., 2003, 2005). Other neuropeptides in-
duced by BDNF and 5-HT such as SP had no effect on prolifera-
tion suggesting that BDNF and 5-HT may act cooperatively to
affect other processes in addition to neurogenesis in the hip-
pocampus. The role of VGF in controlling the rate of endogenous
neurogenesis in the dentate gyrus could be investigated in future
studies using VGF conditional knock-out mice. Furthermore, the
identification of the 5-HT receptor subtypes involved in the neu-
rogenesis process and the determination of whether the VGF-
enhanced neurogenesis is required for the antidepressant-like ac-
tions of VGF remain to be demonstrated.

The role of growth factors such as BDNF, bFGF (basic fibro-
blast growth factor), VEGF (vascular endothelial growth factor),
and IGF-1 in the proliferation and survival of hippocampal cells
has been explored (Wagner et al., 1999; Aberg et al., 2000; Schan-
zer et al., 2004). Overexpression or infusion of BDNF in the adult
rat results in newly generated cells in the SGZ of the dentate gyrus
and forebrain (Benraiss et al., 2001; Pencea et al., 2001; Scharf-
man et al., 2005). Interestingly, studies in wild-type and BDNF
knock-out mice suggest that, whereas antidepressants increase
turnover of hippocampal neurons, BDNF is required for the
long-term survival of newborn neurons (Sairanen et al., 2005).
Our studies suggest that not only does the BDNF-induced mole-
cule, VGF, promote the proliferation of progenitor cells but also
that those newly born cells survive to at least 21 d and primarily
differentiate into neurons.

Enhanced neurogenesis is one possible mechanism of antide-
pressant agents. Another theory of antidepressant actions pro-
poses that the problem underlying depression is abnormal
activity-dependent neuronal communication. BDNF may there-
fore exert its antidepressant-like effects by enhancing synaptic
plasticity and neuronal connections (Duman and Monteggia,
2006; Castren et al., 2007). As we have previously demonstrated
increased synaptic activity after VGF treatment of hippocampal
cultures (Alder et al., 2003), this mechanism may also contribute
to the antidepressant-like actions of VGF. The short-term effects
of antidepressant-like agents could be explained by their actions
on neuronal plasticity, whereas the longer-term outcome may be
attributable to neurogenesis.

A model consistent with our findings combined with pub-
lished studies suggests that antidepressants may increase 5-HT
levels directly and/or activate the BDNF cascade. 5-HT and
BDNF employ independent pathways to induce transcription al-
lowing for redundancy in the system; however, they may con-
verge on a common transcription factor such as CREB. This tran-
scriptional activation is dependent on receptor subtypes and
therefore may occur in a cell-specific manner within the hip-
pocampus. Increased expression of one CREB-dependent gene
VGF may enhance synaptic activity, thereby alleviating abnormal
neuronal communication which results from the neuronal atro-
phy in the hippocampus during depression. VGF also induces
proliferation of progenitor cells in the dentate gyrus. The newly
born cells that survive may preferentially differentiate into neu-
rons and therefore reverse the cell loss that occurs in the hip-
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pocampus during depression. In the future, the demonstration of
the effectiveness of VGF as an antidepressant-like agent in addi-
tional models of depression that respond to chronic treatment
would support the idea that the neurogenesis induced by VGF is
contributing to its behavioral effects. The requirement of neuro-
genesis for antidepressant actions may be one of the reasons for
the delay in the onset of clinical effects of current therapies. Un-
derstanding the molecular and cellular changes that underlie the
actions of BDNF, 5-HT, and neuropeptides and how these adap-
tations result in antidepressant-like effects will aid in developing
drugs that target novel pathways for major depressive disorders
and may decrease the latency to onset of clinical effects.
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