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Neurobiology of Disease

The Neuropeptide VGF Is Reduced in Human Bipolar
Postmortem Brain and Contributes to Some of the
Behavioral and Molecular Effects of Lithium
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Recent studies demonstrate that the neuropeptide VGF (nonacronymic) is regulated in the hippocampus by antidepressant therapies and
animal models of depression and that acute VGF treatment has antidepressant-like activity in animal paradigms. However, the role of
VGF in human psychiatric disorders is unknown. We now demonstrate using in situ hybridization that VGF is downregulated in bipolar
disorder in the CA region of the hippocampus and Brodmann’s area 9 of the prefrontal cortex. The mechanism of VGF in relation to LiCl
was explored. Both LiCl intraperitoneally and VGF intracerebroventricularly reduced latency to drink in novelty-induced hypophagia,
and LiCl was not effective in VGF ™'~ mice, suggesting that VGF may contribute to the effects of LiCl in this behavioral procedure that
responds to chronic antidepressant treatment. VGF by intrahippocampal injection also had novel activity in an amphetamine-induced
hyperlocomotion assay, thus mimicking the actions of LiCl injected intraperitoneally in a system that phenocopies manic-like behavior.
Moreover, VGF "/~ mice exhibited increased locomotion after amphetamine treatment and did not respond to LiCl, suggesting that VGF
is required for the effects of LiCl in curbing the response to amphetamine. Finally, VGF delivered intracerebroventricularly in vivo
activated the same signaling pathways as LiCl and is necessary for the induction of mitogen-activated protein kinase and Akt by LiCl, thus
lending insight into the molecular mechanisms underlying the actions of VGF. The dysregulation of VGFin bipolar disorder as well as the

behavioral effects of the neuropeptide similar to LiCl suggests that VGF may underlie the pathophysiology of bipolar disorder.

Introduction

VGF (nonacronymic), a secreted neuropeptide, has antidepressant-
like actions in rodents (Hunsberger et al., 2007; Thakker-Varia et
al., 2007). However, the significance and role of VGF in human
psychiatric disorders remains to be elucidated. VGF is upregu-
lated in the rodent hippocampus by manipulations that have
antidepressant-like activity, such as electroconvulsive shock
(Newton et al., 2003; Altar et al., 2004), imipramine, serotonin
(Thakker-Varia et al., 2007), exercise (Hunsberger et al., 2007),
and brain-derived neurotrophic factor (Bonni et al., 1995; Eagleson
et al,, 2001; Alder et al., 2003) treatments. Conversely, VGF ex-
pression is downregulated in the hippocampi of animals sub-
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jected to models of depression (Thakker-Varia et al., 2007) and
prenatal stress (Cattaneo et al., 2010).

The receptor for VGF has not been identified, but genetic
ablation of VGF has yielded insight into the function of this neu-
ropeptide. VGE "'~ mice have no gross abnormalities in brain
morphology and display no differences in normal anxiety levels.
However, VGF mutant mice do exhibit deficits in models of
antidepressant-like activity (Hunsberger et al., 2007). Thus, VGF
appears to be required for normal behavioral response in depres-
sion paradigms, suggesting that reduced VGF levels in humans
may be associated with psychiatric disorders.

A recent study reports the downregulation of VGF in leuko-
cytes of depressed patients, which is rescued by antidepressant
treatment (Cattaneo et al., 2010). However, the expression levels
of VGF in human CNS are not well characterized. Both the hip-
pocampus and dorsolateral prefrontal cortex (DLPFC) have been
implicated in the structural and functional deficits associated
with psychiatric disorders on the basis of neuroimaging, neuro-
psychology, and postmortem neuropathology studies (Dickstein
etal., 2005; Nakatani et al., 2006; Altshuler et al., 2008; Bonilha et
al., 2008; Melcher et al., 2008; Koenigsberg et al., 2009). Specifi-
cally, mood disorders are correlated with smaller volumes and
altered metabolic activity in these regions (Sheline et al., 1996;
Mayberg et al., 2000; Drevets, 2001; Manji and Duman, 2001;
Videbech and Ravnkilde, 2004; Fusar-Poli et al., 2007). There is
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Table 1. Stanley Foundation Neuropathology Consortium subject diagnostic
groups and demographics

Factor Normal Schizophrenia  Bipolar disorder ~ Major depression
Age (years) 481(29-68)  445(25-62)  42.3(25-61) 46.5 (30-65)
Brain pH 6.3 (5.8-6.6) 6.2(5.8-6.6) 6.2(5.8-6.5) 6.2(5.8-6.5)
PMI (h) 237 (8-42) 337(12-61)  32.5(13-62) 27.5(7-47)
Gender 9M, 6F 9M, 6F 9M, 6F 9M, 6F
Sideofbrain 7R, 8L 6R, 9L 8R, 7L 6R, 9L
Antipsychotic ~ NA 5.2 (0-20) 2.1(0-6) NA

exposure

For continuous variables (i.e. age, brain pH, PMI, and antipsychotic exposure), means are shown with ranges in
parentheses. AP, antipsychotic; F-mg-Eq, fluphenazine milligram equivalents; M, male; F, female; R, right; L, left;
NA, not applicable. Hippocampus and DLPFC tissues were derived from the Stanley Consortium, which consists of
four diagnostic groups: nonpsychiatric controls (n = 15), schizophrenia (n = 15), bipolar disorder (n = 15), and
major depression (n = 15). Diagnoses were performed independently by two psychiatrists according to the Diag-
nostic and Statistical Manual of Mental Disorders (fourth edition) criteria, and antipsychotic exposure was deter-
mined as an estimate of lifetime antipsychotic medication intake (< 10* fluphenazine milligram equivalents). The
groups did not statistically differ according to age, pH, or PMI and have been described previously (Torrey et al.,
2000). Experiments were performed without knowledge of subject diagnoses, and diagnostic information was
provided only after attainment of results.

one report of increased VGF protein expression in the DLPFC of
four schizophrenia postmortem brains and of an increase in a
specific VGF N-terminal peptide in the CSF of patients with
schizophrenia as well as in a few major depressive disorder sub-
jects (Huang et al., 2006). In contrast, results from the Stanley
Medical Research Institute (SMRI) Genomics Database using the
Array Collection indicate that VGF mRNA is decreased in the
DLPEC of bipolar disorder and schizophrenia patients. Although
these studies suggest the neuropsychiatric relevance of VGF, they
are somewhat inconclusive and do not investigate the functional
role of VGF in mood disorders.

Here we examine the pattern and levels of VGF mRNA expres-
sion in the hippocampus and DLPFC of postmortem samples of
control, depression, bipolar disorder, and schizophrenia pa-
tients. Our findings indicate that VGF is downregulated in hu-
man bipolar disorder in the CA region of the hippocampus and
Brodmann’s area 9 (BA9) of the DLPFC. Importantly, the studies
in this report suggest novel and critical behavioral effects of VGF
that mimic the actions of lithium and may contribute to some of
the effects of lithium in models of bipolar disorder.

Materials and Methods

In situ hybridization. cDNA corresponding to human VGF gene (base
pairs 1710-2160, Y12661) was subcloned into pCR4-TOPO and used to
synthesize riboprobes with [3*S]UTP (GE Healthcare) using an in vitro
transcription kit (Promega). T7 and T3 polymerase were used to generate
antisense and sense strand synthesis, respectively (specific activity of
~1.9 X 10° cpm/pg). The riboprobes were precipitated by ethanol, and
the probe concentration was adjusted to 5 ng/ml in the hybridiza-
tion buffer. Slide-mounted frozen coronal sections from the mid-
hippocampus and DLFPC were obtained from the Stanley Foundation
Neuropathology Consortium consisting of 15 subjects each with schizo-
phrenia, bipolar disorder, major depression, and unaffected controls. All
groups are matched for age, race, sex, and postmortem interval (Table 1)
(Torrey et al., 2000). Slides were brought to room temperature, fixed in
4% formaldehyde/1X PBS, acetylated in 0.25% acetic anhydride/0.1 m
triethanolamine-HCI, pH 8.0, delipidated with chloroform, and dehy-
drated in a series of graded ethanol solutions. **S-labeled riboprobes, 5
ng/ml, were heat denatured before being added to the hybridization
mixture (50% formamide, 0.6 mm NaCl, 10 mm Tris-HCI, pH 7.5, 0.02%
Ficoll, 0.02% bovine serum albumin, 0.02% polyvinylpropyline, 1 mm
EDTA, 0.01% salmon sperm DNA, 0.05% total yeast RNA, 0.005% yeast
tRNA, 10% dextran sulfate, 0.1% sodium thiosulfate, 0.1 M dithiothrei-
tol, and 0.1% SDS) and pipetted onto each section. Slides were then
coverslipped and incubated overnight in 55°C humidified chambers. The
coverslips were removed the next day, and the sections were subjected to
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posthybridization RNAase digestion. After washing the slides for 1 h each
in different SSC solutions (2X SSC at 50°C, 0.2X SSC at 55°C, and 0.2X
SSC at 60°C), the sections were dehydrated and exposed to BioMax film
(Eastman Kodak) with 'C standards (Weickert et al., 2005) for 8—11 d.
For each subject, there were two antisense slides and one sense slide.

Image analysis. Densitometric image analysis was performed blind to
diagnosis. Hippocampal subregions were defined by applying the ana-
tomical paradigm of Lorento de N6 (Lorente de N6, 1934; Kesner, 2007).
The DLPFC was delineated by applying the anatomical paradigm of Ra-
jkowska and Goldman-Rakic (1995a,b). The autoradiographic film im-
ages were digitized and calibrated to a "*C-standard curve (American
Radiolabeled Chemicals) using the Rodbard function on NIH Image]
(Weickert et al., 2005). The levels of VGF were calculated for regional
quantification in microcuries. After decoding, log of the expression levels
were analyzed with a linear mixed-effects model, using diagnosis as a
fixed effect and film and subject as random effects. Time in storage was
used as a covariate. Estimates were found using the Ime4 package in the R
statistical environment (R Development Core Team, 2009), with nomi-
nal highest posterior density intervals determined by Markov Chain
Monte Carlo. p values were found by repeatedly permuting the diagnosis
labels and comparing the distribution of test statistics with those of the
original data. Multiple comparisons were accounted for by, depending
on the context, comparing the maximum test statistic across multiple
diagnoses, multiple regions, or both multiple diagnoses and regions.
Specifically, for the hippocampal subregions, these p values were calcu-
lated by repeatedly permuting diagnosis labels and comparing the ob-
served test statistic against the most extreme test statistics of each
permutation across all diagnostic comparisons with controls (for the
result on the entire pyramidal cell layer of the CA regions) and simulta-
neously (for the region specific results) over the four CA regions. Thus,
the p values include adjustment for multiple diagnoses and, for the CA1lb
and CA2 results, multiple regions. Time in storage was associated with
diagnosis, so it was considered a covariate as a conservative measure. All
comparisons were made between the controls and the bipolar disorder,
major depression, or schizophrenia patients; no comparisons were made
among the disease groups. The hippocampus and DLPFC were consid-
ered separately. One major depression and two schizophrenia samples
were excluded from the analysis because of multiple outliers in those
samples.

Silver grain analysis. The slides were dipped in emulsion (NTB-2
Emulsion; Eastman Kodak), dried, stored in light-tight containers, de-
veloped after 2 months in Kodak D19 Developer, and counterstained
with cresyl violet. The silver grains were quantitated with BioQuant soft-
ware. The percentage positive neurons and the average grains per cell
were calculated for each region of each case. Pyramidal neurons were
defined as having cell bodies >25 um in diameter and by having a light
Nissl-stained cell body with a darker staining nucleus present in the
cross-section. Fifty CA pyramidal cells or 50 BA9 neurons were counted
per subject. The number of grains per cell was counted within a standard-
ized circular sample of 5 um. A background measurement was taken by
counting the grains in the standardized circular sample not overlying
cells. Neurons containing grains per cell that were at least fivefold above
background levels were considered positive (Weickert et al., 2005).

Mice. VGF ™'~ mice that were generated, backcrossed, and maintained
on a C57BL/6 background by Regeneron were obtained from Dr. Steve
Salton (Mt. Sinai School of Medicine, New York, NY). Littermates from
the colony were used as wild-type controls for the VGF*/~ mice. All
other mice were wild-type C57BL/6 purchased from Hilltop Laborato-
ries. All studies used male mice 3—4 months old.

Peptide treatment in vivo. Adult (3—4 month) male mice (~30 g) were
anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol in
amyl alcohol (Avertin; Sigma) (1:80, 0.2 ml/10 g mouse). For chronic
VGEF treatment for novelty-induced hypophagia, mice were then im-
planted with a cannula in the lateral ventricle (Alzet Brain Infusion kit 3;
DURECT Corporation). Coordinates were as follows: anteroposterior,
—0.1 mm with respect to bregma; lateral, 1.0 mm; ventral, —3.0 mm
with respect to the surface of the skull (Bartolomucci et al., 2007). Can-
nulae were secured with Loctite glue. A 28 d osmotic minipump (Alzet
2004, 0.25 ul/h) was loaded with saline or VGF (TLQP-62 C-terminal
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amidated peptide; Biopeptide) to deliver 15 ug/d intracerebroventricu-
larly (Siuciak etal., 1997; Woodside et al., 2002; Bartolomucci et al., 2007;
Ullal et al., 2007), connected to the cannula and implanted subcutane-
ously. A number of neuropeptides and neurotrophins have been shown
to be stable after 14-24 d in the osmotic minipump (Shibayama et al.,
1998; Larsen et al., 2000; Sahu, 2002; Hagg et al., 2005; Royo et al., 2006).
To verify the correct placement of the cannulae after intracerebroventric-
ular delivery of VGF, the mice were killed after behavioral studies, and
cryostat sections through the cortex were cut to visualize the track of the
cannula into the lateral ventricle. Only animals with the correct cannula
placement were used for analysis. For acute VGF treatment for the
hyperlocomotion assay, VGF was delivered to the hippocampus ster-
eotaxically through a 30 gauge needle attached to a Hamilton syringe:
anteroposterior, —1.9 mm with respect to bregma; lateral, 1.5 mm;
ventral, —1.5 mm with respect to the surface of the skull (Thakker-Varia
etal., 2007). Mice received bilateral infusions 0f 0.2, 1, or 5 ug of 1 ug/ul
VGF delivered manually over 1 min. The needle was left in place for 1 min
after delivery to allow for diffusion of the neuropeptides.

Novelty-induced hypophagia. Training consisted of daily sessions for
11 d in which adult male mice were trained to drink a highly palatable
food, diluted sweetened condensed milk (1:3 milk to water) from water
bottles. Mice were acclimated to the testing room for 1 h before each
training and home testing. Milk was placed in the cage for 15 min/d
during the training and testing period. Mice that never drank during the
15 min of daily training were eliminated from the experiment. After the
training period, VGF (15 ug/d; Biopeptide) or saline was delivered by
intracerebroventricular infusion using an osmotic minipump for 21 d.
Alternatively, in a separate set of mice, LiCl (100 mg/kg; Sigma) or saline
was given intraperitoneally two times per day for 21 d. For positive con-
trols, desipramine (DMI) (12.5 mg/kg; Sigma) was given intraperitone-
ally two times per day for 21 d to a separate set of mice. Testing in the
home, novel, and home environment occurred on the last 3 d of the 21 d
injection period 1 h after intraperitoneal injection. The time of training
and testing for novelty-induced hypophagia was between 9:00 A.M. to
12:00 P.M. Latency to consume the milk solution was measured and
recorded. For testing in the novel environment, mice were placed in an
empty standard cage with no bedding but a white paper underneath and
bright lighting overhead (2200 lux) to increase aversiveness. The cage was
also sprayed with a cleaner (Pine Sol), and the experiment was performed
in a novel testing room with no acclimation period. A failure to consume
any milk was recorded as 15 min latency (Gur et al., 2007).

Locomotion open-field test. The open-field apparatus consisted of a
(40 X 40 X 49 cm) clear Plexiglas arena with a white floor marked with
tape dividing it into 12 equal quadrants. Stereotaxic surgery was used to
infuse the hippocampi of male mice (3—4 months) with 1 ul of VGF (0.2,
1, or 5 ug/pl) or saline as described above 24 h before testing. VGF doses
were based on previous studies (Hunsberger et al., 2007). Mice treated
with LiCl were injected intraperitoneally (100 mg/kg; Sigma) 1 h before
testing. Locomotor activity of the mice in the open-field test was mea-
sured by counting the number of times mice crossed the tape from one
square into an adjacent square within open-field arena in 5 min bins.
Mice were subjected to a 15 min pretest to establish a baseline and elim-
inate novelty bias. The mice were then injected intraperitoneally with
either saline or p-amphetamine (2 mg/kg; Sigma) and replaced into the
open field for a 40 min testing period. The open-field apparatus was
wiped between trials with 70% ethanol solution (Gould et al., 2007). The
level of illumination was 814 lux, and the experiments were performed
between 12:00 P.M. and 5:00 P.M.

Hippocampal neuronal cultures. Embryonic day 16 mouse fetuses were
removed from CO,-killed mice (Hilltop Laboratories) by cesarean sec-
tion in accordance with institutional guidelines for care and use of
animals and transferred to sterile PBS-containing Petri dishes. The hip-
pocampus was dissected out from surrounding brain tissue, and the
meninges were completely removed. Pooled tissue from each litter was
mechanically dissociated in nutrient medium containing 7.5% fetal bo-
vine serum and plated on poly-p-lysine-coated dishes at 350,000 cells per
dish. Cultures were grown for 10 d in serum-free medium (Thakker-
Varia et al., 2001), followed by treatment with VGF (3 uwm; Biopeptide),
LiCl (2 my; Sigma) (Liang et al., 2008), or PBS for 48 h. The dose of VGF
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was selected based on our previous in vitro studies (Thakker-Varia et al.,
2007).

SDS-PAGE and Western blot analysis. Hippocampal neurons treated as
above or hippocampi from mice exposed to either chronic (21 d) VGF
(see above, Peptide treatment in vivo) or LiCl (100 mg/kg, i.p., two times
daily) were solubilized with lysis buffer (20 mm Tris, 0.5% Triton X-100,
0.5% SDS, 1 mm PMSF, 0.5 mm orthovanadate, protease inhibitor tablet,
and phosphatase inhibitor cocktail, pH 8). The protein content was de-
termined using the BCA Protein Assay Reagent kit (Pierce). Equal
amounts of protein were denatured in buffer with NuPAGE Sample
Reducing Agent (Invitrogen) at 70°C for 10 min, followed by separation
on a 4-12% gradient Bis-Tris NuPAGE gel (Invitrogen). The proteins
were transferred onto polyvinylidene difluoride-filter Immobilon-P
transfer membranes (Millipore Corporation). Subsequently, the mem-
branes were blocked with a solution of 5% milk plus 5% normal horse
serum for 1 h. The membranes were then subjected to incubation over-
night at 4°C with antibodies against phospho-glycogen synthase kinase
3a (GSK3a) (Ser21), GSK3a, phospho-GSK3B (Ser9), GSK3p, phos-
pho-p44/42 mitogen-activated protein kinase (MAPK) (Thr202/
Tyr204), p44/42 MAPK, phospho-Akt (Ser473), Akt, and -catenin. All
antibodies were from Cell Signaling Technology and used at 1:1000
dilutions, except B-catenin, which was used at 1:4000 dilution. Actin
was used for normalization at 1:500 (Santa Cruz Biotechnology).
Membranes were washed, followed by 1 h incubation with donkey
anti-rabbit or anti-mouse horseradish peroxidase-conjugated IgG (1:
3000; GE Healthcare) at room temperature. Proteins were detected
using enhanced chemiluminescence (PerkinElmer Life and Analytical
Sciences). Levels of the immunopositive bands were quantified den-
sitometrically using Quantity One version 4.2.1 software (Bio-Rad)
(Thakker-Varia et al., 2001).

Statistical analyses. Statistical methods for analysis of in situ radioactive
films is described in detail above (see Image analysis). Statview software
was used for analysis of all other data. Silver grain counts, novelty-
induced hypophagia with VGF, and Western blots for VGF treatments
were analyzed using two-tailed t test. Novelty-induced hypophagia with
LiClor DMIin WT and VGEF "/, locomotion open-field test, and West-
ern blots on chronic LiCl in vivo were analyzed using one-way ANOVA,
followed by Fisher’s protected least significant difference post hoc test as
well as repeated-measures ANOVA accounting for multiple factors to
determine interactions between factors and effects of over a time course
when possible. Descriptive statistics were displayed as expressed mean *
SEM, with significance at p < 0.05.

Results

VGF mRNA is reduced in the hippocampus and prefrontal
cortex of human bipolar disorder

To elucidate the role of VGF in psychiatric disorders, we exam-
ined VGF expression in postmortem tissue sections from the
mid-hippocampus as well as the DLPFC from the Stanley Foun-
dation Neuropathology Consortium consisting of coded samples
from nonpsychiatric controls and patients with depression, bipo-
lar disorder, and schizophrenia (Table 1). In hippocampal sec-
tions, **S-labeled antisense probe gave a strong signal in the
subgranular zone and granule cell layers of the dentate gyrus and
the pyramidal layer of the CA regions, particularly CA2, as well as
in the layers II-1V and VI of the inferior temporal lobe neocortex.
The sense strand probe showed negligible hybridization, indicat-
ing the specificity of the probe (Fig. 1 A). Quantitative analysis of
the film-based autoradiograms from the in situ preparations us-
ing a linear mixed-effects model showed that VGF mRNA expres-
sion was significantly decreased in the entire pyramidal cell layer
of the CA regions in the bipolar disorder samples relative to non-
psychiatric controls ( p = 0.024, n = 15). Point estimates sug-
gested downregulation of VGF mRNA in the CA regions for
major depression and schizophrenia relative to nonpsychiatric
controls, although these were not significant. When the data was
analyzed by subregion within the hippocampus, CAlb showed
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Figure1.  VGFmRNA expression isreduced in bipolar disorder patients in the CA region of the hippocampus. A, Representative autoradiographic film images of hybridization of VGF antisense and

sense probes in postmortem hippocampal sections. Boxed area in the antisense image s enlarged. **S-labeled antisense probe gives a strong signal in the subgranular zone and granule cell layer
of the dentate gyrus and the pyramidal layer of the CA regions (CA1-CA3) as well as in the layers lI-IV and VI of the inferior temporal lobe neocortex. The sense control probes give very low
background hybridization. B, Expression of VGFmRNA in the hippocampus of bipolar disorder (BD) (n = 15), major depression (MD) (n = 14), and schizophrenia (SZ) (n = 13) samples are expressed
as fold change of nonpsychiatric controls (represented by vertical line) (n = 15). Log of the expression levels were analyzed with a linear mixed-effects model, using diagnosis as a fixed effect and
film and subject as random effects. Time in storage was used as a covariate. Estimates were found using the Ime4 package in the R statistical environment, with nominal highest posterior density
intervals determined by Markov Chain Monte Carlo. p values were found by repeatedly permuting diagnosis labels and comparing the observed test statistic against the most extreme test statistics
of each permutation across all diagnostic comparisons with controls (for the result on the entire pyramidal cell layer of the CA regions) and simultaneously (for the region-specific results) over the
four CA regions. A trend toward decreased expression in the CA regions of the hippocampus was detected in all diagnoses relative to nonpsychiatric controls with statistically significantly reduced
expression in bipolar disorder (*p = 0.024). When the data were analyzed by subregion within the hippocampus, CATb showed significantly reduced expression for bipolar disorder compared with

nonpsychiatric controls (*p = 0.018), as did CA2 (*p = 0.046). Analysis of dentate gyrus includes the subgranular zone, the granule cell layer, and the hilar regions.

significantly reduced expression for bipolar disorder compared
with control samples ( p = 0.018,n = 15), as did CA2 ( p = 0.046,
n = 15) for bipolar disorder (Fig. 1 B). CAla was near significance
(p = 0.0834). These p values were calculated by repeatedly per-
muting diagnosis labels and comparing the observed test statistic
against the most extreme test statistics of each permutation across
all diagnostic comparisons with controls (for the result on the
entire pyramidal cell layer of the CA regions) and simultaneously
(for the region-specific results) over the four CA regions. Thus,
the p values include adjustment for multiple diagnoses and,
for the CA1b and CA2 results, multiple regions. There was no
significant correlation between VGF mRNA levels and age, pH,
postmortem interval (PMI), or gender. Time in storage was as-
sociated with diagnosis, so it was considered a covariate as a
conservative measure. All comparisons were made between the
controls and the bipolar disorder, major depression, or schizo-
phrenia patients; no comparisons were made among the disease
groups.

To assess whether the observed effect might simply be a proxy
for lifetime use of fluphenazine or equivalent, we performed sim-
ilar linear mixed-effects regressions of expression against lifetime
use of fluphenazine (or equivalent, as determined by the Stanley
Foundation) separately for both bipolar disorder and schizo-
phrenia patients. No control or major depression patients re-
ported fluphenazine use. There was no association of VGF mRNA
expression with lifetime fluphenazine levels among either schizo-
phrenia patients ( p = 0.222) or bipolar disorder patients (p =

0.718) when analyzed over the CA and dentate regions. The
smallest nominal p value for an individual region was 0.078 in
CA3 for schizophrenia patients. These results suggest that medi-
cation use did not account for the changes in VGF expression.

The density of silver grains over an individual neuron was
used to determine the relative level of mRNA expression per cell.
Cellular analysis revealed a reduction in the number of silver
grains per CA pyramidal neuron in the bipolar disorder samples
relative to nonpsychiatric controls (t,s = 2.54, p = 0.0173).
There was no change in the number of CA pyramidal cells ex-
pressing VGF mRNA in bipolar disorder samples (¢, = 0.613,
p = 0.5449) (Fig. 2). No obvious signal was seen overlying small
darkly Nissl-stained nuclei, which are probably either glia or in-
terneurons. Together, these data suggest that there is a down-
regulation of VGF mRNA in each pyramidal cell but that the same
numbers of cells express VGF in control and bipolar disorder
patients.

In the human DLPFC, we detected low-density VGF mRNA
expression in layer V, moderate levels in layers I, I, and VI, and
high density deep in layers III and IV. The sense control probe
again showed negligible hybridization signal (Fig. 3A). BA9 and
BA46 of the DLPFC were selected for quantitative analysis. Al-
though for the sake of completeness the data were graphed for all
three diagnoses relative to nonpsychiatric controls, the statistical
analyses for BA9 and BA46 were based only on bipolar disorder
versus nonpsychiatric controls. Significantly reduced VGF
mRNA levels were found in the BA9 region of the DLPFC for



9372 - J. Neurosci., July 14,2010 - 30(28):9368 —9380

A Control

Bipolar

B 25 - C 70+
60 =
20 4 * L<)
c
< - -
o » 50
= s
= 154 =
= 3 40+
[}
3 2
‘@ +
£ 104 L S04
< (&)
>
o = 204
. 8
S s o
> ]
a 10
0
Control  Bipolar Control  Bipolar
Figure 2.  Bipolar samples have a reduction in the levels of VGF mRNA per CA pyramidal

neuron but not in the number of cells expressing VGF. 4, Bright-field photomicrograph (100X)
demonstrating VGF mRNA hybridization signal in the CA region of the human hippocampus.
Black arrows indicate pyramidal cells that are more strongly labeled in control patients than in
bipolar disorder. Arrowheads indicate cells darkly stained with cresyl violet that do not express
V/GF mRNA. Scale bar, 50 wm. B, Bar graph of the average = SEM number of silver grains per
VGF mRNA-positive CA pyramidal neuron in control and bipolar patients (*t,¢) = 2.54, p =
0.0173). C, Bar graph of the mean == SEM percentage of neurons positive for /GF mRNA in CA
pyramidal cells of control and bipolar disorder patients. There is no significant change detected
(t6) = 0.613, p = 0.5449). Fifty cells were counted per sample (n = 14).

bipolar disorder ( p = 0.046 adjusted for comparisons in the two
regions, n = 15). No change in VGF mRNA expression was ob-
served in BA46 for any of the three diagnoses (Fig. 3B). Cellular
expression analysis was performed for cortical layer VI within
BA9. Similar to the CA region of the hippocampus, there was a
reduction in the number of silver grains per neuron in the bipolar
disorder samples relative to nonpsychiatric controls (t,g, =
2.216, p = 0.0350) but no change in the number of BA9 cells
expressing VGF mRNA in bipolar disorder samples (f,q, =
0.198, p = 0.8445) (Fig. 4). Together, these results demonstrate
that VGF mRNA levels are reduced in each cell in the CA region of
the hippocampus and BA9 in the DLPFC of bipolar disorder
patients.

VGEF contributes to the effects of LiCl in a behavioral
procedure that responds to chronic antidepressant treatment
To elaborate the role of VGF in bipolar disorder, we used a
behavioral procedure, novelty-induced hypophagia, which is
only sensitive to the effects of chronic, but not acute or sub-
chronic, antidepressant treatment (Dulawa et al., 2004; Cryan
and Holmes, 2005; Dulawa and Hen, 2005). In brief, mice were
trained for 11 d to drink sweetened condensed milk, and then
compounds of interest were administered for 21 d. The mice were
then tested for latency to drink the sweetened condensed milk in
the home cage as well as a novel environment and then again in
the home cage. Home cage consumption latency is a control for
feeding behavior. A reduced latency to drink in the novel envi-
ronment is indicative of the effectiveness of a compound as an
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antidepressant-like agent. The effect of acute treatment with VGF
in novelty-induced hypophagia has already been examined
(Hunsberger et al., 2007).

To test whether chronic VGF has antidepressant-like effects in
novelty-induced hypophagia, VGF (15 ug/d) or saline was in-
fused continuously for 21 d using an osmotic minipump into the
lateral ventricle. The dose of VGF was selected based on studies
infusing VGF peptides as well as other neuropeptides and neurotro-
phins (Siuciak et al., 1997; Woodside et al., 2002; Bartolomucciet al.,
2007; Ullal et al., 2007). Importantly, there was no difference in
the weight change during the 21 d period between saline- and
VGE-treated mice (—3.1 * 1.2 g of saline, —4.7 = 0.9 g of VGF,
toy = 1.026, p = 0.3316), suggesting that intracerebroventricular
VGF infusion had no effect on food consumption. Furthermore,
VGF had no effect on latency to drink the milk in the home cage
on either day of testing, consistent with the lack of effect on
baseline behavior (t4) = —0.358, p = 0.7289; t(4) = 0.558, p =
0.5903). Interestingly, VGF reduced the latency to drink the milk
in the novel environment (4, = 2.264, p = 0.0498) (Fig. 5A). A
number of other neuropeptides and neurotrophins have been
shown to be stable after 14-24 d in the osmotic minipump
(Shibayama et al., 1998; Larsen et al., 2000; Sahu, 2002; Hagg et
al., 2005; Royo et al., 2006). However, because the extent of deg-
radation of peptides depends on several factors, including amino
acid sequence and conformation, it is possible that there was
some degradation of the VGF in the osmotic minipump. Despite
that possibility, we did see a positive effect of chronic VGF in
novelty-induced hypophagia. Together, these data suggest that
VGEF has effects in a procedure that requires chronic antidepres-
sant treatment.

LiCl is the prototypical mood stabilizer for bipolar disorder
(Malhi et al., 2009), but its activity in novelty-induced hypopha-
gia had not been examined. Therefore, to test the efficacy of LiCl
in novelty-induced hypophagia, a separate set of WT mice was
trained to drink milk, and LiCl (100 mg/kg, two times daily) or
saline was injected intraperitoneally for 21 d. Like VGF, LiCl
reduced the latency to drink the milk in the novel environment
compared with saline treatment (F, 4y = 3.376, Fisher’s p =
0.019) but had no effect on latency to drink in the home cage on
either day of testing (F,,,;9) = 0.029, Fisher’sp = 0.9191; F, ;o) =
0.137, Fisher’s p = 0.9704) (Fig. 5B). These findings demonstrate
that LiCl is also an effective compound in an assay that responds
to chronic antidepressant treatment.

To address whether VGF contributes to the effects of LiCl, we
performed novelty-induced hypophagia in mice with genetically
reduced levels of VGF. In our hands, there were very low numbers
of VGF '~ mice born, and the viability was also very low. There-
fore, these experiments were performed on VGF "/~ mice, which
display no differences in normal anxiety levels in elevated-plus-
maze and open-field tests but do exhibit behavioral deficits in
response to exercise (Hunsberger et al., 2007) and have reduced
response in learning and memory tasks (Bozdagi et al., 2008).
Those studies suggest that the reduced levels of VGF in heterozy-
gous mice are sufficient to cause a deficit in depression and mem-
ory paradigms and therefore are useful genetic models. In
contrast to LiCl in WT mice, LiCl (100 mg/kg, two times daily for
21 d) in VGF*'~ mice did not significantly reduce the latency to
drink in the novel environment relative to saline (F, 4y = 3.376,
Fisher’s p = 0.2791), suggesting that VGF may contribute to the
effects of LiCl in novelty-induced hypophagia (Fig. 5B). Asin WT
mice, LiCl in the VGF™'~ mice had no effect on the latency to
drink in the home environments (F, ;5, = 0.029, Fisher’s p =
0.8137; F(, 19y = 0.137, Fisher’s p = 0.6873). There was a signifi-
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0.2187) (Fig. 5C). There was a significant in-
teraction between cage condition and drug
(Fa,14) = 4.845, p = 0.0156). Therefore,
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there may be a contribution of VGF to the

. mechanism of DMI as well as LiCl in
p=0.046 novelty-induced hypophagia.

VGF mimics the effects of LiCl and is
required in a mouse system that
phenocopies manic-like behavior
We further explored the role of VGF in
bipolar disorder by testing its effect in
amphetamine-induced hyperactivity, which
has been used to phenocopy manic-like
behavior and test novel lithium-mime-
tic compounds (Poncelet et al., 1987;
Takigawa et al., 1994; Beaulieu et al., 2004;
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Figure 3.

cant interaction between cage condition and drug (F,,y =
3.517, p = 0.0392). There was no significant difference in weight
in the chronic LiCl-treated mice compared with saline (1.3 =
1.9 g of saline, 0.7 * 0.5 g of LiCl, ¢,,, = 0.803, p = 0.4405),
suggesting that LiCl had no effect on general appetite and that the
health of the LiCl-treated animals was good. Chronic LiCl had no
obvious effect on general health as confirmed by necropsy after 3
weeks of LiCl by intraperitoneal injection in which only small
regions of congestion was observed at the site of injection in both
saline- and LiCl-treated mice.

To examine whether VGF contributes to the effects of tradi-
tional antidepressants, we administered the tricyclic DMI (12.5
mg/kg, i.p.) (Gur et al., 2007) for 21 d to VGF ™'~ and WT mice
that had been trained to drink the sweetened condensed milk.
Our results confirm that DMI injections administered intraperi-
toneally reduce the latency to drink in the novel environment
relative to saline controls (F(, ;3 = 3.765, Fisher’s p = 0.0169)
but had no effect on latency in the home cage on either day of
testing (F,,15) = 0.875, Fisher’s p = 0.2566; F(, 3, = 0.415, Fish-
er’s p = 0.8236). The response to both VGF and LiCl was com-
parable with that of DMI. In contrast to DMI in WT mice, DMl in
VGF '~ mice did not significantly reduce the latency to drink in the
novel environment relative to saline (F,,5, = 3.765, Fisher’s p =

SZ —_—

VGF mRNA expression is reduced in bipolar disorder patient in BA9 of the prefrontal cortex. A, Representative
autoradiographic film images of hybridization of VGF antisense and sense probes in the prefrontal cortex. Boxed area in the
antisense image is enlarged. There is light expression in layer V, moderate levels in layers |, 11, and VI, and high density expression
deep in layers Il and IV. BA9 and BA46 are indicated. The sense control probes give very low background hybridization. B,
Expression of /GF mRNA in the cortex of bipolar disorder (BD) (n = 15), major depression (MD) (n = 15), and schizophrenia (S2)
(n = 15) samples are expressed as fold change of nonpsychiatric controls (represented by vertical line) (n = 15). Log of the
expression levels were analyzed with a linear mixed-effects model, using diagnosis as a fixed effect and film and subject as random
effects. Timein storage was used as a covariate. Estimates were found using the Ime4 package in the R statistical environment, with
nominal highest posterior density intervals determined by Markov Chain Monte Carlo and p values found by permutation tests
comparing the maximum test statistic across both regions. The difference was significant in BA9 (*nominal p = 0.046).

Frey et al., 2006; Gould et al., 2007; Shaldu-
bina et al., 2007; Du et al., 2008; Shaltiel et
al., 2008). Mice were acclimated to the
open-field apparatus for 15 min and then
injected with either amphetamine (2 mg/
kg) or saline intraperitoneally, followed
immediately by a 40 min open-field test.
Within 10 min after amphetamine injec-
tion, there is enhanced locomotion as in-
dicated by an increase in the number of
crossings in the open-field apparatus. We
explored the effect of pretreatment with a
single dose of VGF stereotaxically into the
hippocampus in this procedure. The
doses of VGF were selected based on its
effectiveness in previous in vivo assays
(Hunsberger et al., 2007); VGF was tested
at0.2, 1, and 5 ug. None of the VGF doses
tested had an effect relative to saline injec-
tion on the number of crossings in the ab-
sence of amphetamine (—5 min pretest,
F,,, = 1.850, Fisher’s p = 0.9022, 0.4410,
and 0.1264 for 0.2, 1, and 5 ug, respec-
tively), consistent with our previous findings that VGF does not
affect baseline locomotion (Thakker-Varia et al., 2007). How-
ever, after amphetamine injection, 1 and 5 ug VGF-treated mice
displayed significantly reduced hyperlocomotion in response to
amphetamine relative to mice preinfused with saline (25 min
after amphetamine, Fs5, = 36.088, Fisher’s p = 0.0004 and
0.0001 for 1 and 5 g, respectively) (Fig. 6A). There was a signif-
icant interaction between drug and session time (F, 4y = 2.580,
p = 0.0059) and between dose and session time (F(3,,;, = 3.306,
p < 0.0001). Thus, a dose-response effect is observed for the
behavioral effects of VGF in vivo. These findings indicate that
VGF has novel actions that attenuate manic-like properties, sim-
ilar to those observed with LiCl treatment.

To determine whether VGF is involved in the behavioral
response to amphetamine, we administered amphetamine to
VGF™'~ mice. VGF*'~ mice displayed no difference from WT
mice in the open-field arena after saline injection (30 min after
amphetamine, F; ;) = 16.058, Fisher’s p = 0.9278), suggesting
that endogenous VGF is not required for normal locomotor ac-
tivity. However, VGF "/~ mice had increased hyperactivity rela-
tive to the WT mice after amphetamine injection (30 min after
amphetamine, F;,,, = 16.058, Fisher’s p = 0.0444) (Fig. 6B).
There was a significant interaction between genotype and session




9374 - ). Neurosci., July 14,2010 - 30(28):9368 —9380

time (F(, ;) = 2.126, p = 0.0238) and between drug and session
time (F;0,,) = 2.580, p = 0.0059) and a trend toward an inter-
action between genotype, drug, and session time (F;, 5,y = 1.660,
p = 0.0919). Because reduced levels of VGF result in enhanced
reaction, these data suggest that endogenous VGF is necessary for
tempering the response to amphetamine.

The requirement for VGF in the actions of LiCl was examined
using VGF*'~ mice treated with LiCl. We confirmed previous
studies demonstrating that pretreatment with lithium intraperi-
toneally (100 mg/kg) 1 h before amphetamine injection in WT
mice attenuates amphetamine-induced hyperactivity relative to
WT mice pretreated with saline before injection with amphet-
amine (30 min after amphetamine, F, ,5) = 11.904, Fisher’s p =
0.0035) (Fig. 6C) (Takigawa et al., 1994; Frey et al., 2006; Gould et
al., 2007; O’Donnell and Gould, 2007). The response to amphet-
amine of VGF*'~ mice pretreated with LiCl was indistinguish-
able from that of WT mice pretreated with saline, suggesting that
LiCl has no effect in VGF "/~ mice (30 min after amphetamine,
F455 = 11.904, Fisher’s p = 0.9056). Confirming this finding,
LiCl-pretreated WT mice were significantly different from LiCl-
pretreated VGF "/~ mice (30 min after amphetamine, Fus =
11.904, Fisher’s p = 0.0026). There was a significant interaction
between drug and session time (F(g 4, = 3.066, p = 0.0031) and
for genotype and session time (Fg 9y = 5.292, p < 0.0001). To-
gether, these data suggest that VGF is necessary for the effects of
LiCl in curbing the effects of amphetamine in a mouse system
that phenocopies manic-like behavior.

VGEF activates the same signaling cascades as LiCl and is
required for the activation of those pathways

Because the receptor for VGF has not yet been identified, little is
known about the signaling pathways downstream of VGF. Be-
cause we have shown that VGF mimics
many of the behavioral effects of LiCl, we

examined whether VGF activates any of

the signaling cascades regulated by LiCl. .

A

We have confirmed that LiCl (2 mM) in-

duces increasing trends in phosphoryla- g ]

tion of p42 MAPK (Tyr204), Akt X «of

(Ser473), and GSK3B (Ser9) in hip- '.g

pocampal cultures (Fig. 7A,B) (Liang et £ *]

al.,, 2008; Aubry et al., 2009): p42 MAPK & )
(control, 2.05 = 0.57 OD/mm? and LiCl, ~ §

5.07 = 1.21 OD/mm’ normalized to ]

2.76 * 0.61-fold of average control, 45, = JC

Home Novel

—2.883, p = 0.028), Akt (control, 0.41 =
0.12 OD/mm? and LiCl, 0.61 * 0.24 OD/
mm? normalized to 1.33 = 0.21-fold of
average control, f —1.522, p =
0.179), and GSK3p (control, 0.90 = 0.22
OD/mm?and LiCl, 2.07 = 0.55 OD/mm?
normalized to 2.50 = 0.83-fold of average
control, t) = —1.874, p = 0.120).
Treatment of hippocampal cultures
for 48 h with VGF (3 uM), as we have used
previously (Thakker-Varia et al., 2007),
induced phosphorylation of p42 MAPK,
Akt, and GSK3p to a similar degree as LiCl (Fig. 7A,B): p42
MAPK (control, 2.05 = 0.57 OD/mm? and VGF, 4.44 = 1.41
OD/mm? normalized to 2.14 =+ 0.30-fold of average control, #.,
= —3.776, p = 0.009), Akt (control, 0.41 = 0.12 OD/mm? and
VGF, 0.60 = 0.20 OD/mm? normalized to 1.43 = 0.13-fold of
average control, t = —3.327, p = 0.016), and GSK3f3 (control,
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Figure 4.  Silver grain analysis in BA9 reveals less /GF mRNA per cell but no change in the

number of V/GF-positive neurons. A, Bright-field photomicrograph (100X) demonstrating VGF
mRNA hybridization signal in layer VI of BA9. Black arrows indicate the polymorphic layer cells
thatare more strongly labeled in control patients than in bipolar disorder patients. Scale bar, 25
um. B, Bar graph of the average == SEM number of silver grains per VGF mRNA-positive layer VI
neurons in control and bipolar patients (*f,5 = 2.216, p = 0.0350). C, Bar graph of the
mean = SEM percentage of neurons positive for VGF mRNA in layer VI cells of control and
bipolar patients. There s no significant change detected (¢ ,5) = 0.198, p = 0.8445). Fifty cells
were counted per sample (n = 15).
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Figure5.  ChronicVGF, LiCl, and DMI reduce latency to drink in novelty-induced hypophagia in WT but not VGF ™/~ mice. Bars
represent mean latencies for mice to consume sweetened condensed milk in the home, novel, and home environments on days 19,
20,and 21, respectively, during treatment with VGF or saline by intracerebroventricular infusion (4). There was a decreased latency
to consume in the VGF-treated mice relative to saline-treated WT animals in the novel environment (*t,o) = 2.264, p = 0.0498).
B, LiCl or saline by intraperitoneal injection into WT and VGF ™/~ mice. There was a decreased latency to consume in the LiCl-
treated mice relative to saline-treated WT mice in the novel environment (*F , ;g = 3.376, Fisher's p = 0.019), but the effect of
LiCl versus saline was not apparent in VGF ™/~ mice (Fip19) = 3.376, Fisher's p = 0.2791) (n = 6-9). C, DMl or saline by
intraperitoneal injection into WT and VGF ™/~ mice. There was a decreased latency to consume in the DMI-treated relative to
saline-treated WT animals in the novel environment (*F , 3, = 3.765, Fisher'sp = 0.0169), but the effect of DMI versus saline was
not apparent in VGF ™/~ mice (F3,13) = 3.765, Fisher's p = 0.2187) (n = 5, 6). Error bars represent SEM.

0.90 * 0.22 OD/mm? and VGF, 1.66 * 0.44 OD/mm? normal-
ized to 2.32 = 0.54-fold of average control, t = —2.522, p =
0.045).

In our hands, phospho-GSK3« (Ser21) and B-catenin levels
were not significantly altered by either VGF or LiCl in hippocam-
pal cultures (Fig. 7A,B): GSKa (control, 0.63 = 0.18 OD/mm?
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Figure 6.  VGF infusion in the hippocampus reduces hyperactivity, and VGF '~ mice have increased response to amphetamine and do not respond to LiCl. A, Average = SEM number of total
crossings in 5 min bins. Mice were infused intrahippocampally with either saline (circles) or VGF (other shapes). Twenty-four hours later, the mice were acclimated to the open-field apparatus for 15
min, followed by intraperitoneal injection (indicated by arrow) of either amphetamine (filled symbols) or saline (open symbols). Total crossings were monitored for an additional 40 min (n = 5-7).
*p < 0.05, VGF/p-amphetamine is significantly different from saline/o-amphetamine by ANOVA, Fisher’s post hoc test. B, Average = SEM number of total crossings in 5 min bins. WT (circles) and
VGF heterozygote (VGF /™) (squares) mice were acclimated to the open-field apparatus for 15 min, followed by intraperitoneal injection (indicated by arrow) of either amphetamine (filled
symbols) or saline (open symbols). Total crossings were monitored for an additional 40 min (n = 6, 7). *p << 0.05, b-amphetamine VGF ™/~ is significantly different from saline/p-amphetamine
WT by ANOVA, Fisher’s post hoc test. €, VGF ™/~ mice do not respond to LiCl treatment. Average = SEM number of total crossings in 5 min bins. Mice were given either saline (circles) or LiCl (other
shapes) intraperitoneally. One hour later, the mice were acclimated to the open-field apparatus for 15 min, followed by intraperitoneal injection (indicated by arrow) of either amphetamine (filled
symbols) or saline (open symbols). Total crossings were monitored for an additional 40 min (n = 6). *p < 0.05, LiCl/p-amphetamine VGF ™/~ is significantly different from LiCl/b-amphetamine WT
by ANOVA, Fisher's post hoc test.
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Figure7.  VGF activates the same signaling pathways as LiCl in vitro and in vivo. A, Representative Western blots demonstrating that 48 h VGF treatment induces increases in phosphorylation of

p42 MAPK, Akt, and GSK3 3 in hippocampal neurons in culture. GSK3« and 3-catenin did not show as dramatic a change. LiCl is used as a positive control. B, Bar graph represents the densitometric
analyses of the phosphorylated form of each protein that is normalized to its nonphosphorylated species after VGF or LiCl in vitro. 3-Catenin protein level changes are normalized to actin. All data
are expressed as fold change relative to the average of untreated hippocampal neuron cultures (control). *p << 0.05, samples are significantly different from control samples by two-tailed t test (n =
4). ¢, Bar graph represents the densitometric analyses of the phosphorylated form of each protein that is normalized to its nonphosphorylated species after chronic VGF intracerebroventricular
administration. Data are expressed as a fold of expression of intracerebroventricularly administered saline. *p << 0.003, samples are significantly different from saline samples by two-tailed  test
(n = 4,3).Con, Control.

and VGF, 1.0 = 0.61 OD/mm? normalized to 1.30 = 0.51-fold of
average control, t, = —0.596, p = 0.573; LiCl, 1.31 * 0.68

subsequently to GSK3p. Also, B-catenin tends to translocate and
accumulate in the nucleus (Takahashi-Yanaga and Sasaguri,

OD/mm? normalized to 1.99 = 0.59-fold of average control, t.,, =
—1.679, p = 0.144) and B-catenin (control, 0.86 * 0.10 OD/
mm? and VGF, 0.86 = 0.19 OD/mm? normalized to 0.99 =+
0.16-fold of average control, t5, = 0.057, p = 0.957; LiCl, 0.83 *
0.11 OD/mm? normalized to 1.08 =+ 0.15-fold of average control,
tisy = —0.644, p = 0.548). Insufficient inactivation of GSK pro-
teins may contribute to this result because GSK3a is activated

2007), and therefore measuring 3-catenin levels in a whole-cell
lysate may not be adequate. In general, the actions of VGF mimic
those of LiCl by activating the same second-messenger signaling
pathways.

We have also demonstrated that chronic (21 d) intracerebrov-
entricularly administered VGF in vivo induced phosphorylation
of the same signaling molecules as in vitro relative to intracere-
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broventricularly administered saline (Fig. A ¥ B
7C): p42 MAPK (saline, 2.05 * 0.27 OD/ o & § [ saline
mm? and VGF, 2.77 * 0.11 OD/mm? £ 5 5 . | W uciwr
normalized to 1.35 = 0.06-fold of average ® 27 — * [ LICIVGF +-
saline, t(5) = — 6.847, p = 0.001), Akt (sa- phospho- SRS - 120 o>
line, 0.75 % 0.05 OD/mm? and VGF, paz AP o = . *
1.10 = 0.07 OD/mm® normalized to pa4la2 MAPK -'42kD E: 15
1.48 = 0.11-fold of average saline, t5, = Phospho- e o '
—5.333, p = 0.003), and GSK3p (saline, T R - o0 g
1.42 = 0.33 OD/mm? and VGF, 2.17 + =
0.28 OD/mm? normalized to 1.68 * AKT DD - 50D CRERE
0.152-fold of average saline, f5 = Phospho- & - = o
—5.359, p = 0.003) bft not GSKa ((sa)line, GSK3o | - 51D ﬂé’
0.68 = 0.13 OD/mm? and VGF, 0.76 * SSKae 2
0.11 OD/mm?*normalized to 1.11 * 0.19- e oo : 054
fold of average saline, t,-, = —0.672, p = ) =
0.531). & ) p Pg%?;; . REEGERY
Finally, we examined whether VGF is osap il 49D oll |
required for the activation of signaling . p-42 p-Akt  p-GSK-30. p-GSK-3B
molecules by LiCl by subjecting WT and
VGFE '™ mice to chronic (21d) LiClinjec- Figure 8.  VGF is required for the activation of signaling molecules by chronic LiCl in vivo. A, Representative Western blots

tions intraperitoneally (Fig. 8). Saline in-
jections administered intraperitoneally
into WT mice were used as a control, and
statistics was performed on data normal-
ized to saline controls by ANOVA. Statis-
tics reported are for LiCl in WT mice
compared with saline in WT mice and
LiCl in VGF"'~ mice compared with LiCl in WT mice. Lithium
increased phosphorylation of p42 MAPK in WT mice relative to
saline, and the effect of LiCl was blocked in VGF ™/~ mice (saline,
0.45 + 0.04 OD/mm? and LiCl WT, 0.72 # 0.11 OD/mm? nor-
malized to 1.59 * 023, F, 5, = 4.800, Fisher’s p = 0.0402; LiCl
VGF*'~,0.44 + 0.07 OD/mm” normalized t0 0.97 % 0.015, F( ) =
4.800, Fisher’s p = 0.0332). Similarly, LiCl significantly induced
phospho-Akt in WT mice, which was prevented in VGF ™/~ mice
(saline, 0.63 * 0.12 OD/mm? and LiCl WT, 0.85 = 0.21 OD/
mm? normalized to 1.65 * 0.24, Fu6 = 9.669, Fisher’s p =
0.0070; LiCl VGF*/~, 0.79 * 0.03 OD/mm® normalized to
1.26 = 0.05 LiCl, F(, 5, = 9.669, Fisher’s p = 0.0442). Phospho-
GSKa was enhanced by LiCl in WT and was not reduced in
VGF ™'~ mice (saline, 2.06 = 0.42OD/mm*and LiCI WT, 2.58 +
0.59 OD/mm? normalized to 1.54 = 0.02, Foe = 11.111,
Fisher’s p = 0.0111; LiCl VGF ™'~ 3.09 + 0.28 OD/mm? normal-
ized to 1.50 * 0.14 LiCl, F, 4 = 11.111, Fisher’s p = 0.7979).
Phospho-GSK38 was increased by LiCl in WT mice, and, al-
though there was less phosphorylation in VGF "/~ mice, it was
not significantly different from LiCl-treated WT mice (saline,
0.17 + 0.02 OD/mm? and LiCl WT, 0.25 * 0.03 OD/mm? nor-
malized to 1.47 * 0.16, F(, ) = 4.841, Fisher’s p = 0.0233; LiCl
VGF™'~,0.19 *+ 0.02 OD/mm? normalized to 1.13 * 0.11 LiCl,
F,6) = 4.841, Fisher’s p = 0.0747). These findings suggest that
VGF is necessary for the LiCl-induced activation of MAPK and
Akt and that it might be involved in the phosphorylation of
GSK3p. Together, our findings suggest a role for the neuropep-
tide VGF in the pathogenesis of affective disorders via a mecha-
nism similar to LiCl.

(n=12,3).

Discussion

VGF mRNA is reduced in human bipolar postmortem brains
We found a region-specific expression of VGF in human post-
mortem brains. In the hippocampus and prefrontal cortex, the
widespread VGF mRNA expression patterns we observed in hu-

demonstrating that 21 d LiCl administered intraperitoneally induces increases in phosphorylation of p42 MAPK, Akt, GSK3«, and
GSK33 in the hippocampus of WT mice but less in VGF ™/~ mice relative to saline. B, Bar graph represents the densitometric
analyses of the phosphorylated form of each protein that is normalized to its nonphosphorylated species. All data are expressed as
fold change relative to the average of saline-injected WT controls. * indicates that samples are significantly different from saline
samples and * with brackets indicate samples are significantly different from LiClin WT ( p << 0.05) by ANOVA, Fisher's post hoc test

mans are similar to those in the rodent (Snyder and Salton, 1998),
which suggests that VGF may have a fundamental and conserved
evolutionary role. Within the CA area, we observed significantly
reduced VGF expression in the CAlb subregion in brains from
bipolar disorder patients. CAl represents the final common
pathway for the output of the excitatory activity from the trisyn-
aptic pathway. Additionally, there are reports associating alter-
ations in CA1 gene expression, morphology, and function with
bipolar disorder and other psychiatric disorders (Hammonds
and Shim, 2009; Schobel et al., 2009). We also observed a signif-
icant decrease in the CA2 subregion in subjects with bipolar dis-
order. CA2 is an important information processing point
between the dentate gyrus and the subiculum (Heckers et al.,
2002). CA2 has also been implicated in psychiatric disorders
(Benes et al., 2001; Knable et al., 2004; Dean et al., 2005), and, in
particular, studies suggest a dysfunction of CA2 inhibitory
GABAergic interneurons in severe mental illness (Miiller et al.,
2001; Tian et al., 2007; Guilarte et al., 2008). Our findings of
reduced VGF expression in CA2 pyramidal cells of bipolar disor-
der patients suggest that, in addition to the alterations in inhibi-
tory interneurons, there may be changes in the function of
excitatory neurons.

In the human DLPFC, we detected reduced VGF mRNA levels
in the BA9 region in bipolar disorder patients. Other studies have
demonstrated changes in gene expression patterns in BA9 in psy-
chiatric disorders (Digney et al., 2005; Veldic et al., 2005; Guilarte
et al., 2008). Within BA9, we detected diminished VGF in layer
VL. Cells in layer VI project to the thalamus and are essential for
relaying cortical signals to other brain regions. Thus, our finding
of reduced VGF expression in layer VI suggests that there may be
deficits in communication between the DLPFC and the rest of the
nervous system.

Our findings are consistent with the SMRI Genomics Data-
base, and we demonstrate for the first time the detailed expres-
sion pattern in bipolar disorder. The reported upregulation of
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VGF in the CSF of subjects with schizophrenia (Huang et al,,
2006) may be explained by the differential kinetics of mRNA
versus peptide metabolites in the CSF or by differences in the
disease population. Consistent with our findings, a VGF peptide
was reported to be decreased in CSF in neurodegenerative dis-
eases (Ranganathan et al., 2005; Riietschi et al., 2005; Selle et al.,
2005; Zhao et al., 2008). VGF levels are also downregulated in
leukocytes of depressed patients but are restored in response to
antidepressant treatment (Cattaneo et al., 2010). The usefulness
of VGF as a biomarker for bipolar disorder and other neurolog-
ical diseases should be explored in future studies.

VGEF contributes to some of the behavioral effects of lithium
This study establishes a functional role for VGF in both the depres-
sive and manic phase of bipolar disorder using behavioral models.
Recently, we and others demonstrated the antidepressant-like ac-
tions of VGF (Hunsberger et al., 2007; Thakker-Varia et al., 2007).
However, the behavioral procedures used in those studies respond
only to acute antidepressant treatment. We now demonstrate that
chronic VGF is effective in novelty-induced hypophagia, which is
only sensitive to the effects of chronic antidepressant treatment
(Cryan and Holmes, 2005; Dulawa and Hen, 2005). This time course
is consistent with typical response of the depressive phase of bipolar
disorder to antidepressants (Bowden, 2005; Trivedi, 2006). Lithium
has been found to be effective in the forced-swim test (FST), tail-
suspension test (TST), and amphetamine procedures (O’Brien et al.,
2004; Bersudsky et al., 2007; Cryns et al., 2007; Gould et al., 2007),
but our study is the first to document effectiveness of chronic doses
of lithium in novelty-induced hypophagia.

Novelty-induced hypophagia has been shown to be sensitive
to acute effects of benzodiazepines in addition to chronic antide-
pressants, and therefore anxiolytic-like effects cannot be ruled
out. However, acute administration of VGF does not affect
anxiety-related behavior in other paradigms. In addition, there
are no differences in normal anxiety levels in elevated-plus-maze
and open-field tests in VGF "/~ mice, but there are deficits in the
depression paradigms FST and TST (Hunsberger et al., 2007).
Finally, the response to chronic antidepressants in the novelty-
induced hypophagia test has been shown to be associated with
neurogenesis at least in some mouse strains (Balu et al., 2009),
which is suggestive of an antidepressant-like effect because anti-
depressants but not anxiolytics have been shown to increase
neurogenesis.

The fact that LiCl and DMI in VGF "/~ mutant mice did not
significantly reduce latency to drink in the novel environment
relative to saline suggests that VGF may contribute to the effects
of LiCl and DMI. However, because VGF "/~ mice were not sig-
nificantly different from WT mice treated with LiCland DM, it is
possible that normal levels of VGF may not be absolutely neces-
sary for the actions of the antidepressant. Alternatively, the VGF
heterozygous mice may have sufficient levels of VGF to contrib-
ute to the actions of the antidepressant. Our results using this
procedure cannot be attributed to changes in appetitive behavior.
Although genetic ablation of VGF results in hypermetabolism,
the lean phenotype in VGF ™'~ mice is based on increased meta-
bolic activity rather than decreased feeding (Hahm et al., 1999,
2002). Moreover, because novelty-induced hypophagia does not
rely on food deprivation, there is no concern that feeding behav-
ior might interfere with the results.

We also used amphetamine-induced hyperactivity to pheno-
copy manic-like behavior, which is a valid assay for this study
because the use of dopaminergic stimulants has been associated
with the onset of mania in bipolar disorder patients and with
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manic-like symptoms in control subjects (Peet and Peters, 1995;
Anand et al., 2000). Furthermore, studies report that lithium can
attenuate or prevent the behavioral and/or functional effects of
dopaminergic drugs in humans (Bell et al., 2005; Willson et al.,
2005). Administration of amphetamine in rodents result in be-
havioral changes and treatment responses that are similar to bi-
polar disorder and therefore satisfy face and predictive validity.
With regard to construct validity, however, it is possible that the
use of amphetamine could be viewed mechanistically as a model
of drug abuse or addiction rather than bipolar disorder (Kato et
al., 2007). Despite this caveat, amphetamine-induced hyperactiv-
ity has been used frequently to phenocopy manic-like behavior
and test novel lithium-mimetic compounds (Frey et al., 2006;
Gould et al., 2007; Shaldubina et al., 2007; Du et al., 2008; Shaltiel
et al., 2008).

The fact that VGF reduced hyperlocomotion in a dose-
dependent manner in response to amphetamine indicates that
VGF has novel effects attenuating manic-like behavior, similar to
the effects seen with LiCl treatment. VGF injections into the hip-
pocampus do not affect baseline locomotor behavior, and
VGF "'~ mice do not have altered locomotor activity (Fig. 6 B)
(Hunsberger et al., 2007). Therefore, the effects of VGF are spe-
cific to the response to amphetamine. In the amphetamine-
induced hyperactivity procedure, reduced levels of VGF result in
enhanced response to amphetamine injection, suggesting that
endogenous VGF is necessary for attenuating the normal re-
sponse to amphetamine. We do not believe that the enhanced
susceptibility to the locomotor stimulating effects of amphet-
amine seen in VGF '~ mice is attributable to the fact that VGF
mutant mice show hypermetabolism. However, we cannot abso-
lutely rule out the possibility that VGF ™~ mice have elevated
baseline levels of plasma or brain amphetamine. In summary, our
results suggest a potential mood-stabilizing activity for VGF sim-
ilar to lithium.

VGF contributes to some of the molecular effects of lithium
Our findings demonstrate that two distinct molecules with sim-
ilar effects in behavioral studies, LiCl and VGF, stimulate the
extracellular signal-regulated kinase (ERK) pathway and Akt-
mediated GSK phosphorylation in the hippocampus, which is
implicated in mood modulation. Both lithium and valproate,
which is also used to treat bipolar disorder, stimulate the ERK/
MAPK pathway, and ERK may be required for the behavioral
effects of LiCl (Einat et al., 2003). Lithium also increases Akt-
mediated phosphorylation of GSK3 3, which inhibits the activity
of the enzyme. Altered levels of GSK3 and its target -catenin
are associated with various neuropsychiatric disorders and neu-
ropsychiatric drugs (Wada, 2009). Moreover, GSK3f inhibitors
have been shown to have antidepressant and anti-manic-like ac-
tivity (Kaidanovich-Beilin et al., 2004; O’Brien et al., 2004; Gould
et al., 2006).

A previous study demonstrated that expression of an adapter
protein, Grb2, involved in MAPK/ERK cascade is induced by
VGF (Hunsberger et al., 2007), supporting our findings. Re-
cently, VGF peptides were shown to activate MAPK p38 in mi-
croglia in a model of peripheral nerve injury (Riedl et al., 2009),
suggesting that there are other pathways stimulated by VGF that
remain to be examined in the CNS. We have shown that VGF is
required for the activation of several signaling molecules by LiCl,
including MAPK and Akt and possibly GSK3f3, suggesting that
VGF may be downstream of LiCl pathways. The behavioral and
intracellular cell signaling data strongly suggest that the ERK and
Akt—-GSK pathways may be common targets of molecules such as
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LiCl and VGF that have potential antidepressant-like and anti-
manic effects in animals.

The altered metabolic activity and smaller hippocampal and
DLPEC volumes associated with mood disorders may result in
part from reduced VGF levels because VGF enhances both neu-
ronal activity (Alder et al., 2003; Bozdagi et al., 2008) and neuro-
genesis in the hippocampus (Thakker-Varia et al., 2007).
Moreover, VGF may have antidepressant-like actions through
altering synaptic activity and/or neurogenesis (Malberg and
Monteggia, 2008; Thakker-Varia and Alder, 2009). Understand-
ing the molecular and cellular changes that underlie the actions of
neuropeptides such as VGF and how these adaptations result in
antidepressant-like effects will aid in developing drugs that target
novel pathways for psychiatric disorders.
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