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ABSTRACT
Activation of group II metabotropic glutamate receptors (mGlu2
and -3 receptors) has shown a potential antipsychotic activity,
yet the underlying mechanism is only partially known. Altered
epigenetic mechanisms contribute to the pathogenesis of
schizophrenia and currently used medications exert chromatin
remodeling effects. Here, we show that systemic injection of
the brain-permeant mGlu2/3 receptor agonist (�)-2-oxa-4-
aminobicyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268;
0.3–1 mg/kg i.p.) increased the mRNA and protein levels of
growth arrest and DNA damage 45-� (Gadd45-�), a molecular
player of DNA demethylation, in the mouse frontal cortex and
hippocampus. Induction of Gadd45-� by LY379268 was abro-
gated by the mGlu2/3 receptor antagonist (2S)-2-amino-2-
[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid
(LY341495; 1 mg/kg i.p.). Treatment with LY379268 also in-
creased the amount of Gadd45-� bound to specific promoter

regions of reelin, brain-derived neurotrophic factor (BDNF), and
glutamate decarboxylase-67 (GAD67). We directly assessed gene
promoter methylation in control mice and in mice pretreated for 7
days with the methylating agent methionine (750 mg/kg i.p.). Both
single and repeated injections with LY379268 reduce cytosine
methylation in the promoters of the three genes, although the
effect on the GAD67 was significant only in response to repeated
injections. Single and repeated treatment with LY379268 could
also reverse the defect in social interaction seen in mice pre-
treated with methionine. The action of LY379268 on Gadd45-�
was mimicked by valproate and clozapine but not haloperidol.
These findings show that pharmacological activation of
mGlu2/3 receptors has a strong impact on the epigenetic reg-
ulation of genes that have been linked to the pathophysiology
of schizophrenia.

Introduction
Metabotropic glutamate (mGlu) receptors form a family of

eight receptor subtypes that are subdivided into three groups.
Group II receptors (subtypes mGlu2 and mGlu3) are preferen-
tially located in the preterminal region of nerve endings, where
their activation decreases cAMP formation and negatively mod-
ulates neurotransmitter release (for review, see Niswender and
Conn, 2010). The development of mGlu2/3 receptor agonists as
antipsychotic agents moved from the observation that

(1S,2S,5R,6S)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
acid (LY354740), an orthosteric mGlu2/3 receptor agonist en-
dowed with high receptor affinity and brain penetration, inhib-
its presynaptic glutamate release (Battaglia et al., 1997), allow-
ing for testing the hyperglutamatergic hypothesis of
schizophrenia (SZ) (Aghajanian and Marek, 2000). Moghaddam
and Adams (1998) found that LY354740 attenuates the disrup-
tive effect of phencyclidine on cognition, motor behavior, and
cortical glutamate efflux, suggesting that this drug ameliorates
the behavioral effects of phencyclidine by attenuating presyn-
aptic glutamatergic activity. “Dual” mGlu2/3 receptor agonists
and selective mGlu2 receptor enhancers have shown robust
activity in preclinical models used to predict the efficacy of
potential antipsychotic agents (Gewirtz and Marek, 2000;
Kłodzinska et al., 2002; Schoepp and Marek, 2002; Conn et al.,
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2008, 2009). In a phase II clinical trial, the novel mGlu2/3
receptor agonist (�)-(1R,4S,5S,6S)-4-amino-2-sulfonylbicyclo
[3.1.0]hexane-4,6-dicarboxylic acid (LY404039) showed good ef-
ficacy in improving both positive and negative symptoms in
patients with SZ (Patil et al., 2007). LY404039 had a good safety
and tolerability profile and caused neither extrapyramidal side
effects nor increased body weight and blood triglyceride levels
(Patil et al., 2007). The mGlu3 receptor seems to have a role in
the overall antipsychotic action of mGlu2/3 receptor agonists,
because mutations in the GRM3 gene (encoding human mGlu3
receptors) and an abnormal dimerization of mGlu3 receptors in
the prefrontal cortex of patients with SZ are associated with a
risk for SZ and lack of response to conventional antipsychotics
(Egan et al., 2004; Bishop et al., 2005). Thus, drugs that activate
mGlu2 and mGlu3 receptors are promising candidates as novel
antipsychotic agents potentially of use in patients who are drug-
resistant or who do not tolerate the adverse effects induced by
conventional antipsychotic agents. Several lines of evidence
suggest that altered epigenetic mechanisms contribute to the
pathogenesis of GABAergic/glutamatergic network dysfunction
in SZ patients (Benes et al., 2007; Huang et al., 2007; Sharma
et al., 2008; Grayson et al., 2009; Guidotti et al., 2009). We and
others have found that drugs used in the treatment of psycho-
sis, such as atypical antipsychotics (e.g., clozapine, quetiapine,
olanzapine) and valproate (VPA), induce chromatin structure
remodeling by promoting mechanisms of histone covalent mod-
ifications and DNA demethylation in GABAergic or glutama-
tergic neurons (Dong et al., 2008; Guidotti et al., 2009). In
neurons, demethylation of DNA is mediated at least in part by
a base-excision repair mechanism that first requires the con-
version of 5-methylcytosine into thymine (T) through deamina-
tion, followed by T removal by means of a guanine (G)/T mis-
match DNA-glycosylase (Ooi and Bestor, 2008; Ma et al., 2009;
Zhu, 2009). Evidence suggests that in the brain the correct
coupling between 5-methylcytosine deaminase and G/T mis-
match DNA glycosylase is facilitated by Gadd45-� (growth ar-
rest and DNA-damage-inducible protein 45 types-�) (Ma et al.,
2009). Gadd45-� is a member of the Gadd45 family of small
nuclear acidic proteins (�17 kDa) (Gadd45-� and -�) that is
rapidly and transiently induced in mature hippocampal neu-
rons in response to neuronal circuit activation and ionotropic
glutamate receptor stimulation (Barreto et al., 2007; Ma et al.,
2009). For example, hippocampal neuronal circuit activation
elicited by electroconvulsive treatment in mice induces the ex-
pression of Gadd45-� and increases DNA demethylation at
promoters of genes encoding the brain-derived neurotrophic
factor (BDNF) and type-1 fibroblast growth factor (Ma et al.,
2009). No increase in DNA demethylation is seen in mice with
a genetic deletion of Gadd45-� (Ma et al., 2009). Because treat-
ment with conventional antipsychotic drugs is known to reverse
the hypermethylation of genes involved in the regulation of
GABAergic transmission by promoting DNA demethylation
(Guidotti et al., 2009), we examined whether this mechanism is
shared by pharmacological activation of mGlu2/3 receptors.

Materials and Methods
Materials. (�)-2-Oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxy-

lic acid (LY379268) and (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-
1-yl]-3-(xanth-9-yl) propanoic acid (LY341495) were purchased from
Tocris (Ellisville, MO). VPA, methionine, and haloperidol were pur-
chased from Sigma-Aldrich (St. Louis, MO). Clozapine (CLZ) was
purchased from Sandoz Pharmaceutical (San Diego, CA).

Treatment. Adult male Swiss Albino mice (Harlan, Indianapolis,
IN) of 18 to 22 g of body weight were housed with a 12-h light/dark
cycle, and food and water were given ad libitum. Different groups of
animals were treated with VEH, Met, VPA, CLZ, LY379268, and
LY341495 as follows: for Gadd45 expression, mice were treated with
a single injection of LY379268 (0.5 mg/kg i.p.) or LY341495 (1 mg/kg
i.p.) alone or in combination. Animals were killed 2 h after drug
injection. Various doses of LY379268 (ranging from 0.125 to 2 mg/kg)
were used to construct a dose-response curve (Fig. 1b). For the
cytosine methylation studies, mice were pretreated for 7 days with
Met (750 mg/kg i.p. twice a day). For Gadd45-� ChIP experiments,
mice were treated with either 1) LY379268 (0.5 mg/kg i.p.) alone or
in combination with LY341495 (1 mg/kg i.p.) or 2) VPA (70 mg/kg
i.p.) alone or in combination with LY379268. In another group of
experiments, VPA (70 mg/kg i.p.), CLZ (5 mg/kg s.c.), and haloperidol
(1.5 mg/kg i.p.) were administered as a single or repeated treatment
to evaluate the Gadd45-� mRNA levels or gene promoter methyl-
ation. VPA, Met, LY379268, and LY341495 were dissolved in saline;
CLZ was dissolved in sesame oil. Haloperidol was dissolved with a
drop of glacial acetic acid brought to pH 6 with the addition of sodium
hydroxide.

Measurement of Gadd45�, -�, and -� mRNA by Quantita-
tive-Competitive PCR. Total RNA was extracted from the mouse
frontal cortex, hippocampus, and cerebellum with TRIzol reagent
(Invitrogen, Carlsbad, CA). Gadd45 mRNA content was measured by
reverse transcription-PCR with colinear internal standards gener-
ated by deletion (Auta et al., 2007). Amplification of the three iso-
forms of Gadd45 cDNA was carried out employing the primers indi-
cated in Table 1. Concentrations of mRNA were calculated from a
known amount of internal standards and corrected for NSE using the
primers indicated in Table 1.

Western Blot Analysis. Tissue were homogenized at 4°C in a
radioimmunoprecipitation assay lysis buffer containing 1 mM pro-
tease inhibitor cocktail (Sigma-Aldrich), pH 7.4. Twenty micrograms
of proteins were resuspended in SDS-bromphenol blue reducing buf-
fer. Western blot analyses were carried out using 18% Tris-glycine
gel (Invitrogen). After blotting onto a nitrocellulose filter (0.2-�m
pore size; Invitrogen), the blots were incubated overnight at 4°C with
primary polyclonal antibody directed against Gadd45-� (1 �g/ml;
Aviva Systems Biology, San Diego, CA) in Tris-buffered saline/
Tween 20 buffer (100 mM Tris-HCl, 0.9% NaCl, and 0.1% Tween 20,

TABLE 1
Primers

Primer Sequence

Amplification
Gadd45�

Forward 5�-GCGAGAACGACATCAACATCCTGC-3�
Reverse 5�-TCGGCCCCTTGACATCAGTTTCTG-3�

Gadd45�
Forward 5�-AGTCGTTCTGCTGCGACAATGACA-3�
Reverse 5�-GTATCACGGGTAGGGTAGCCTTTG-3�

Gadd45�
Forward 5�-TCTGGAAGAAGTCCGTGGCCAGGA-3�
Reverse 5�-ATGCAATGCAGGTCTCCCGGCGCG-3�

NSE
Forward 5�-AATCCAAGTTTGGGGCCAATGCCA-3�
Reverse 5�-TCTTTTCCGTGTAGCCAGCCTTGT-3�

reelin
Forward 5�-GGGCGGCGGGCCCCGAGG-3�
Reverse 5�-AGAGACCGACGGGCTGCC-3�

GAD67
Forward 5�-GAGGAGAGCGGGCCAAGA-3�
Reverse 5�-GTGCCGCTCCACACGCC-3�

BDNF-IX
Forward 5�-CATGAGACCGGGCAAGTC-3�
Reverse 5�-CCTTGGGAGGAATGTGTGAT-3�

GAD65
Forward 5�-AATGAGTTCGTTGGTGTGGAAGCG-3�
Reverse 5�-TTGGCTCATTGTTTGAGGGCTGTC-3�
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pH 7.4). After three washes with Tris-buffered saline/Tween 20 buf-
fer, blots were incubated for 1 h with the secondary antibody (per-
oxidase-coupled anti-rabbit) (Sigma-Aldrich). The same blots were
incubated for 1 h at room temperature with mouse monoclonal anti-
�-actin (Sigma-Aldrich). The analysis was performed by using a
Storm 860 PhosphorImager (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK) with ImageQuant analysis software, and the
values were expressed as an optical density ratio with respect to
�-actin. After blotting, only a major band of �17 kDa was recognized
by the Gadd45-� antibody. To establish the specificity of the anti-
body, immunoblots were carried out using brain homogenates ob-
tained from Gadd45-� KO mice (generous gift from Dr. Dan Lieber-
mann’s lab, Fels Institute for Cancer Research and Molecular
Biology, Temple University, Philadelphia, PA).

Himmunohistochemistry: Gadd45-� Staining. Tissues were
fixed with 4% paraformaldehyde in PBS. Floating sections (30 �m)
were immunostained for Gadd45-� as follows: tissue slides were
rinsed with PBS, then blocked for 30 min with 3% normal goat serum
in PBS. Sections were incubated overnight at 4°C with anti-
Gadd45-� antibody (Aviva Systems Biology) diluted (1:1000) in PBS
containing 1% normal goat serum. Afterward, sections were washed
in PBS and incubated with a biotinylated-secondary antibody for an
hour at room temperature. Slices were then reacted with diamino-
benzidine ammonium sulfate according to the procedures described
by Rodriguez et al. (2002).

Methylated reelin, GAD67, and BDNF-IX Promoter Assay
(5-Methylcytosine DNA Immunoprecipitation). We analyzed
the ratio of 5�-methylated cytosines to the unmethylated cytosines of
murine reelin, GAD67, or BDNF (promoter region IX) CpG-enriched
promoter sequences.

Genomic DNA was extracted from the mouse frontal cortex (FC)
and sonicated to produce a fragment size of 200 to 600 bp. After
ethanol precipitation, 3 �g of sonicated DNA were diluted to 300 �l
in Tris-EDTA buffer and heat-denatured at 95°C for 10 min. Thirty
microliters of sonicated solution were removed and stored at �20°C
to be used as input to quantify the total amount of promoter before
immunoprecipitation. The remaining solution was incubated over-
night at 4°C with a mouse anti-5-methylcytosine monoclonal anti-
body (MagMeDIP kit; Diagenode, Denville, NJ). The immunoprecipi-
tated DNA was released from the antibody complex by proteinase-K
digestion. After phenol-chloroform extraction and ethanol precipita-
tion, the DNA pellet was resuspended in 20 �l of diethyl pyrocar-
bonate-treated water. A CpG-rich GAD67 promoter fragment (from
�840 to �768 bp), reelin fragment (from �423 to �252 bp), and
BDNF-IX promoter fragment (Ma et al., 2009) were measured by
quantitative PCR using the primers indicated in Table 1. The per-
centage of methylated versus unmethylated promoter was calculated
by using the following equation: % (meDNA-IP/total input) �
2[(Ct(10% input) � 3.32) � Ct(meDNA � IP)] � 100% (MagMeDIP
kit instruction manual; Diagenode).

An immunoprecipitation negative control (no antibody added) was
included in each assay and produced no detectable signal. For fur-
ther details, see Satta et al. (2008).

ChIP Assay: Measurements of Gadd45-� Binding to the ree-
lin, GAD67, GAD65, and BDNF-IX Gene Promoters. Approxi-
mately 10 mg of FC tissue was used for this procedure. Tissue was
incubated with 500 �l of PBS containing 1% formaldehyde at 37°C
for 10 min, supplemented with a protease inhibitor cocktail (Sigma-
Aldrich). After being washed three times with ice-cold PBS, tissue
was homogenized in 300 �l of SDS lysis buffer (supplied by ChIP kit;
Millipore, Billerica, MA). To obtain consistent chromatin fragmen-
tation, the lysates were sonicated for 15 min on ice (Sonic Dismem-
brator, model 500; Thermo Fisher Scientific, Waltham, MA). The
ChIP procedure was carried out by using the ChIP assay kit and
protocol (Millipore). The concentration of the antibody for Gadd45-�
used was 1 �g/ml. An aliquot (2%) of the sonicated lysate without
antibody (Input) was used to quantify the total amount of DNA in the
sample extracts before immunoprecipitation. At the end of ChIP

procedure, the protein/DNA cross-linked nucleosomal chromatin
complex immunoprecipitated by the specific antibody was reverse
cross-linked with NaCl at a final concentration of 100 mM at 65°C
overnight. Samples were then treated with proteinase-K. Protein-
free DNA was extracted in phenol/chloroform and precipitated and
washed in ethanol. The extract was used for detection and quantifi-
cation of reelin, GAD67, GAD65, and BDNF-IX gene promoters as
described in the previous paragraph.

Behavioral Test: Social Interaction in a Novel Environ-
ment. All animals were housed in the experimental room for an hour
before the test session for habituation. We used the experimental
paradigm described by Tremolizzo et al. (2005). In brief, each male
mouse was placed in a novel cage together with a nonaggressive male
mouse used as an intruder, and the interaction between the two mice
was recorded for 10 min with a digital video camera (Samsung,
Seoul, Korea). The total duration of the interaction (seconds per 10
min) was scored by two blinded well trained operators. The interac-
tion was defined by body contact, including inspection and anogeni-
tal sniffing. Reliability of measurements was assessed by correlating
the scores of the two operators. In a first group of experiments, mice
were injected with Met (750 mg/kg i.p., twice a day) for 7 days. A
single injection of LY379268 (0.5 mg/kg i.p.) was administered im-
mediately, 16 and 22 h after the last dose of Met. All the mice were
tested 24 h after methionine withdrawal. In another set of experi-
ment, mice were pretreated with Met for 7 days and with repeated
injections of LY379268 (0.5 mg/kg i.p., twice a day, for 3 days) in
combination with Met in the last 3 days of Met pretreatment. The
control group received saline for 7 days.

Statistical Analysis. All results were expressed as means � S.E.
One-way ANOVA followed by the Newman-Keuls multiple compar-
ison test were used to assess the significance of the differences
between groups. The criterion for significance was p � 0.05 or 0.01.

Results
mGlu2/3 Receptors Activation Increased the Expres-

sion of Gadd45 in the Mouse FC. We first examined the
expression of Gadd45�, -�, and -� in the mouse FC in re-
sponse to the stimulation of mGlu2/3 receptors by systemic
administration of LY379268. We selected LY379268 because
this compound shares the pharmacological properties of
LY404039 (Schoepp et al., 1999), which is under clinical
development for the treatment of SZ (Patil et al., 2007).

A single injection of LY379268 (0.5 mg/kg i.p.) induced a 3-

Fig. 1. The increase of Gadd45-� and Gadd45-� mRNA levels induced by
a single injection of LY379268 (0.5 mg/kg i.p., 2 h before animal killing)
in mouse FC was blocked by the coadministration of LY341495 (1 mg/kg
i.p.). Values represent the mean � S.E. of five mice. �, p � 0.05; ��, p �
0.01 vs. control group. #, p � 0.01 versus the group treated with
LY379268 (one-way ANOVA � Newman-Keuls).
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to 4-fold increase in Gadd45-� mRNA levels (Fig. 1). The
increase peaked at 2 h and progressively declined after 6 h
(not shown). In the same samples, we detected a slight in-
crease in Gadd45-� mRNA but no significant changes in
Gadd45-� mRNA levels (Fig. 1). The increase in Gadd45-�
and -� mRNA levels induced by LY379268 was abolished by
coadministration of the preferential mGlu2/3 receptor antag-
onist LY341495 (1 mg/kg i.p.), which was inactive on its own
(Fig. 1).

The effect of LY379268 on Gadd45-� mRNA levels in the
mouse FC showed an inverse-U shaped dose-response curve,
a maximal increase being observed at relatively low doses
(0.3–0.75 mg/kg) and a smaller increase at higher doses (1 or
2 mg/kg) (Fig. 2). Because the therapeutic response to anti-
psychotic drugs required protracted treatment, we studied
whether the action of LY379268 persisted after repeated
injections. We found that the increase in Gadd45-� mRNA
levels in the FC remained unchanged after repeated injec-
tions of LY379268 (0.5 mg/kg i.p. once daily for 7 days) (13 �
2.1 and 2 � 6.0 fmol of Gadd45-�/pmol of NSE mRNA in
control animals and 2 h after the last injection of LY379268,
respectively, n � 5). This increase was reduced by coadmin-
istration of 1 mg/kg the mGlu2/3 receptor antagonist
LY341495 (22 � 3.5 fmol Gadd45-�/pmol NSE mRNA, n � 5).
A 3- to 4-fold increase in Gadd45-� mRNA expression was
also observed in the hippocampus and cerebellum of mice
injected with LY379268 (Fig. 3).

We also studied the expression of Gadd45-� protein by
immunoblotting. Densitometric analysis showed that a sin-
gle injection of LY379268 (0.5 mg/kg i.p.) induced an approx-
imate 2-fold increase in Gadd45-� protein levels in the FC
compared with control mice injected with saline. Similar in-
crease in Gadd45-� levels was also observed with LY379268 1
mg/kg. There were changes with LY379268 0.25 mg/kg injection
(data not shown).

Gadd45-� has a molecular weight and structural homology
to Gadd45-� and Gadd45-�; to demonstrate the specificity of
the antibody, we compared FC extracts obtained from wild-
type mice with FC extracts obtained fron Gadd45-� KO mice.
As shown in Fig. 4A, no immunoreactive bands were ob-
served in brain extracts obtained from Gadd45-� KO mice. In

Fig. 2. Inverted U-shape dose-response curve of LY379268 (0.125–2
mg/kg) treatment on Gadd45-� mRNA expression. Values are the mean �
S.E. of five determinations. �, p � 0.05; ��, p � 0.01 versus control group
(0) (one-way ANOVA � Newman-Keuls).

Fig. 3. Increased expression of Gadd45-� mRNA in mouse FC, hippocam-
pus, and cerebellum after single injection of VPA (70 mg/kg i.p.), CLZ (5
mg/kg, s.c.), and LY379268 (0.5 mg/kg i.p.) but not HAL (1.5 mg/kg i.p.),
�, p � 0.05 versus control (one-way ANOVA � Newman-Keuls).

Fig. 4. A, a representative immunoblot of Gadd45-� pro-
tein extracted from the mouse FC treated 2 h earlier with
an injection of LY379268 (0.5 mg/kg i.p.). No bands are
observed in FC of Gadd45-� KO mice. The values for den-
sitometric analysis are means � S.E. of five individual
determinations. �, p � 0.05 (one-way ANOVA � Newman-
Keuls versus control mice). B, immunohistochemistry anal-
ysis of Gadd45-�: LY379268 (0.5 mg/kg i.p. 2 h before)
elicits an increase of neuronal Gadd45-� immunoreactivity
in the FC (layer II and III; 20� magnification) and hip-
pocampus (CA3) (right), compared with controls (left) (40�
magnification).
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addition, as shown in Fig. 4B, 2 h after an injection of 0.5
mg/kg i.p. LY379268, the intensity and number of Gadd45-
�-positive neurons was increased compared with VEH-
treated mice in cerebral motor cortex and hippocampus. In
the cerebral cortex, the increase in intensity and number of
Gadd45-� positive neurons was especially evident in nuclei of
layer II and III pyramidal neurons as suggested by colocal-
ization of Gadd45-� with glutamate vesicular transport
(D. P. Gavin, R. Sharma, K. Chase, F. Matrisciano, E. Dong,
and A. Guidotti, submitted). In the hippocampus, the in-
crease is particularly evident in pyramidal neurons of cornu
ammonis. As described above, the results are not contami-
nated by cross reactivity with Gadd45-� and -� because the
antibodies used for the immunohistochemical analysis failed
to recognize any other protein in brains of Gadd45-� KO mice
(see Fig. 4A).

Gadd45-� Binding to reelin, GAD67, and BDNF CpG-
rich Promoter Regions. To examine whether Gadd45-�
induced by the activation of mGlu2/3 receptors participates
in chromatin structure remodeling, we focused on the pro-
moters of three genes that are targets for epigenetic regula-
tion and are apparently down-regulated in SZ: reelin,
GAD67, and BDNF (Benes et al., 1992; Fatemi et al., 2000;
Guidotti et al., 2000; Lewis et al., 2005; Guo et al., 2010). We
measured CpG-rich promoter regions of reelin, GAD67, and
BDNF-IX genes immunoprecipitated with a specific Gadd45-�
antibody (see Materials and Methods). Animals received a re-
peated treatment with LY379268 (0.5 mg/kg i.p., 3 days, twice
a day) alone or in combination with LY341495 (1 mg/kg i.p.).
Quantitative PCR analysis showed that LY379268 induced an
increase in reelin, GAD67, and BDNF-IX gene promoter frac-

tions precipitated by the Gadd45-� antibody (Fig. 5). However,
not all the genes were immunoprecipitated by the Gadd45-�
antibody. For example, only a small percentage (� 0.1%) of
the total GAD65 promoter was immunoprecipitated by the
Gadd45-� antibody in vehicle- or LY379268-treated mice.
The effect of LY379268 on reelin and GAD67 (but not BDNF-
IX) promoters was significantly reduced in a group of animals
treated with the mGlu2/3 receptor antagonist LY341495
(Fig. 5).

mGlu2/3 Receptor Activation Induced Demethyl-
ation in reelin-, GAD67-, and BDNF-IX CpG-rich Pro-
moter Regions. To examine whether the mGlu2/3 receptor
agonist-induced increase of Gadd45-� binding to target pro-
moters was associated with DNA demethylation, we per-
formed MeDIP analysis of reelin, GAD67, and BDNF-IX pro-
moters. Mice were treated for 7 days with VEH or Met (750
mg/kg i.p., twice a day). Met treatment alone induced hyper-
methylation of reelin, GAD67, and BDNF-IX promoters (Fig. 6).
However, not all genes were hypermethylated by Met. For
example, the methylation status of GAD65 and �-globulin
promoters was not affected by Met pretreatment, and global
ChIP-on-chip promoter analyses revealed that approxi-
mately 5% of the gene promoters are heavily hypermethy-
lated (Dong et al., 2008). Measurements of promoter meth-
ylation were carried out 24 h after the end of Met treatment
in mice receiving either saline or LY379268 (0.5 mg/kg i.p.) 2,
8, or 24 h before promoter methylation measurements.
LY379268 induced a time-dependent decrease in both reelin
and BDNF-IX promoter methylation with a significant effect

Fig. 5. LY379268 and valproate (VPA) increase Gadd45-� binding to
reelin, BDNF-IX, and GAD67 promoters. The effect of LY379268 (0.5
mg/kg i.p., 2 h before) is reduced by the coadministration of LY341495 (1
mg/kg i.p.) except for the binding of Gadd45-� to BDNF-IX promoter.
VPA (70 mg/kg s.c., 2 h before) also increases the binding of Gadd45-� to
reelin, GAD67, and BDNF-IX promoters. However, the increased binding
of Gadd45-� to reelin, GAD67, and BDNF-IX promoters elicited by
LY379268 is not potentiated by coadministration of VPA, suggesting
overlapping mechanisms of both drugs in inducing Gadd45-� protein
binding to promoters. Values represent the mean � S.E. of five mice.
�, p � 0.05 versus control group; #, p � 0.05 versus LY379268 group
(one-way ANOVA � Newman-Keuls).

Fig. 6. A single injection of LY379268 facilitates reelin and BDNF-IX but
not GAD67 promoter demethylation. Mice were pretreated with methio-
nine (Met) (750 mg/kg s.c., twice a day for 7 consecutive days) to induce
hypermethylation of the promoters. At day 7, Met treatment was discon-
tinued and mice were injected at different times (hours) before killing
with saline or LY379268. Control mice received saline i.p. for 7 days (open
bar). Promoter methylation was measured 24 h after the last saline or
Met injection. Values are the ratios between the amount of the methyl-
ated promoter fragment immunoprecipitated by 5-methylcytosine anti-
bodies and the promoter fragment present in the initial total extract
(input) (percentage of total). Values represent the mean � S.E. of five
mice. �, p � 0.01 versus control group. #, p � 0.05 versus saline- or
LY379268-treated mice (one-way ANOVA � Newman-Keuls).
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detected when LY379268 was administered 8 and 24 h before
the assay (Fig. 6). However, a single injection of LY379268
did not reduce the hypermethylation of the GAD67 gene
promoter (Fig. 6).

In another series of experiments, we examined the meth-
ylation of reelin, GAD67, and BDNF-IX promoters after re-
peated treatments with LY379268 (0.5 mg/kg i.p., twice
daily, 3 days). We used this treatment schedule because in
previous studies, Dong et al. (2008) demonstrated that VPA
and clozapine induced a marked DNA demethylation when
the drugs are injected for 3 days. Under these conditions,
LY379268 markedly decreased the extent of the Met-induced
hypermethylation of reelin, GAD67, and BDNF-IX promoters
(Fig. 7). Reduced methylation of reelin and BDNF gene pro-
moters was also seen under basal conditions; (i.e., in mice
receiving repeated injections of LY379268 without Met pre-
treatment) (Fig. 7).

Conventional Drugs Used in the Treatment of Psy-
chosis Also Increase Gadd45-� Levels and Induce Pro-
moter Demethylation. To support the idea that the epige-
netic changes we observed with LY379268 are common to
other drugs used clinically for the treatment of psychosis, we
also measured Gadd45-� mRNA levels, Gadd45-� binding to
reelin-, GAD67-, and BDNF-IX promoters, and reelin pro-
moter methylation in mice treated with CLZ, haloperidol
(HAL), or VPA. VPA (a histone deacetylase inhibitor that
also induces DNA demethylation) is a mood stabilizer used in
combination with antipsychotic drugs to treat patients with

bipolar disorders. CLZ, a drug that induces histone hyper-
acetylation and activates DNA demethylation, is a prototype
of atypical antipsychotic drugs (Guidotti et al., 2000),
whereas HAL belongs to a class of typical antipsychotics and
fails to modify histones or induce DNA demethylation (Dong
et al., 2008; Guidotti et al., 2009). In these experiments,
Gadd45-� mRNA brain levels were measured 2 h after a
single injection of VPA (70 mg/kg i.p.), CLZ (5 mg/kg s.c.), and
HAL (1.5 mg/kg i.p.) in mice. We observed a 2- to 3-fold
increase of Gadd45-� mRNA levels in the FC, hippocampus,
and cerebellum of mice treated with VPA and CLZ, whereas
no changes were observed with HAL in the FC (Fig. 3). We
also examined the effect of a single injection of VPA on
Gadd45-� mRNA levels in combination with LY379268 (0.5
mg/kg i.p.). When the two drugs were combined, no additive
effects were observed (15.6 � 2.1, 28.0 � 2.1, 46.28 � 3.2, and
49.0 � 2.1 fmol of Gadd45-�/pmol of NSE mRNA in control
animals, VPA, LY379268, and VPA�LY379268, respectively;
n � 5) whereas LY341495 (1 mg/kg i.p.) failed to decrease the
Gadd45-� mRNA levels when combined with VPA (28 � 2.1
and 25.6 � 3.0 fmol Gadd45-�/pmol NSE mRNA for VPA and
VPA�LY341495, respectively; n � 5) suggesting a different
mechanism of action between VPA and LY379268 in increas-
ing Gadd45-� mRNA levels.

Similar to LY379268, VPA Increased the Binding of
Gadd45-� to the Target Gene Promoters. Furthermore,
using the MeDIP assay, we confirmed our previous observa-
tion that VPA and CLZ decrease the number of methylated
cytosines at the reelin promoter, whereas HAL was inactive
(Fig. 8). The decrease in methylation at reelin promoter was
synergistically potentiated when VPA and CLZ were used in
combination. VPA and CLZ decreased the number of meth-
ylated cytosines in the FC of mice pretreated with Met and in
naive mice (Fig. 8).

mGlu2/3 Receptor Activation Reversed the Methio-
nine-Induced Decrease in Social Interaction Time. As
expected from our previous study (Tremolizzo et al., 2005),
mice receiving 7 days of Met treatment displayed a signifi-
cant reduction of social interaction time when presented with
an intruder mouse.

Fig. 7. Repeated injections of LY379268 (0.5 mg/kg i.p., twice a day, 3
consecutive days) decrease the number of methylated cytosines in reelin,
GAD67, and BDNF-IX CpG-rich promoter regions. The study compared
saline-injected animals (open bar, control) with mice pretreated with Met
(750 mg/kg s.c., twice a day, 7 consecutive days) (closed bars). Reelin,
GAD67, and BDNF-IX promoter methylation was measured 24 h after
Met treatment termination and the last injection of LY379268. Values
are the ratios between the amount of the gene promoter fragment immu-
noprecipitated by 5-methylcytosine antibodies and the promoter frag-
ment present in the initial total extract (input) (percentage of total).
Values represent the mean � S.E. of five mice. �, p � 0.05, versus control
group; #, p � 0.01 versus Met-treated mice receiving saline instead of
LY379268 (one-way ANOVA � Newman-Keuls).

Fig. 8. VPA and CLZ, but not HAL, induce cytosine demethylation of
reelin promoter. Mice were pretreated with Met (750 mg/kg s.c., twice a
day, 7 days) to induce hypermethylation of the promoters. Measurements
were conducted 24 h after Met withdrawal. VPA (70 mg/kg s.c., twice a
day, 3 days); CLZ (5 mg/kg s.c., twice a day, 3 days); HAL (1.5 mg/kg i.p.,
twice a day, 3 days). Promoter methylation was measured as the ratios
between the amount of the methylated promoter fragment immunopre-
cipitated by 5-mC antibodies and the promoter fragment present in the
initial total extract (input) (percentage of total). Values represent the
mean � S.E. of five mice. �, #, p � 0.05 versus vehicle (control) group
(one-way ANOVA � Newman-Keuls).
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A single injection of LY379268 (0.5 mg/kg i.p.), reversed
the Met-induced social interaction deficit with a maximum
effect after 24 h (Fig. 9A). As shown in Fig. 9B, also a
repeated treatment (3 days, twice a day) with LY379268 (0.5
mg/kg,i.p.) was able to reverse the Met-induced social inter-
action deficit.

Discussion
Agonists of mGlu2/3 receptors and enhancers of mGlu2

receptor are among the first medications without a direct
action on monoaminergic transmission developed for the
treatment of SZ (for review, see Conn et al., 2009; Krystal et
al., 2010; Marek, 2010; Mezler et al., 2010; Niswender and
Conn, 2010). Our study provides the first evidence that acti-
vation of mGlu2/3 receptors by LY379268 elicits a cascade of
nuclear events characterized by an almost immediate and
transient increase of Gadd45b associated with the binding of
Gadd45b to reelin, GAD67, and BDNF-IX promoters and
subsequent delayed (�8 h) reduction of reelin, GAD67, and
BDNF-IX promoter methylation.

The increase in Gadd45-� expression and the binding of
Gadd45-� to the reelin and GAD67 promoters induced by
LY379268 was mediated by the activation of mGlu2/3 recep-
tors because it was blocked by the Glu2/3 receptor antago-
nist, LY341495. However, LY341495 unexpectedly failed to
reduce binding of Gadd45-� to the BDNF promoter. This
might reflect an off-target action of LY341495 at the BDNF
promoter, as suggested by the evidence that LY341495 en-
hances 1-(2,5-dimethoxy-4-iodophenethyl)-2-aminopropane-
induced transcription of cortical BDNF (Gewirtz et al., 2002).

It is noteworthy that the dose-response curve of LY379268
showed an inverted U-shape, which might reflect a different
affinity and intrinsic activity of LY379268 at native mGlu2 and
mGlu3 receptors, respectively. In addition, the effect of
LY379268 was specific for Gadd45-� because the drug failed to
increase Gadd45-� and only marginally increased Gadd45-�
mRNA.

Recent evidence suggests that in the nervous system,
Gadd45-� acts as a neuronal activity-dependent immediate
early gene that promotes epigenetic DNA demethylation in
neurons by coupling 5-cytosine deaminase and G/T mismatch
repair glycosylase, thereby facilitating DNA demethylation
via activation of DNA excision repair mechanisms (Barreto et
al., 2007; Ma et al., 2009). Mice subjected to electroconvulsive
treatment showed a transient increase in Gadd45-� mRNA
and protein levels followed by long-lasting activation of

BDNF promoter demethylation in the hippocampus, which
are not seen in Gadd45-� KO mice (Barreto et al., 2007; Ma
et al., 2009). Taken together, these data suggest that the
early increase of Gadd45-� may be related to the delayed
demethylation of reelin, GAD67, and BDNF promoters.

The delay between the Gadd45-� increase that peaks at 2 h
and promoter demethylation, which is evident at 8 h and
reach a maximum at 24 h after LY379268 administration, is
probably due to the fact that under physiological conditions,
promoter demethylation is an inefficient process with a half-
life of several hours and even days (Dong et al., 2008). In line
with this observation, Di Liberto et al. (2009) have shown
that systemic administration of LY379268 increases BDNF
mRNA levels after 3 h and BDNF protein levels after 24 h in
the mouse brain. Here, gene promoter demethylation in-
duced by LY379268 in mice pretreated with Met was already
evident at 8 h, thus preceding the behavioral effect on social
interaction, which was seen at 24 h. Ma et al. (2009) reported
that Gadd45-� is rapidly induced in hippocampal neurons in
response to neuronal circuit activation and ionotropic gluta-
mate receptor stimulation.

Because LY379268 attenuates presynaptic glutamate re-
lease in phencyclidine-treated rats (Moghaddam and Adams
1998, Cartmell et al., 1999; Imre et al., 2006), it is not
intuitively apparent how LY379268 might induce Gadd45-�
in all the mouse brain areas studied. It could thus be specu-
lated that LY379268, attenuating presynaptic glutamate re-
lease at NMDA receptors located on GABAergic interneu-
rons, could lead to an attenuation of the feedback GABAergic
inhibitory tone on glutamatergic principal neurons (i.e., pyra-
midal neurons in the cortex and hippocampus). The consequent
activation of corticolimbic neuronal circuits may explain the
hyperfunction of the Gadd45-� gene in glutamatergic neurons
as suggested by the immunohistochemical evidence that
Gadd45-� is primarily increased in pyramidal neurons of the
cortex and hippocampus (Fig. 4B). An alternative explanation is
that LY379268, like VPA, acts intracellularly, activating a
still unknown cascade of biochemical events, including
histone tail covalent acetylation or methylation that leads
to the induction of Gadd45-�, also in the absence of activ-
ity-dependent depolarization.

We have reported previously that VPA and the atypical
antipsychotic CLZ but not the typical antipsychotic HAL
induce GABAergic gene promoter demethylation (Detich et
al., 2003; Dong et al., 2008; Guidotti et al., 2009). Here, we
show that VPA and CLZ but not HAL elicit a robust increase

Fig. 9. LY379268 prevents the methionine-induced de-
crease in social interaction time. A, mice received Met (750
mg/kg i.p.) for 7 days twice daily. The group of controls was
treated with saline. After Met withdrawal, animals were
treated with a single injection of LY379268 (0.5 mg/kg i.p.)
or saline (0.1 ml/10 g) 2, 8, and 24 h before testing. All mice
were tested 24 h after Met withdrawal. B, mice received
Met for 7 days. LY379268 (0.5 mg/kg i.p.) or vehicle were
administered in combination with Met during the last 3
days, twice a day. Repeated exposure to LY379268 elicits
an increase of social interaction time compared with con-
trols (Met-pretreated � VEH group). Values are the
mean � S.E. of eight mice. �, p � 0.05 versus control group
(one-way ANOVA � Newman-Keuls).
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of Gadd45-� associated with ensuing activation of DNA de-
methylation. The VPA-induced increase of Gadd45-� mRNA
(Fig. 3) or protein (Guidotti et al., 2011) is not blocked by the
mGlu2/3 receptor antagonist LY341495, suggesting a nonre-
ceptorial mechanism of action. Presumably, VPA increases
histone tail covalent acetylation in inducing a transcrip-
tional activation of chromatin. This may involve a 5-cyto-
sine deaminase such as the methyl-DNA binding protein 4,
which we found to be increased after a single injection of
LY379268 in our mice (F. Matrisciano, unpublished obser-
vations). Hence, drugs used to treat psychiatric disorders
such as SZ or bipolar disorders may alter the expression of
Gadd45-�, perhaps leading to a modification of gene tran-
scription through promoter demethylation.

Clinical and preclinical studies suggest that mGlu2/3 re-
ceptors located in the prefrontal cortex and limbic regions
may play a critical role in modulating GABA/glutamate neu-
ronal circuit interactions that control cognitive and executive
functions and are altered in SZ (Conn et al., 2008; Roth et al.,
2009; Chaki, 2010; Gordon, 2010; Marek, 2010). Recent work
indicates that epigenetic mechanisms, including covalent
acetylation, methylation of histone tails, or DNA-promoter
methylation, can be altered in SZ and bipolar disorders
(Huang et al., 2007; Mill et al., 2008; Guidotti et al., 2009).
Thus, the enzymatic machinery that regulates epigenetic
mechanisms is an attractive molecular target for the study
and development of a novel epigenetic treatment.

Further investigation is needed to 1) establish the neuro-
nal location of the increase of Gadd45-� after LY379268
administration; 2) clarify whether the mGlu2 or the mGlu3
receptor subtype is primarily involved in the increase of
Gadd45-� using positive allosteric modulator subtype-spe-
cific or knock-out mice for mGlu2 or mGlu3; 3) identify the
molecular mechanism underlying the increase of Gadd45-�
by the activation of mGlu2/3 receptors, and 4) identify the
signaling pathways that link the increase of Gadd45-� to the
activation of DNA demethylation, using Gadd45-� knock-out
mice.

In summary, considering the possible contribution of mal-
adaptive epigenetic mechanisms in the pathogenesis of SZ
and bipolar disorders, our observations that LY379268 in-
duces demethylation of reelin, GAD67, and BDNF promoters
can explain the potential antipsychotic effects of mGlu2/3
receptor agonists and open new fields of investigation aimed
at treating cognitive dysfunction in psychotic patients.
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