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Prenatal exposure to restraint stress causes long-lasting changes in neuroplasticity that likely reflect pathological modifications triggered by

early-life stress. We found that the offspring of dams exposed to repeated episodes of restraint stress during pregnancy (here named

‘prenatal restraint stress mice’ or ‘PRS mice’) developed a schizophrenia-like phenotype, characterized by a decreased expression of

brain-derived neurotrophic factor and glutamic acid decarboxylase 67, an increased expression of type-1 DNA methyl transferase

(DNMT1) in the frontal cortex, and a deficit in social interaction, locomotor activity, and prepulse inhibition. PRS mice also showed a

marked decrease in metabotropic glutamate 2 (mGlu2) and mGlu3 receptor mRNA and protein levels in the frontal cortex, which was

manifested at birth and persisted in adult life. This decrease was associated with an increased binding of DNMT1 to CpG-rich regions of

mGlu2 and mGlu3 receptor promoters and an increased binding of MeCP2 to the mGlu2 receptor promoter. Systemic treatment with

the selective mGlu2/3 receptor agonist LY379268 (0.5 mg/kg, i.p., twice daily for 5 days), corrected all the biochemical and behavioral

abnormalities shown in PRS mice. Our data show for the first time that PRS induces a schizophrenia-like phenotype in mice, and suggest

that epigenetic changes in mGlu2 and mGlu3 receptors lie at the core of the pathological programming induced by early-life stress.
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INTRODUCTION

Perinatal exposure to stressful events triggers a maladaptive
epigenetic programming that results in permanent changes
in neuronal plasticity and behavior (Meaney and Ferguson-
Smith, 2010; McGowan et al, 2011; Szyf, 2011). In rats, low
maternal care in the first week of life causes increased
responsiveness of the hypothalamic-pituitary-adrenal axis
to stress, enhanced emotionality, and impaired spatial
learning and object recognition in offspring as they mature
(Liu et al, 1997, 2000; Caldji et al, 1998; Weaver et al, 2006;
Toki et al, 2007). Adult rats that had been exposed to
prenatal stress; ie, the offspring of dams exposed to prenatal
restraint stress (PRS) during pregnancy, show abnormal

hippocampal levels of brain-derived neurotrophic factor
(BDNF) and phosphorylated cAMP responsive element
binding protein, reduced neurogenesis in the hippocampal
dentate gyrus, and sex-dependent abnormalities in behav-
ioral tasks that have preclinical validity as tests for
depression and anxiety (Lemaire et al, 2000; Morley-
Fletcher et al, 2011; Maccari and Morley-Fletcher, 2007;
Darnaudéry and Maccari, 2008; Vallée et al, 1999; McCor-
mick et al, 1995). Potentially, linking the biochemical and
behavioral aspects of PRS to the pathophysiology of
schizophrenia is the evidence that male PRS rats show a
reduced expression of group-II metabotropic glutamate
(mGlu) receptors (ie, mGlu2 and mGlu3 receptors) in the
hippocampus (Zuena et al, 2008). The mGlu2 and mGlu3
receptors are diffusely expressed in the CNS, and act as
inhibitory presynaptic receptors mainly at glutamatergic
and GABAergic nerve terminals (reviewed by Pin and
Duvoisin, 1995; Nicoletti et al, 2011). The mGlu2/3 receptor
agonists show robust activity in a range of animal models
used to predict anxiolytic (Swanson et al, 2005) and
antipsychotic properties (Schoepp and Marek, 2002; Conn
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et al, 2008; Gerwirtz and Marek, 2000; Benneyworth et al,
2007; Patil et al, 2007; Egan et al, 2004; Bishop et al, 2005),
and reduce electrophysiological and behavioral effects of
hallucinogens (Amitai and Markou, 2010; Marek 2010;
Moghaddam and Adams, 1998). In addition, the mGlu2/3
receptor agonist LY404039 improves ratings for positive
and negative symptoms in patients suffering from schizo-
phrenia (Patil et al, 2007).

Here, we developed and characterized an experimental
mouse model in offspring of PRS mothers to study the effect
of in-uterus stress exposure on adult life end points related
to schizophrenia.

We report here that the adult offspring of mice subjected
to PRS stress during pregnancy (indicated as ‘PRS mice’)
show behavioral and epigenetic changes that are consistent
with a schizophrenia-like phenotype. These changes include:
(i) a reduced expression of both mGlu2 and mGlu3 receptors
in the frontal cortex manifested from the first day of
postnatal life; (ii) changes in the expression of schizophre-
nia-related genes, such as BDNF, glutamic acid decarbox-
ylase (GAD) 67, and DNA methyltransferase (DNMT)-1, and
(iii) abnormalities in social interaction, locomotor activity,
and prepulse inhibition (PPI) of startle. Remarkably, all
these changes were reversed by systemic treatment with the
selective mGlu2/3 receptor agonist LY379268.

MATERIALS AND METHODS

Material

(–)-2-Oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylic
acid (LY379268) was purchased from Tocris (Ellisville, MO,
USA).

Animals and PRS Procedure

Pregnant mice were individually housed with a 12-h light-
dark cycle and food, and water ad libitum. Control dams
were left undisturbed throughout gestation, whereas
stressed dams were subjected to repeated episodes of
restraint stress, as described previously in rats (Maccari
et al, 1995), and here adapted for mice by Dr Matrisciano.
The stress procedure consisted of restraining the pregnant
dam in a transparent tube (12� 3 cm) under a bright light
for 30 min two times per day from the seventh day of
pregnancy until delivery. After weaning (postnatal day 21),
male mice were selected for the study and housed separately
(four per cage).

RNA Isolation, cDNA Synthesis and Real-Time PCR

Total RNA was extracted from the mouse frontal cortex with
Trizol reagent (Invitrogen). Real-time PCR was performed
to measure the mRNA levels of mGlu2 and mGlu3 receptors,
BDNF-IX, and GAD67. b-Actin and glyceraldehyde-3-
phosphate dehydrogenase (GPDH) were used as an internal
control for sample normalization. For each target gene
sample the relative abundance value obtained for the
reference gene was divided by the value derived from
the control sequence in the corresponding target gene.
Values were calculated using the following equation:
¼ 2�[Ct(target gene)/Ct(control gene)]. Two micrograms of total

RNA were then employed for cDNA synthesis, using
Superscript II reverse transcriptase (Life Technologies,
MD, USA) and oligodT (T16, 500 ng) in a final volume of
20 ml, according to manufacturer’s instructions. Following
first strand cDNA synthesis, the reaction volume was
increased to 100 ml and 1 ml of this was used for each
polymerase chain reaction. Amplification of mGlu2 and
mGlu3 receptors, GAD67, and BDNF-IX were carried
out employing the following primers: mGlu2Fforward:
50-TGGACCGCATCAACCGCGAC-30, reverse: 30-CCACGG
CTGAGTGAGGCACG-50; mGlu3Fforward: 50-GGTGGG
GCGCTCCAACATCC-30, reverse: 30-AAGCATTCACGCG
GCTGGCT-50. GAD67Fforward: 50-GAGGAGAGCGGGCC
AAGA-30, reverse: 30-GTGCCGCTCCACACGCC-50; BDNF-
IXFforward: 50-CATGAGACCGGGCAAGTC-30, reverse:
30-CCTTGGGAGGAATGTGTGAT-50. b-actin and GPDH
mRNA levels were also measured using the following
primersFforward: 50-CTGTCGAGTCGCTCCACCCG-30, re-
verse: 30-ACATGCCGGAGCCGTTGTCGAC-50;Fforward:
50-GCACTGTGTCCTCGGCCACC-30, reverse: 30-GGCTGTC
TGGGGCCCCTGTA-50, respectively.

Real-time quantitative PCR was performed using a
supermix (Brilliant II SYBR Green-QPCR Master Mix,
Agilent Technologies). Quantitative PCR conditions in-
cluded an initial denaturation step of 94 1C/5 min followed
by 40 cycles of 94 1C/30 s and 60 1C/20 s. Standards, samples,
and negative controls (no template) were analyzed in
triplicate.

Western Blot Analysis

Western blot analysis for mGlu2/3 receptors, type-1 DNA
methyl transferase (DNMT1), GAD67, and MeCP2 was
performed as described previously (Matrisciano et al, 2002).
Tissue was homogenized at 4 1C in RIPA lysis buffer
containing 1 mM of a cocktail of protease inhibitors
(Sigma), pH 7.4. In all, 20 mg of proteins was resuspended
in a SDS-bromophenol blue reducing buffer. Western blot
analysis was carried out using 4–12% Tris–glycine gel
(Invitrogen). After blotting onto a nitrocellulose filter
(0.2 mm pore size; Invitrogen), the blots were incubated
for 1 h at room temperature with primary antibodies
directed against mGlu2/3 receptors (rabbit polyclonal;
1 mg/ml; Upstate), DNMT1 (mouse monoclonal; 0.5 mg/ml;
Imagenex), GAD67 (mouse monoclonal; 1 mg/ml; Millipore),
MeCP2 (rabbit polyclonal; 0.5 mg/ml; Upstate) or b-actin
(mouse monoclonal; 0.5 mg/ml; Sigma) in TTBS buffer
(100 mM Tris–HCl; 0.9% NaCl; 0.1% Tween 20; pH 7.4).
After three washes with TTBS buffer, blots were incubated
for 1 h with peroxydase-conjugated secondary antibodies
(Sigma). Densitometric analysis was performed using Storm
860 (Molecular Dynamics, Sunnyvale, California) with the
IMAGEQUANT analysis software and the values were
expressed as an optical density ratio with respect to b-actin.

ChIP Assay

Measurements of DNMT1 binding to the mGlu2 and
mGlu3 promoters. Tissue (10 mg) was incubated at 37 1C
for 10 min with 500 ml of PBS containing 1% formaldehyde
and a cocktail of protease inhibitors (Sigma). After washing
three times with cold PBS, tissue was homogenized in 300 ml
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of SDS lysis buffer (supplied by ChIP kit, Upstate). To
obtain consistent chromatin fragmentation, the lysates were
sonicated for 15 min on ice (Sonic Dismembrator, Model
500, Fisher Scientific). The ChIP procedure was carried out
using a commercial kit (Upstate, no. 17–295). The DNMT1
antibody was used at concentrations of 1 mg/ml and
incubated overnight at 4 1C. The antibody specific for
DNMT1 labeled a single band at the expected molecular size
of B190 kDa in immunoblotting. An aliquot (2%) of the
sonicated lysate without antibody (Input) was used for
quantification of total DNA in tissue extracts before
immunoprecipitation. At the end of the 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 1C overnight. Samples were then treated with
proteinase-K. Protein-free DNA was extracted in phenol/
chloroform, precipitated and washed in ethanol, and used
for the detection and quantification of mGlu2 and mGlu3
promoters.

Measurements of MeCP2 binding to mGlu2, mGlu3,
GAD67, and BDNF-IX promoters. To indirectly assess the
cytosine methylation level of mGlu2, mGlu3, GAD67, and
BDNF-IX promoters in the frontal cortex, we used the
MeCP2 ChIP assay method as described above.

Samples were incubated overnight at 4 1C with MeCP2
antibody (Upstate) at a concentration of 1 mg/ml. The
purified DNA was resuspended in 20 ml of diethylpyrocar-
bonate water and used for the detection and quantifica-
tion of target promoters. Using the MethPrimer protocol
(Li lab, UCSF), we identified the CpG-rich promoter regions
of mGlu2 and mGlu3 promoters. CpG-rich promoter frag-
ments of mGlu2 receptors (from �5000 to �4800 bp),
mGlu3 receptors (from �500 to �252 bp), GAD67 (from
�840 to�768 bp), and BDNF-IX (Ma et al, 2009) were
measured by quantitative PCR using the following pri-
mers: mGlu2Fforward: 50-TCAAGATCCAGGCCTGGT
GG-30, reverse: 50-ACCTCATAGAAGCCCTGG-30; mGlu3F
forward: 50-TTGCTAGGAAACAGGAG-30, reverse: 50-AGG
GTAGAGTGGGAGGTGG-30. For the identification of
GAD67 and BDNF-IX promoters we used the following primers:
GAD67 forward: 50-GAGGAGAGCGGGCCAAGA-30, reverse:
50-GTGCCGCTCCACACGCC-30; BDNF-IX forward: 50-CAT
GAGACCGGGCAAGTC-30, reverse: 50-CCTTGGGAGGAAT
GTGTGAT-30 (Matrisciano et al, 2011).

The levels of immunoprecipitated mGlu2, mGlu3, GAD67,
and BDNF-IX promoters were expressed as a percentage of
the input DNA that was immunoprecipitated by the MeCP2
(or DNMT1) antibodies using the following equation: %
(DNA�IP/total input)¼ 2[(Ct(10% input)–3.32)–Ct(DNA–IP)] �
100%. It has been previously reported that on western
blots the MeCP2 antibody recognized only a single band of
protein corresponding to a molecular mass of approxi-
mately 75 kDa (Dong et al, 2008).

Behavioral Tests

PND 60 controls (Ctrl) (non-stressed) and PRS male mice
were used first to examine the behavioral characteristics in
basal conditions (drug or saline-free). For this purpose, we
performed, first, the social interaction test in a new

environment with an intruder (male mouse of 70 days
old), then the locomotor activity, and the PPI at startle. All
behavioral tests were performed on consecutive days. After
1 week, mice (n¼ 8–10 per group) were repeatedly injected
with LY379268 (0.5 mg/kg, i.p.; for 5 days, twice per day) or
saline. Here, we decided to use LY379268 0.5 mg/kg because
our group previously reported that LY379268 0.5 mg/kg can
affect DNA methylation in mouse brain (see Matrisciano
et al, 2011). Behavioral tests were performed the day after the
last injection. After each test, mice were injected again with
LY379268 or saline until the day before the last behavioral
test (PPI). All animals were housed in the experimental room
an hour before the test session for habituation.

Social interaction. We used the experimental paradigm
described by Tremolizzo et al (2005). In brief, individual
mice were placed in a novel cage together with a non-
aggressive male mouse used as an intruder, and the
interaction between the two mice was recorded for 10 min
with a digital video camera (Samsung, Korea). The time
spent in social interaction (s/10 min) was scored by two
well-trained blind operators. Social interaction was defined
by body contact including inspection and ano-genital
sniffing. Reliability of measurements was assessed by
correlating the scores of the two operators.

Locomotor activity. A computerized Animal Activity Mon-
itoring System with VersaMax software (AccuScan Instru-
ments, Columbus, Ohio) was used for the quantification and
tracking of locomotor activity in mice as described
previously (Carboni et al, 2004). Each activity cage consisted
of a Perspex box (20� 20� 20 cm divided into quadrants)
surrounded by horizontal and vertical infrared sensor beams.
The total number of interruptions of the horizontal sensors
was taken as a measure of horizontal activity, whereas that of
vertical sensors was used as a measure of vertical activity.
Activity was recorded for 20 min between 1 and 3 pm.

PPI of startle reflex. Startle was recorded using the SR-Lab
Startle Response System (San Diego, California). The startle
box was programmed to record five 120 dB startle pulses
(broadband noise 30 ms in duration) at the beginning and
end of the 20 min session for measurement of startle
habituation. The trial sequence consisted of the presenta-
tion of a 50 pseudo-random trials, 10 for each of the
following trials: (i) no stimulus; (ii) a startle-only pulse of
120 dB for 30 s; and prepulse-startle trials with (iii) 74 dB-,
(iv) 78 dB-, and (v) 82 dB-prepulse of 20 ms. The time
between the offset of the prepulse and the onset of the
startle pulse was 100 ms. Startle amplitude was defined as
the maximum amplitude within a 100 ms window following
the presentation of the startle pulse. Intertrial intervals were
random (mean ITI ¼ 15 s). The amount of inhibition was
calculated as the following ratio: mean startle for startle-
only trials minus mean startle for prepulse trials divided by
mean startle for startle-only trials.

Statistical analysis

All data were expressed as means±SEM. The Student’s
t-test and one-way ANOVA followed by the Newman–Keuls
multiple comparison test were used for statistical analysis.
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RESULTS

PRS Mice Show a Decreased Expression of Group-II
mGlu Receptors in the Frontal Cortex

We measured the transcript of mGlu2 and mGlu3 receptors in
the frontal cortex of control and PRS mice immediately after
birth, at the time of weaning (postnatal day (PND) 21), and at
2 months of age (PND 60). The mGlu2 and mGlu3 mRNA levels
were lower at birth than at PND 21 or PND 60 (Figure 1a).

We focused on the frontal cortex because we have
previously demonstrated that activation of mGlu2/3 recep-

tors induces epigenetic changes in schizophrenia-related
genes in the mouse frontal cortex (Matrisciano et al, 2011).

PRS mice at birth and PND21 showed a marked reduction
in mGlu2 and mGlu3 mRNA levels (Figure 1a). In 2-month
old PRS mice, we continued to observe a significant
decrease in mGlu2 mRNA levels, whereas mGlu3 mRNA
levels were unchanged (Figure 1a). We also assessed the
expression of mGlu2/3 receptor protein by immunoblotting
in the frontal cortex of non-stressed mice as Ctrl and PRS
mice at 2 months of age, the same age of the animals used
for behavioral analysis. Western blot analysis with an
antibody that does not discriminate between mGlu2 and
mGlu3 receptors showed a main band at about 200 kDa
corresponding to receptor dimers. A marked reduction in
the expression of mGlu2/3 receptors was seen in the frontal
cortex of PRS mice (Figure 1b).

Epigenetic Effects of PRS on mGlu2 and mGlu3 Receptor
Promoters in the Frontal Cortex

Searching for the mechanisms underlying the reduced
expression of group-II mGlu receptors, we examined the
levels of DNMT1 and the amount of DNMT1 binding to the
CpG-rich promoter region of the mGlu2 and mGlu3
receptor gene. We found increased levels of DNMT1
(Figure 2a) and an increased binding of DNMT1 to CpG-
rich regions of mGlu2 and mGlu3 receptor promoters in the
frontal cortex of 2-month old PRS mice (Figure 2b). To
establish whether the increase in binding of DNMT1 to
mGlu2/3 promoter regions resulted in an increase of
cytosine methylation, we performed a MeCP2 ChIP analysis
of mGlu2 and mGlu3 CpG-rich promoter regions. PRS was
associated with a substantial increase of MeCP2 bound to
mGlu2 receptor gene promoter in the frontal cortex. No
significant increase in MeCP2 bound to the CpG-enriched
promoter region of the mGlu3 receptor gene of PRS mice
was found (Figure 2c). Interestingly, repeated administra-
tion of LY379267 reversed the increase in MeCP2 bound to
mGlu2 receptor gene promoter; a slight effect was also
observed in Ctrl mice, whereas no effects were observed on
mGlu3 receptor gene promoter (Figure 2c). To establish
whether the increase of MeCP2 bound to mGlu2 receptor
gene promoter was due to an increase in the MeCP2 protein
levels or a result of DNA methylation activity, we measured
the MeCP2 protein levels by western blot in FC of Ctrl and
PRS mice after saline or LY379268 treatment (0.5 mg/kg,
i.p., twice a day for 5 days) (n¼ 5 per group). No changes in
the protein levels of MeCP2 were found in Ctrl or PRS mice
(Figure 2d). The immunoblot was carried out with the same
antibody used for the MeCP2 binding and showed a singular
band at approximately 75 kDa. In addition, the effect of
LY379268 on MeCP2 binding to mGlu2 gene promoter was
associated with an increase in the mGlu2 receptor mRNA
levels in PRS mice, whereas a decrease in the mGlu3 mRNA
levels was found Figure 2e. The opposite effect of LY379268
on the expression of mGlu2 and mGlu3 receptors mRNA
levels might be explained with the different mechanisms
that regulate their desensitization after repeated treatment
with mGlu2/3 receptors agonist (See Matrisciano et al, 2005;
Iacovelli et al, 2009). Taken together, these data suggest that
the mGlu2/3 receptors agonist LY379268 affects DNA
methylation/demethylation and that mGlu2 and mGlu3
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receptors might have different susceptibilities to the
promoter methylation process.

Altered Expression of Schizophrenia-Related Genes in
the Frontal Cortex of PRS Mice

An increase in DNMT levels associated with a down-
regulation in the gene encoding the GABA-synthesizing
enzyme GAD67 was observed in postmortem brain tissue
from patients affected by schizophrenia or bipolar disorders
(Guidotti et al, 2011) and in brains of rats exposed to early
postnatal stress (Meaney and Ferguson-Smith 2010). In
addition, recent studies have shown alterations in BDNF
levels in schizophrenic subjects and in animal models of
psychosis (Roth et al, 2009; Guo et al, 2010). Here, we report
that PRS mice are associated with an increased level of
DNMT1 (Figure 2a) and a decreased level of mGlu2/3
receptors (Figure 1a), and that PRS mice also show a
marked decrease in GAD67 and BDNF (isoform IX) mRNA

levels in the frontal cortex of the offspring at birth and at
the time of weaning (PND 21) (Figure 3a). A marked
decrease was also observed in BDNF mRNA levels and a
slight decrease in GAD67 mRNA levels in the frontal cortex
of PRS mice at 2 months of age (Figure 3a).

We also measured GAD67 protein levels in the frontal
cortex of mice at 2 months of age. A significant reduction
of GAD67 protein levels was seen in the frontal cortex
of 2-month old PRS mice (Figure 3b). Taken together, these
data suggest that PRS mouse may be a potential animal
model of schizophrenia suitable for validating new com-
pounds with potential antipsychotic activity.

Changes in the Expression of DNMT1 and GAD67 in
Adult PRS Mice were Reversed by Pharmacological
Activation of mGlu2/3 Receptors

Systemic treatment with the mGlu2/3 receptor agonist
LY379268 (0.5 mg/kg, i.p., twice a day, for 5 days) in
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Figure 2 PRS causes an increased expression of DNMT1 and an increased amount of DNMT1 bound to the mGlu2 and mGlu3 receptor gene promoter
in the frontal cortex of PND 60 mice; and an increased MeCP2 bound to the mGlu2 gene promoter reversed by the mGlu2/3 receptors agonist LY379268
(0.5 mg/kg, i.p.). Immunoblot analysis of DNMT1 is shown in (a). The representative immunoblot shows a single band at the expected molecular size of
about 190 kDa. Data of DNMT1 binding to specific promoter regions of the mGlu2 and mGlu3 receptor genes are shown in (b). In (c), increase in the
binding of MeCP2 to the mGlu2 receptor promoter in the frontal cortex of PND 60 PRS mice. The effect was totally reversed by the administration of
LY379268. A representative immunoblot of MeCP2 in PRS and control (Ctrl) mice after repeated saline or LY379268 injections is shown in (d) (n¼ 5 per
group). The expression of mGlu2 and mGlu3 mRNA levels is shown in (e). Values are means±SEM of six mice. The mRNA values were normalized by
b-actin and GPDH. *po0.05. (Student’s t-test) vs the corresponding Ctrl values or (#) vs saline.

Metabotropic glutamate 2/3 receptors and schizophrenia
F Matrisciano et al

933

Neuropsychopharmacology



2-month old PRS mice corrected the biochemical abnorm-
alities seen in the frontal cortex by decreasing DNMT1 and
increasing GAD67 protein levels (Figure 4a). No changes
were observed on DNMT1 and GAD67 after repeated
injection with LY379267 in Ctrl mice (Figure 4a).

We also examined the MeCP2 binding to GAD67 and BDNF
gene promoters by ChIP analysis using MeCP2 antibody. As
shown in Figure 4b, 2-month old PRS mice showed a marked
increase in the percentage of MeCP2 binding to the BDNF
promoter region, and a significant but a slighter increase in
binding to GAD67 promoter in naı̈ve and saline-treated mice.
Interestingly, these effects were reversed by treatment with
LY379268 (0.5 mg/kg, i.p., for 5 days twice a day) (Figure 4b).
No effects of LY379268 were observed in Ctrl mice.

In addition, we measured the BDNF-IX mRNA levels in
FC of PRS mice treated with LY379268 ((0.5 mg/kg, i.p.,

twice a day, for 5 days) or saline. LY379268 increased the
mRNA levels of BDNF-IX in PRS mice (Figure 4b). The
increase of BDNF levels induced by LY379268 is in
agreement with a previous study in which the authors
showed that treatment with LY379268 increases the expres-
sion of BDNF in mouse brain (see Di Liberto et al, 2009).

PRS Mice Showed ‘Schizophrenia-Like’ Behavioral
Deficits Corrected by Treatment with LY379268

We report here that 2-month old PRS mice had no
significant impairment in basic functions, including body
weight, basic auditory sensitivity, pain sensitivity, and
motor coordination. However, PRS mice showed a sig-
nificant decrease in social interaction with an unfamiliar
mouse in a 10-min test period (Figure 5a). Decreased social
investigation is considered analogous to social withdrawal
(Tremolizzo et al, 2005), which is a well-documented
negative SZ symptom. These mice were also characterized
by hyperactivity in a novel open-field apparatus (Figure 5b)
consistent with an anxiety-like phenotype thought to
underlie the positive symptoms of SZ (Van den Buuse,
2010). In addition, adult PRS mice showed a deficit in PPI
(Figure 5c), a condition that is reminiscent of the deficit in
sensory-motor gating seen in schizophrenic patients
(reviewed by Braff et al, 2001).

Repeated administrations of LY379268 (0.5 mg/kg, i.p.,
twice a day for 5 days) greatly increased social interaction in
PRS mice, and also induced a smaller increase in social
interaction in Ctrl mice (see also Matrisciano et al, 2011)
(Figure 5a). Treatment with LY379268 also reduced the
increased exploratory activity (Figure 5b) and corrected the
PPI deficit (Figure 5c) in adult PRS mice.

DISCUSSION

Our study demonstrates that early-life stress in mice altered
some molecular players of epigenetic mechanisms that are
translated into a schizophrenia-like phenotype. This sup-
ports the causative role of stress in the pathogenesis of early
onset psychosis and schizophrenia (Matrisciano et al, 2011;
Dong et al, 2008; Van Os et al, 2010; Spauwen et al, 2004;
Guo et al, 2010). PRS mice showed changes in DNMT1,
GAD67, and BDNF that were manifested at birth and
persisted at least until 2 months of age. DNMTs and GAD67
have been closely associated with schizophrenia. GAD67
and other proteins related to GABAergic function, such as
reelin and the high affinity GABA transporter GAT1, have
been found to be downregulated in specific populations of
telencephalic GABAergic neurons of patients with schizo-
phrenia and bipolar disorder (Guidotti et al, 2005; Grayson
et al, 1999; Dong et al, 2008; Lewis et al, 2005). Further,
downregulation of at least GAD67 and reelin has been
related to the overexpression of DNMT (Veldic et al, 2007;
Ruzicka et al, 2007). The resulting deficit in GABAergic
transmission likely contributes to cognitive and behavioral
abnormalities, and to the deficit of sensory-motor gating
typical of psychotic patients (Guidotti et al, 2005; Lewis
et al, 2005). Changes in BDNF levels were also found in
psychotic patients (Guillin et al, 2004; Angelucci et al, 2005;
Shoval and Weizman, 2005; Guillin et al, 2007; Lu and
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Martinowich, 2008; Pillai, 2008; Buckley et al, 2011). In
addition, the functional Val66Met polymorphisms of the
BDNF gene have been associated with schizophrenia
(Rybakowski, 2008). In PRS mice, changes in DNMT1,
GAD67, and BDNF in the frontal cortex were combined with
abnormalities in behavioral tasks that are known to be
responsive to antipsychotic medication such as social
interaction, locomotor activity, and PPI (reviewed by Powell
and Miyakawa, 2006; Castagné et al, 2009; Van den Buuse,
2010; Moore, 2010). In addition, previous studies reported
that abnormal signaling in the BDNF/trk-B pathway may
lead to abnormalities in the GABAergic neurons (Hashi-
moto et al, 2005; Hashimoto and Lewis, 2006). mGlu2/3
receptors are also expressed in GABAergic neurons, and the
altered expression of mGlu2 or altered methylation support
the hypothesis of glutamatergic/GABAergic dysfunction in
schizophrenia.

Thus, PRS mice represent a new behavioral and
biochemical model of a schizophrenia-like phenotype
endowed with ‘construct’ and ‘pharmacological’ validity
because it recapitulates the potential link between early-life
stress and the pathogenesis of psychosis, and has predictive
power for the identification and validation of new
treatments in schizophrenia.

PRS mice showed a reduced expression of the genes
encoding for mGlu2 and mGlu3 receptors in the frontal
cortex at birth and at the time of weaning. This reduction
was associated with an increased binding of MeCP2 to 5-
methylcytosines of the respective gene promoters, suggest-
ing an increasing methylation activity, and therefore, was an
integral component of the pathological epigenetic program-

ming induced by PRS in mice. We performed the binding of
MeCP2 for its role in epigenetic mechanisms. MECP2 is a
gene encoding the nuclear protein methyl-CpG binding
protein 2, and, in brain, can either repress or activate
transcription; when acting as a repressor, MeCP2 binds to
methylated CpG dinucleotides (Chahrour et al, 2008; Nan
et al, 1993), and may control gene expression also in a
region-dependent manner (Belichenko et al, 1997; Kishi and
Macklis, 2005). In this work, no changes of MeCP2 protein
levels were found in PRS and Ctrl animals, this suggests that
the mGlu2/3 receptors agonist induces ‘functional’ or
‘epigenetic’ changes of the target genes that we examined.
This effect is also associated with alterations in the MeCP2
binding of BDNF and GAD67 gene promoters and their
expression in FC of PRS mice. We may speculate that mGlu2
receptor, BDNF, and GAD67 are functionally related and
potential targets of methylation/demethylation activity. In
adult life, PRS mice still showed a reduced expression and
increased MeCP2 binding of the mGlu2 receptor gene that
may reflect a hypermethylation activity, whereas expression
and MeCP2 of the mGlu3 receptor gene was unchanged in
spite of the increased binding of DNMT1 to CpG-rich
regions of the mGlu3 receptor promoter. This suggests the
existence of compensatory mechanisms that restrain
methylation of the mGlu3 receptor promoter in the frontal
cortex of adult PRS mice. The identity of these mechanisms
is unknown at present. Our data are in agreement with the
evidence that the expression of mGlu2 receptors is reduced
in the frontal cortex of the adult offspring, in a mouse
model of maternal influenza viral infection, which is known
to increase the risk for schizophrenia (Moreno et al, 2011).
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In addition, a reduced expression of either mGlu2 or mGlu3
receptors has been reported in the frontal cortex of
schizophrenic patients (González-Maeso et al, 2008; Ghose
et al, 2009; but see Crook et al (2002) and Gupta et al (2005)
for contrasting results). Additionally, variations in the gene
encoding human mGlu3 receptors have been associated
with a risk for schizophrenia and with the response to
antipsychotic medication (Egan et al, 2004; Bishop et al,
2005, 2007; Nicodemus et al, 2007; Fijal et al, 2009; Jönsson
et al, 2009). Particularly relevant here is that systemic
treatment with the dual orthosteric mGlu2/3 receptor
agonist LY379268 reversed all biochemical and behavioral
abnormalities of PRS mice, including the increase in
DNMT1 expression and the MeCP2 binding to GAD67 and
BDNF gene promoters in the frontal cortex. Thus,
pharmacological activation of mGlu2/3 receptors may be
considered a novel ‘epigenetic path’ in the experimental
treatment of psychotic disorders. Group II receptors

(subtypes mGlu2 and mGlu3) are preferentially located in
the pre-terminal region of nerve endings (glutamatergic
neurons) where their activation decreases cAMP formation
and negatively modulates neurotransmitter release, this
occurs at excitatory (glutamatergic), inhibitory (GABAer-
gic), and neuromodulatory (ie, monoamines,ACh, peptides)
synapses(Niswender and Conn, 2010), resulting in a
neuroprotective effect (Bruno et al, 1995). Activation of
mGlu2 and/or mGlu3 receptors might have a strong impact
on epigenetic mechanisms by restraining the pathological
increase in DNMT1 expression (present data), and in
addition, by promoting mechanisms of DNA demethylation
(Matrisciano et al, 2011).

Accordingly, we have found that the systemic injection of
LY379268 increases the levels of the putative DNA-
demethylating protein, growth arrest, and DNA damage in
(Gadd)45-b, as well as the amount of Gadd45-b bound to
specific promoter regions of reelin, BDNF, and GAD67 in
the frontal cortex of mice (Matrisciano et al, 2011). This
raises the interesting question of how PRS affects the DNA
demethylation machinery in the frontal cortex.

The epigenetic regulation exerted by mGlu2 and/or
mGlu3 receptors suggests that mGlu2/3 receptor agonists
may act on mechanisms that lie at the core of the cognitive
dysfunction associated with schizophrenia, and therefore
may act as ‘pathogenetic’ rather than ‘symptomatic’ drugs
in the treatment of psychotic disorders.
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