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Behavioral and molecular neuroepigenetic alterations in
prenatally stressed mice: relevance for the study of chromatin
remodeling properties of antipsychotic drugs
E Dong, P Tueting, F Matrisciano, DR Grayson and A Guidotti

We have recently reported that mice born from dams stressed during pregnancy (PRS mice), in adulthood, have behavioral deficits
reminiscent of behaviors observed in schizophrenia (SZ) and bipolar (BP) disorder patients. Furthermore, we have shown that
the frontal cortex (FC) and hippocampus of adult PRS mice, like that of postmortem chronic SZ patients, are characterized
by increases in DNA-methyltransferase 1 (DNMT1), ten-eleven methylcytosine dioxygenase 1 (TET1) and exhibit an enrichment
of 5-methylcytosine (5MC) and 5-hydroxymethylcytosine (5HMC) at neocortical GABAergic and glutamatergic gene promoters.
Here, we show that the behavioral deficits and the increased 5MC and 5HMC at glutamic acid decarboxylase 67 (Gad1), reelin (Reln)
and brain-derived neurotrophic factor (Bdnf) promoters and the reduced expression of the messenger RNAs (mRNAs) and proteins
corresponding to these genes in FC of adult PRS mice is reversed by treatment with clozapine (5 mg kg− 1 twice a day for 5 days)
but not by haloperidol (1 mg kg− 1 twice a day for 5 days). Interestingly, clozapine had no effect on either the behavior, promoter
methylation or the expression of these mRNAs and proteins when administered to offspring of nonstressed pregnant mice.
Clozapine, but not haloperidol, reduced the elevated levels of DNMT1 and TET1, as well as the elevated levels of DNMT1 binding to
Gad1, Reln and Bdnf promoters in PRS mice suggesting that clozapine, unlike haloperidol, may limit DNA methylation by interfering
with DNA methylation dynamics. We conclude that the PRS mouse model may be useful preclinically in screening for the potential
efficacy of antipsychotic drugs acting on altered epigenetic mechanisms. Furthermore, PRS mice may be invaluable for
understanding the etiopathogenesis of SZ and BP disorder and for predicting treatment responses at early stages of the illness
allowing for early detection and remedial intervention.
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INTRODUCTION
Evidence from neuroimaging, neuropathology and epidemiologi-
cal studies has led to the conclusion that schizophrenia (SZ) and
bipolar (BP) disorder are neurodevelopmental disorders with an
etiology that likely originates before birth.1–5 Related to this, it has
been reported that prenatal or perinatal exposure to stress,
inflammation or trauma disrupts brain development and increases
the risk for developing SZ and related psychiatric disorders
including BP disorder, anxiety and schizoaffective disorders.5–10

Young adult (postnatal day (PND) 75) male mice, born from
mothers stressed during pregnancy, here defined as PRS mice,
exhibit a behavioral phenotype characterized by hyperactivity,
stereotyped and compulsive behaviors, deficits in social
interaction, pre-pulse inhibition, fear conditioning, object recogni-
tion and hypersensitivity to N-methyl D-aspartate receptor
blockers.1 PRS mice also show molecular alterations in cortical
GABAergic interneurons,1,11,12 and altered GABA/glutamate
neuron interactions13 in a manner that is reminiscent of changes
reported in the brains of SZ and BP patients.14–18 Evidence
suggests19 that a cortical GABAergic dysfunction has a major role
in the pathogenesis of altered synchronization of pyramidal
neuronal firing rate that is crucial for inducing cognitive
dysfunction in SZ and BP disorder patients20,21 and in rodents
studied in a neurodevelopmental animal model of SZ.22

Molecularly, PRS mice show altered DNA methylation profiles
and a disrupted chromatin structure at genes typically expressed
in GABAergic neurons, such as those encoding gamma aminobu-
tyric acid 67 (Gad1) and reelin (Reln), and in glutamatergic
neurons, such as the gene encoding brain-derived neurotrophic
factor (Bdnf).1,2,23

The molecular epigenetic profile common to the frontal cortex
(FC) and hippocampus of adult PRS mice and SZ and BP disorder
patients1,2,19,24–30 includes an increase in DNA methylating
enzymes: DNA methyltransferase 1 (DNMT1) and ten-eleven
methylcytosine dioxygenase-1 (TET1) messenger RNAs (mRNAs)
and proteins and an enrichment of 5-methylcytosine (5MC) and 5-
hydroxymethylcytosine (5HMC) at the GAD1, RELN and BDNF
promoters.
A reliable animal model of SZ should predict responsiveness to

currently available antipsychotic drugs. Previous reports showed
that the SZ-like behavioral alterations present in adult rodent
offspring of prenatally stressed mothers, or mothers prenatally
exposed to gestational immune activation, are corrected by the
administration of clozapine1,31–33 and valproate (VPA).1 Hence, we
tested whether the epigenetic PRS mouse model possesses
predictive validity by assessing the reversal of the behavioral
and molecular epigenetic abnormalities by comparing the action
of clozapine to that of haloperidol.
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Clozapine, a high affinity monoaminergic receptor ligand
preferring HTR1A and HTR2A receptors34–37 and haloperidol, a
monoaminergic receptor antagonist with selectivity for D2
receptors are both effective in treating some of the worst
symptoms of psychosis, specifically the hallucinations, delusions
and paranoia. However, only clozapine is effective in treating
‘positive symptoms’ in antipsychotic ‘treatment-resistant SZ
patients’ and in attenuating ‘negative symptoms’ and the
‘cognitive performance impairment’ observed in SZ patients.38,39

Clozapine is an antipsychotic with DNA demethylating
properties,34,35 whereas haloperidol is an antipsychotic that does
not have the same chromatin remodeling properties as
clozapine.34–36,40 Here, we show that protracted (5 days+20 h
washout) treatment with clozapine and VPA, but not haloperidol,
normalize the DNA hypermethylation and behavioral alterations
characteristic of PRS mice without inducing changes in non-
stressed pregnant mice (NS mice). Mice born from non-stressed
pregnant mothers, here defined as NS mice.

MATERIALS AND METHODS
Animals and PRS procedure
All procedures were performed according to NIH guidelines for animal
research (Guide for the Care & Use of Laboratory Animals, NRC, 1996) and
were approved by the Animal Care Committee of the University of Illinois
at Chicago. Pregnant mice (Swiss albino ND4, Harlan, Indianapolis, IN, USA)
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.1 The stress procedure consisted of
restraining the pregnant dam in a transparent tube (12 × 3 cm) under a
bright light for 45 min three times per day from the seventh day of
pregnancy until delivery. After weaning (PND 21), male mice were selected
for the study and housed four to five per cage separately by condition.

Drug treatment
Clozapine (Sandoz Pharmaceuticals, Princeton, NJ, USA) and haloperidol
(Sigma, St Louis, MO, USA) were dissolved with a drop of glacial acetic acid
brought to pH 6 with the addition of NaOH. The drugs (clozapine
5 mg kg− 1 and haloperidol 1 mg kg− 1) were administered to PRS and NS
mice at PND 75 subcutaneously twice daily for five consecutive days.
Vehicle was administered to corresponding control groups using a similar
regimen. Behavioral tests were conducted on the day before starting
treatment and were repeated 18 h after the last administration of
antipsychotic or vehicle. Where indicated, animals were killed 2 h after
the last behavioral test.

Behavioral tests
Locomotor activity and social interaction were examined in succession on
the same day at PND 75 between 1000 and 1500 h. We selected PND 75
for behavioral testing because at this postnatal time, the performance of
the offspring was more reproducible and stable than the performance
measured at earlier developmental time points.

Locomotor activity. A computerized Animal Activity Monitoring System
with VersaMax software (AccuScan Instruments, Columbus, OH, USA) was
used for the quantification and tracking of locomotor activity in mice as
described previously.1 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 (counts) was taken as a measure of horizontal activity,
whereas that of vertical sensors was used as a measure of vertical activity.
The activity was recorded for 15 min.

Social interaction
Apparatus: Social approach of PRS and NS mice was measured using
the ‘Three-Chambers Apparatus’ which is a rectangular, transparent three-
chambered box with each chamber measuring 20 cm long×40.5 cm
wide× 22 cm high. Small openings in the clear Plexiglas walls (10 cm
wide× 5 cm high) divide the center compartment from the two side
compartments. Two identical wire cups were placed in the left and right

chambers, one for enclosing a stranger (novel) mouse and one for a
control object. Between tests, the apparatus was thoroughly washed with
70% ethanol and then distilled water. Tests were performed under dim and
even lighting, and sessions were recorded on video tape for later data
analysis.
Test: The test mouse was first placed in the center chamber and
habituated by allowing it to freely explore the entire apparatus for 5 min.
Then the mouse was gently coerced into the center chamber and confined
by closing the openings to the side chambers. The stranger mouse was
then placed in the wire cup of one of the side chambers and the test was
initiated by opening both doorways allowing the test mouse to again
explore all the three chambers freely for 10 min. Social approach or
interaction was defined as the ratio of the sniffing time for the wire cup
enclosing the stranger mouse vs the empty cup. The reliability of the
measurements was assessed by correlating the scores of two raters. For
additional details, see Dong et al.2

Biochemical measurements
Methyl-DNA immunoprecipitation, chromatin immunoprecipitation (ChIP)
and western blot assays each required around 10 mg of tissue and were
carried out using two separate tissue punches from each FC hemisphere.
FC coronal sections were dissected 2 mm anterior to the Bregma line and
the sampling sublocation was consistent from animal to animal.

Quantitative real-time PCR. The quantitative PCR measurements were
carried out using the Applied Biosystems Real-Time PCR System with a
SYBR green master mix (Fermentas, Glen Burnie, MD, USA). After behavioral
tests, total RNA from the frontal lobe (FC) of PRS and NS mice, was isolated
using TRIZOL reagent (Life Technologies, Grand Island, NY, USA), and was
further purified using the RNeasy kit (QIAGEN, Valencia, CA, USA). Reverse
transcription was performed as previously described.2 The primer
sequences used to amplify the genes analyzed are summarized in
Supplementary Table 1. Each sample was run in duplicate and repeated
twice. For normalizing mRNA expression, several housekeeping mRNAs
(neuron-specific enolase (Nse), neuronal nuclear antigen (NeuN) and ActB)
were chosen as internal controls. For each housekeeping gene, we
measured the gene stability ranking using the NormFinder algorithm.41

This procedure allows for the identification of the housekeeping gene best
suited for normalization. Because each of the genes studied yielded similar
results when normalized to either Nse, NeuN or ActB, and because ActB
had the highest housekeeping gene stability (NormFinder), we normalized
our data ActB.

Western blot analysis
For protein quantification, we conducted measurements as described in
detail elsewhere.2 Anti-DNMT1 monoclonal antibodies (Imagenex, San
Diego, CA, USA), anti-TET1 polyclonal antibodies, (Millipore, Billerica, MA,
USA), anti-GAD65/GAD67 polyclonal antibodies (Chemicon, Temecula, CA,
USA), anti-RELN G-10 monoclonal antibodies (a generous gift of AM
Goffinet, University of Namur, Brussels, Belgium) and anti-BDNF polyclonal
antibodies (Santa Cruz, CA, USA) were used to detect DNMT1, TET1, GAD65,
GAD67, RELN and BDNF proteins, respectively. The levels of these proteins
in PRS vs NS were normalized by ActB protein levels using Act-B
monoclonal antibodies (Sigma).

Methylated DNA immunoprecipitation
Methylated and hydroxymethylated DNA at the Gad1, Reln, and Bdnf-iv, -vi
and -ix promoters were assessed using MeDIP and hMeDIP kits,
respectively (Diagenode, Denville, NJ, USA) followed by quantitative PCR.
Sample treatment and immunoprecipitation were performed as described
by the manufacturer. We used selective immunoprecipitation to measure
DNA methylation because bisulfite and many enzyme-dependent methods
are incapable of distinguishing 5MC from the ~ 14% of methylcytosines in
the brain that are 5HMC. Recent studies demonstrate that 5MC and 5HMC
have very different functions and genomic locations.42–44 The percentage
of methylated (or hydroxymethylated) vs unmodified promoter was
calculated using the following equation: % [(me, hme DNA− IP/total
input)] = 2[(Ct(10% input)− 3.32)−Ct(meDNA− IP)] × 100%.

ChIP assays
We performed ChIP assays based on protocols previously described.2 The
percentages of immunoprecipitated DNA were calculated as described for
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MeDIP/hMeDIP. ChIP grade anti-DNMT1 (Imagenex) and anti-MeCP2
polyclonal antibodies (Millipore) were used to precipitate cross-linked
chromatin.

Statistical analysis
Results are expressed as mean± s.e.m. Experimental differences were
assessed by Student’s t-test or by one-way analysis of variance followed by
Student–Newman–Keuls post hoc comparisons, or two-way analysis of
variance for repeated measurements using Predictive Analytics Software
v.18 (SPSS, Chicago, IL, USA). The criterion for significance was Po0.05,
two tailed.

RESULTS
Clozapine and VPA, but not haloperidol, corrects the behavioral
alterations in PRS mice
Consistent with our previous reports,1,2,23 we show that young
adult (PND 75) PRS mice exhibit locomotor hyperactivity in an
open-field arena (Table 1) and demonstrate a marked social
interaction deficit (Figure 1). These behavioral alterations were
corrected by protracted treatment with clozapine (5 mg kg− 1

subcutaneously, twice a day for 5 days, followed by 18 h of
washout) but not by haloperidol (1 mg kg− 1 subcutaneously twice
a day for 5 days, followed by 18 h washout; Table 1 and Figure 1).
It should be noted that the doses of clozapine and haloperidol
selected for this study elicited marked sedation (clozapine) and
catalepsy (haloperidol) 1 h after injection in both PRS and NS mice.
However, there were no signs of sedation or catalepsy after 18 h
washout. These drug doses were chosen on the basis of
preliminary studies showing that 5 mg kg− 1 of clozapine elicited
demethylation of hypermethylated Reln promoters in mice treated
protractedly with large doses of methionine.38,39

We have reported previously that adult PRS mice exhibit other
SZ-related behavioral alterations that are normalized by clozapine
or VPA administration.1 Here, we limited the behavioral studies to
include locomotor activity and social interaction because the
changes in these two tests are reproducible in PRS mice (Table 1
and Figure 1) and these tests are considered less stressful than
fear conditioning, pre-pulse inhibition or dizocilpine treatment. As
stressful tests could possibly alter biochemical parameters per se,
we avoided these latter behavioral assays in the present study.

Clozapine and VPA, but not haloperidol, corrects promoter
hypermethylation of psychiatric disorder-related genes in PRS
mice
Next we tested whether cytosines proximal to the Gad1, Reln, Bdnf
promoters are hypermethylated (5-methylation or 5-hydroxy-
methylation) in PRS mice. To distinguish between 5MC and
5HMC, we used MeDIP and hMeDIP,28 which are
immunoprecipitation-based assays that use highly specific anti-
5MC and 5HMC antibodies. We show that the Bdnf-iv, Bdnf-vi and
Bdnf-ix (Figure 2), Gad1 and Reln promoters (Figure 3) are enriched
in 5MC and/or 5HMC in FC of PRS mice. Importantly, the
methylation and hydroxymethylation enrichment of Bdnf-iv,
Bdnf-vi and Bdnf-ix, (Figure 2), Reln and Gad1 (Figure 3) promoters
present in the cortex of PRS mice were consistently and
significantly reduced in clozapine-treated mice but not in
haloperidol-treated mice (Figures 2a and b; Figure 3). In NS mice,
clozapine treatment failed to alter the level of promoter
methylation or hydroxymethylation.
The effect of clozapine on DNA methylation of Bdnf-ix gene has

some specificity for the promoter region because in these same
animals, methylation of the Bdnf-ix gene body region, was not
influenced by prenatal stress, and the level of methylation was not
modified by clozapine. (The % 5MC within the Bdnf-ix body region
from +312 bp to +415 bp was: 2.74 ± 0.75 in NS mice receiving
vehicle, 2.1 ± 0.080 in NS mice receiving clozapine, 2.86 ± 0.38 in
PRS mice receiving vehicle, and 3.0 ± 0.75 in PRS mice receiving
clozapine. The % 5HMC at the same Bdnf-ix body region was:
3.59 ± 0.85 in NS mice receiving vehicle, 3.06 ± 0.90 in NS mice
receiving clozapine, 2.66 ± 0.53 in PRS mice receiving vehicle, and
2.49 ± 0.22 in PRS mice receiving clozapine; n= 6).
We also included Gad2, D2, Htr2a as control promoters to check

the specificity of methylation for the above-reported candidate
target genes. Gad2 has very low 5MC and 5HMC levels (Figure 3),
and D2 and Htr2a receptor genes fail to show enrichment of 5MC
and 5HMC in PRS mice (%MeDIP/Input: control D2 1.7 ± 0.28, PRS
D2 1.6 ± 0.36. Control Htr2a 5.9 ± 1.1, PRS Htr2a 5.5 ± 1.4; average
of six mice per group).
To confirm that specific GABAergic and glutamatergic gene

promoters were hypermethylated (5MC+5HMC) and that cloza-
pine reverses promoter hypermethylation in PRS mice, we
performed ChIP studies using antibodies specific for MeCP2. As
shown in Figure 4, MeCP2 binding to Gad1, Reln and Bdnf-ix
promoters was increased in PRS mice. Clozapine, but not
haloperidol, strongly reduced the binding of MeCP2 in PRS mice,
whereas no statistical effects were detected in NS mice. The
increased binding of MeCP2 to the candidate promoters was
independent from the level of MeCP2 expression which failed to
change in PRS mice.2

As expected,1,2 the enrichment of 5MC and 5HMC at Bdnf, Gad1
and Reln promoters in PRS mice was associated with a decrease in
corresponding mRNAs (Figure 5a) and proteins (Figure 5b)
expression, and this decrease was reduced by 5 days of clozapine
treatment.
The strong effect of clozapine on DNA methylation in PRS mice

and the virtual lack of this effect in NS mice are not attributable to
significant changes in D2, Htr1a or Htr2a receptor expression in
the cortex of PRS mice. The mRNA levels of D2 receptor as a
percentage relative to β-actin mRNA were 0.120 ± 0.010 in NS
mice and 0.135 ± 0.005 in PRS mice (n= 6). The mRNA levels for
5Ht2a receptor were 0.135 ± 0.011 in NS mice and 0.105 ± 0.010 in
PRS mice (n= 6). The mRNA levels for 5Ht1A receptor were
0.115 ± 0.095 in NS mice and 0.120 ± 0.093 in PRS mice (n= 6). The
mRNA levels of D2, 5Ht2A and 5Ht1A in both NS and PRS mice
were not modified by either clozapine or haloperidol treatment.
To demonstrate that the DNA demethylation of GABAergic and

glutamatergic genes is involved in the restorative effects of
clozapine on behavior in PRS mice, we show that the behavioral

Table 1. Increased locomotor activity in PRS mice is reduced by
clozapine but not haloperidol

Treatment Horizontal activity (Counts per 15 min)

NS PRS

Vehicle 3656± 182 4229± 132a

Haloperidol 3323± 226 4040± 223
Clozapine 3538± 147 3866± 217b

aPo0.05 when vehicle-treated PRS mice are compared with vehicle-
treated NS mice. bPo0.05 when clozapine-treated PRS mice are compared
with vehicle-treated PRS mice. One-way analysis of variance (F5,30= 4.0,
P = 0.002) followed by Student–Newman–Keuls multiple-comparison pro-
cedures.Seventy-five-day-old PRS (prenatally stressed) or NS (nonstressed)
male mice were subjected to locomotor activity test and divided in groups
of six mice with comparable locomotor activity values. Mice were then
treated subcutaneously, twice a day for 5 days, with vehicle, 5mg kg− 1

clozapine or 1 mg kg− 1 haloperidol, respectively. The locomotor activity
was measured again on the sixth day, 18 h after the last treatment. The
data are expressed as mean± s.e.m. of six mice per group.
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effects of clozapine, by reducing DNA hypermethylation at
candidate gene promoters, were also restored by the histone
deacetylase (HDAC) inhibitor VPA. This drug, used in psychiatry to
treat BP disorder patients with psychosis, is chemically unrelated
to clozapine or haloperidol and fails to bind to monoamines
receptors, but instead favors acetylation of histone-3 (H3) lysine
9 and 14, facilitates the opening of chromatin and induces
demethylation of promoters presumably activating a DNA

demethylating processes.38,45 As shown in Figure 6, VPA
administered for 5 days, in a dose that (70 mg kg− 1 subcuta-
neously) increases H3 acetylation in FC of NS mice38,39 normalizes
the hypermethylation of Gad1, Reln and Bdnf-ix promoters in the
FC of PRS mice. We reported previously that at this dose, VPA also
normalizes altered behaviors including locomotor hyperactivity,
social interaction deficit, pre-pulse inhibition deficit and
contextual fear condition deficit.1 These data provide support
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for the role of promoter hypermethylation at GABAergic and
glutamatergic neurons in the pathogenesis of the behavioral
deficits in PRS mice.

Candidate gene promoter hypermethylation and behavioral
deficits are correlated
To establish whether hypermethylation of GABAergic and
glutamatergic gene promoters underlie the behavioral abnormal-
ities in PRS mice, we performed correlation analyses between 5MC
or 5HMC enrichment at Bdnf-ix, Reln, Gad1 and Gad2 promoters in
FC and measurements of social interaction and locomotor activity.
As summarized in Table 2 and graphically depicted in Figure 7 for
Bdnf-ix, there was a significant negative correlation between
candidate gene promoter methylation and hydroxymethylation
enrichment and social interaction scores for all of the target genes
studied with the exception of Gad2. In addition, there was a

significant positive correlation between locomotor activity scores
and candidate SZ-related gene promoter methylation or hydro-
xymethylation enrichment with the exception of 5MC-Gad2,
5HMC-Gad2 and 5HMC-Reln.

Interaction of clozapine with promoter methylation mechanisms
To investigate the mechanism whereby clozapine treatment
reverts the increased cytosine methylation levels observed at
GABAergic and glutamatergic gene promoters in PRS mice, we
focused on the main DNA-modifying enzymes, DNMT1 and TET1.
As shown in Figure 8, there was an ~ 30–40% increase in both
DNMT1 and TET1 mRNA in the cortex of young adult (PND 75) PRS
mice but these increases were abated by clozapine treatment.
As shown in Figure 9, there was a significant increase in DNMT1

binding to selected Gad1, Reln and Bdnf-ix regulatory regions in
PRS mice when compared with 75-day-old NS mice, and this
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Figure 5. (a and b) Reduced expression of Bdnf, Gad1, Reln, mRNAs and proteins in frontal cortex of PRS mice is normalized by treatment with
clozapine. (a) Levels of mRNA relative to β-actin for Bdnf-iv, Bdnf-vi, Bdnf-ix, Gad1, Reln and (b) immunoblot of BDNF, GAD67, reelin proteins
normalized by β-actin protein levels. Dose and schedule of clozapine treatment are described in Figure 2. The data are expressed as mean± s.
e.m. and analyzed by one-way ANOVA followed by Student–Newman–Keuls multiple comparisons. Bdnf-ix mRNA (F3,20= 3.45, P = 0.026), Bdnf-
iv mRNA (F3,20= 4.87, P = 0.015), Bdnf-vi mRNA (F3,21= 3.91, P = 0.018), BDNF protein (F3,20= 3.33, P= 0.04). GAD1 mRNA (F3,23= 4.97, P = 0.01),
Reln mRNA (F3,23= 4.68, Po0.05), GAD67protein (F3,19= 4.97, Po0.05), reelin protein (F3,23= 17.02, Po0.001). *Po0.05 when vehicle-treated
PRS samples are compared with PRS clozapine-treated samples or with NS vehicle or clozapine-treated sample. Student–Newman–Keuls
multiple comparisons. ANOVA, analysis of variance; BDNF, brain-derived neurotrophic factor; mRNA, messenger RNA; NS, nonstressed; PRS,
prenatally stressed.
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increase was considerably reduced in clozapine-treated mice.
Haloperidol failed to reduce the increased DNMT1 binding in PRS
mice and actually tended to increase the binding of DNMT1 to
target promoters in both the PRS and NS mice.
It has been reported46 that chronic (21 days) treatment with

clozapine results in an increased expression of HDAC2 mRNA in
mouse FC. However, we failed to detect significant changes in
HDAC2 mRNA expression after 5 days clozapine treatment
(5 mg kg− 1 twice a day ) both in NS or PRS mice (values of mRNA
expressed as % of β-actin: NS vehicle = 0.170 ± 0.028, NS
clozapine = 0.183 ± 0.029, PRS vehicle = 0.209 ± 0.039, PRS cloza-
pine = 0.190 ± 0.018; n= 6). Taken together, these data suggest
that clozapine, unlike haloperidol, may limit DNA methylation,
either indirectly by reducing the expression of DNMT and TET,

and/or more directly by interfering with the DNMT1 DNA-binding
domain.47

DISCUSSION
DNA-methylation is emerging in physiology and pathology as an
important epigenetic control mechanism for the regulation of
central nervous system function.48 To this end, we have recently
directed the focus of our research toward identifying the
epigenetic DNA-methylation signature found in the brains of SZ
and BP disorder patients, in the brain of offspring of dams stressed
during pregnancy (PRS mice).2 We confirm here that young adult
PRS mice show behavioral and molecular alterations reminiscent
of the epigenetic behavioral and molecular alterations observed in
psychotic patients (Table 3). The brain of PRS mice, like that of
postmortem SZ and BP disorder patients, is characterized by
significant increases in 5MC and 5HMC at promoter regions
corresponding to Gad1, Reln and Bdnf (Figures 2 and 3) together
with a reduction in the expression of the corresponding mRNAs
and proteins (Figures 5a and 5b). Importantly, we show that Gad1,
Reln and Bdnf-ix promoter methylation and hydroxymethylation
enrichment is correlated with locomotor activity and social
interaction index (Table 2 and Figure 7). Taken together, these
results and previous reports that there is a significant correlation
between altered behavioral phenotypes and Bdnf transcript levels
in PRS mice1,2 suggest that altered DNA methylation dynamics
underlie the SZ-like behavioral endophenotypic profiles in
these mice.
Patients with SZ and BP disorder often receive behavioral

benefits from the use of antipsychotic medications. To address the
existence of a possible connection between antipsychotics and
improved behavior implicating epigenetic mechanisms, we
studied the effect of an atypical antipsychotic (clozapine) vs a
typical antipsychotic (haloperidol) on the impaired behavior and
altered FC epigenetic profile in PRS mice. In this study, 5 days of
treatment with clozapine but not haloperidol, followed by an 18 h
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Figure 6. Increased levels of 5MC and 5HMC on Gad1, Reln and Bdnf-ix promoter regions in the frontal cortex of PRS mice are reduced by
treatment with valproate (VPA) Seventy-five day old mice were treated subcutaneously twice a day for 5 days with vehicle or 70 mg kg− 1

valproate. 5MC and 5HMC enrichment was measured on the sixth day, 20 h after the last treatment. No behavioral testing in these animals.
Data are expressed as mean± s.e.m. and analyzed with one-way ANOVA followed by Student–Newman–Keuls multiple comparisons. *Po0.05
when vehicle (VEH)-treated PRS samples are compared with PRS VPA-treated samples or with treated or untreated NS samples. ANOVA,
analysis of variance; BDNF, brain-derived neurotrophic factor; 5HMC, 5-hydroxymethylcytosine; 5MC, 5-methylcytosine; NS, nonstressed; PRS,
prenatally stressed.

Table 2. Pearson correlation between 5MC and 5HMC at Gadl, Gad2,
Rein and Bdnf-ix promoters and social interaction index or motor
activity

Promoter methylation Social interaction index Motor activity

5MC-Gadl R=− 0.552, P=0.003 R= 0.548, P=0.005
5HMC-Gadl R=− 0.668, P=0.0006 R= 0.370, P= 0.055
5MC-Gad2 R=− 0.017, P = 0.937 R= 0.220, P= 0.300
5HMC-Gad2 R=− 0.226, P = 0.289 R= 0.305, P= 0.148
5MC-Rein R=− 0.580, P=0.004 R= 0.456, P=0.033
5HMC-Rein R=− 0.450, P=0.027 R= 0.160, P= 0.456
5MC-Bdnf-ix R=− 0.404, P=0.045 R= 0.540, P=0.006
5HMC-Bdnf-ix R=− 0.529, P=0.008 R= 0.501, P=0.013

Abbreviations: BDNF, brain-derived neurotrophic factor; 5HMC, 5-hydro-
xymethylcytosine; 5MC, 5-methylcytosine; NS, nonstressed; PRS, prenatally
stressed. The Pearson correlation was established in a cohort of 24 animals
including 6 control (NS) mice receiving vehicle, 6 NS mice receiving
clozapine, 6 PRS mice receiving vehicle, 6 PRS mice receiving clozapine.
Bolded entries show significantly significant P-values.
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washout abolished locomotor hyperactivity and deficits in social
interaction displayed by PRS mice (Table 1, Figure 1). In the same
animals participating in the behavioral studies, clozapine but not
haloperidol, reduced Gad1, Reln and Bdnf promoter hypermethy-
lation and enhanced the transcription of these genes.

To obtain further evidence that the beneficial effect of
clozapine on the altered behaviors of PRS mice is associated with
the reduction of GABAergic and glutamatergic promoter hyper-
methylation, we administered VPA, a class 1 HDAC inhibitor that
has been reported to normalize the behavioral deficits in PRS
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Figure 7. Representative example of Pearson correlation between 5MC levels at BDNF-ix promoters in the frontal cortex and social interaction
(top) and locomotor activity (bottom) in a cohort of control (NS) mice receiving vehicle (Veh), NS mice receiving clozapine (Clz), PRS mice
receiving vehicle and PRS mice receiving clozapine. Pearson correlation analyses show a significant negative correlation between promoter
methylation and social interaction and a positive correlation between promoter methylation and locomotor activity. Schedule and doses of
treatment are as described in Figure 2. The social interaction activity (ratio of sniffing time to the wire cup with vs without the stranger mouse)
and the locomotor activity (total number of interruptions of the horizontal sensors in 15 min) were measured 18 h after the last antipsychotic
treatment. 5MC and 5HMC promoter enrichment were measured 2 h after the last behavioral test. BDNF, brain-derived neurotrophic factor;
5HMC, 5-hydroxymethylcytosine; 5MC, 5-methylcytosine; NS, nonstressed; PRS, prenatally stressed.
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Figure 8. The increase of DNMT1 and TET1 mRNA in the FC of PRS mice is reduced by clozapine but not by haloperidol. Measurements were
performed in the same animals tested in Table 1 and Figure 2. The values of mRNA are expressed as % relative to ActB. The data are expressed
as mean± s.e.m. of six mice per group. *Po0.05 when vehicle (VEH)-treated PRS samples are compared with PRS clozapine (CLZ)-treated
samples or with treated or untreated NS samples. #Po0.05 when haloperidol (HAL)-treated PRS samples are compared with PRS clozapine-
treated samples or to haloperidol-treated NS samples. One-way ANOVA followed by Student–Newman–Keuls multiple-comparison
procedures. ANOVA, analysis of variance; DNMT1, DNA-methyltransferase 1; FC, frontal cortex; mRNA, messenger RNA; NS, nonstressed; PRS,
prenatally stressed; TET1, ten-eleven methylcytosine dioxygenase 1.
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mice.1 Like clozapine, VPA induced a decrease of the hypermethy-
lated (5MC and 5HMC) Gad1, Reln and Bdnf gene regulatory
regions in FC of PRS mice. Clinically, VPA is extensively used as
monotherapy or in conjunction with antipsychotics in the
treatment of BP disorder. Reports have further shown that typical
or atypical antipsychotics are more potent, more efficacious and
less toxic if they are co-administered with VPA,49 although some
studies did not report such benefits in SZ patients.50

The precise molecular mechanisms whereby clozapine nor-
malizes altered behaviors and promoter hypermethylation in PRS
mice remain to be explored. We suggest that the effects of
clozapine are not mediated by blockade of D2 receptor function.
In fact, PRS mice express normal levels of D2 receptor mRNA and
doses of haloperidol that are capable of blocking D2 receptor
function and inducing extrapyramidal side effects, but failed to
normalize the altered behavior or to reduce promoter hyper-
methylation in PRS mice. We can also exclude the hypothesis that
the DNA-demethylating action of clozapine is associated with the
hyperacetylation of histones 3 and 4, as occurs following the
administration of HDAC inhibitors (that is, VPA and MS-275),
because clozapine lacks HDAC inhibitory activity38 and actually
may increase HDAC2 if administered chronically.46 It was reported
that H3K4-methylation, a histone covalent modification associated
with active chromatin transcription, is increased at Gad1 and other
promoters in FC neurons of mice treated with clozapine but not
haloperidol.51 This increase is probably caused by an activation of
the mixed-lineage leukemia-1 histone methyltrasferase. Hence, it
remains possible that a nuclear action of clozapine on DNA

methylation is mediated via chromatin remodeling by histone
lysine methylation. We have shown here that clozapine both
reduces the overexpression of DNMT1 and TET1 and strongly
reverses the binding of DNMT1 to unmethylated target promoters
(Figure 9), thus reducing promoter methylation and favoring
demethylation. In future studies, it will be important to establish
whether clozapine acting at 5HT metabotropic cortical receptors
modulates signal transduction mechanisms (for example, the
phospholipase C pathway, adenylate cyclase) indirectly interfering
with DNMT transcription or with the binding of DNMT1 to
promoter or other regulatory regions of target genes.
An important observation of this study is that, despite a potent

behavioral and DNA demethylating action in PRS mice, only
marginal behavioral and molecular effects of clozapine were
detected in NS mice. A possible explanation for clozapine’s failure
to demethylate target promoters in NS mice is that the dynamic
state of DNA methylation is greatly accelerated in PRS mice
compared with NS mice. Hence, the steady-state methylation
process may be very sensitive to short-term inhibition in PRS mice.
This does not necessarily mean that clozapine fails to work on
methylation/demethylation processes in normal animals. Similar
considerations may apply to the lack of effect of haloperidol.
Parametric studies systematically manipulating different aspects
of the clozapine and haloperidol administration protocol (varying
dose, treatment schedule and so on) need to be conducted in
both PRS and NS mice before one can conclude that antipsychotic
drugs have no effect on methylation/demethylation in normal
control mice.
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Figure 9. The increased DNMT1 binding to Gad1, Reln and Bdnf-ix CpG-rich promoter regions is reduced by treatment with clozapine (CLZ) in
the frontal cortex of PRS mice, but not haloperidol (HAL). Dose and schedule of drug treatment are described in Figure 2. The values are the
mean± s.e.m. analyzed statistically with one-way ANOVA. DNMT1 binding to Gad1, (F5,30= 2.48, P= 0.048), Reln (F5,30= 6.22, Po0.001), Bdnf-ix
(F5,30= 6.59 Po0.001). *Po0.05 when vehicle (VEH)-treated PRS samples are compared with PRS clozapine-treated samples or to vehicle-
treated NS samples. Student–Newman–Keuls multiple comparisons. #Po0.05 when haloperidol-treated PRS samples are compared with PRS
clozapine-treated samples or to vehicle-treated NS samples. Student–Newman–Keuls multiple comparisons. ANOVA, analysis of variance;
BDNF, brain-derived neurotrophic factor; DNMT1, DNA-methyltransferase 1; NS, nonstressed; PRS, prenatally stressed.

Table 3. Comparison of molecular and behavioral abnormalities in SZ and BP disorder patients and PRS mice

SZ and BP Reference PRS mice Reference

Molecular changes
GAD67, RELN, BDNF expression ↓ 19,28,29 ↓ 1,2
DNMT1, 3A and TET1 expression ↑ 19,29 ↑ 1,2
5MC and 5HMC enrichment at Gadl, Reln and Bdnf promoters ↑ 19,28,29 ↑ Current paper

Behavioral changes
Positive symptoms (stereotype behaviors, sensitivity to NMDA receptor antagonists) ↑ 34,36 ↑ 1,2 and current paper
Negative symptoms (social interactions) ↓ 34,36 ↓ 1,2 and current paper
Cognitive, information processing deficit (PPI, fear conditioning) ↑ 34,36 ↑ 1,2

Abbreviations: BDNF, brain-derived neurotrophic factor; BP, bipolar; DNMT1, DNA-methyltransferase 1; 5HMC, 5-hydroxymethylcytosine; 5MC, 5-
methylcytosine; NMDA, N-methyl D-aspartate; PPI, pre-pulse inhibition; PRS, prenatally stressed; SZ, schizophrenia; TET1, ten-eleven methylcytosine
dioxygenase 1.
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The remarkable action of clozapine and the failure of
haloperidol to decrease DNA methylation beg the question of
whether all atypical antipsychotics interfere with DNA methylation
dynamics. To answer this question, experiments were carried out
in mice in which SZ-related genes were hypermethylated by
repeated administration of methionine.25 We found that
DNA-demethylation was induced by clozapine and its dibenzo-
diazepine congeners quetiapine and olanzapine, but not by the
chemically unrelated risperidone, also when given in high doses.
However, before making definitive conclusions, a more detailed
analysis of the effects of several antipsychotic drugs on the
epigenetic signature and behavioral phenotype of PRS mice is
needed.

CONCLUSION
Clozapine, the ‘gold standard’ antipsychotic, is unique among the
typical and atypical antipsychotics in its ability to ameliorate
psychosis in patients with treatment-resistant SZ and to reduce
the risk of suicide.36,37 The present study shows that clozapine is
capable of correcting behavioral deficits and can induce
chromatin remodeling in PRS mice that are resistant to haloperidol
treatment. In future studies in PRS mice, we would like to establish
whether clozapine has advantages over other antipsychotics in
treating cognitive and negative symptoms of SZ because of its
unique chromatin remodeling properties.
Collectively, the current and previous studies from our group1,2

and others11,12 support the conclusion that the PRS mouse model
has construct face validity as an experimental epigenetic model of
vulnerability for specific forms of psychopathology (that is,
schizoaffective disorders) and can be used to screen potential
anti-psychotic drugs for improved clinical efficacy in acting on
altered epigenetic mechanisms. Furthermore, the PRS model
theoretically has the potential for predicting treatment responses
at specific initial stages of the psychopathology with particular
attention to early disease detection and possible prophylactic
intervention.
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