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Prenatal Stress Induces Schizophrenia-Like Alterations of
Serotonin 2A and Metabotropic Glutamate 2 Receptors in the
Adult Offspring: Role of Maternal Immune System
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It has been suggested that severe adverse life events during pregnancy increase the risk of schizophrenia in the offspring. The serotonin
5-HT2A and the metabotropic glutamate 2 (mGlu2) receptors both have been the target of considerable attention regarding schizophrenia
and antipsychotic drug development. We tested the effects of maternal variable stress during pregnancy on expression and behavioral
function of these two receptors in mice. Prenatal stress increased 5-HT2A and decreased mGlu2 expression in frontal cortex, a brain region
involved in perception, cognition, and mood. This pattern of expression of 5-HT2A and mGlu2 receptors was consistent with behavioral
alterations, including increased head-twitch response to the hallucinogenic 5-HT2A agonist DOI [1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane] and decreased mGlu2-dependent antipsychotic-like effect of the mGlu2/3 agonist LY379268 (1R,4R,5S,6R-2-oxa-4-
aminobicyclo[3.1.0]hexane-4,6-dicarboxylate) in adult, but not prepubertal, mice born to stressed mothers during pregnancy.
Cross-fostering studies determined that these alterations were not attributable to effects of prenatal stress on maternal care. Additionally,
a similar pattern of biochemical and behavioral changes were observed in mice born to mothers injected with polyinosinic:polycytidylic
acid [poly(I:C)] during pregnancy as a model of prenatal immune activation. These data strengthen pathophysiological hypotheses that
propose an early neurodevelopmental origin for schizophrenia and other psychiatric disorders.

Introduction
There is extensive evidence to suggest that genetics plays a signif-
icant role in the etiology of schizophrenia (International Schizo-
phrenia Consortium et al., 2008; Stefansson et al., 2008, 2009;
Walsh et al., 2008; Purcell et al., 2009). However, the genetic
determinants are complex, as has been suggested from studies on
twins. Monozygotic twins have a concordance for schizophrenia
of nearly 50% (Cardno and Gottesman, 2000; Gottesman and
Erlenmeyer-Kimling, 2001). Such results favor a significant con-
tribution of genetic factors to the etiology of schizophrenia. At
the same time, they argue for a significant role of environmental
events in the development of this complex disease. Epidemiolog-
ical studies have indicated that adverse life events that occurred
during pregnancy, such as war (van Os and Selten, 1998;
Malaspina et al., 2008), famine (Susser et al., 2008), and death or
illness in a first-degree relative (Khashan et al., 2008), increase the
risk of schizophrenia in the adult offspring. Similarly, maternal

infections with a wide variety of agents (virus, bacteria, and pro-
tozoa) have been associated with an elevated risk of schizophre-
nia (e.g., influenza virus, rubella virus, bronchopneumonia,
Toxoplasma gondii) (Menninger, 1919; Brown et al., 2001; Brown
et al., 2004a; Brown et al., 2005). Several lines of evidence in
rodent models and humans suggest that alterations in the mater-
nal immune response during pregnancy are involved in the
mechanisms underlying the link between prenatal adverse life
events and schizophrenia (Brown et al., 2004b; Ashdown et al.,
2006; Smith et al., 2007; Meyer et al., 2009a). However, the bio-
chemical alterations responsible for the neuropsychiatric symp-
toms induced by maternal immune activation during pregnancy
are as yet not fully understood.

Serotonin (5-HT) and glutamate systems are suspected in the
pathophysiology of schizophrenia, as well as in the mechanism of
action of antipsychotic drugs (Lieberman et al., 2008; González-
Maeso and Sealfon, 2009; Moreno et al., 2009; Ibrahim and Tam-
minga, 2011). Earlier studies have implicated 5HT2A (Htr2a),
5HT2C (Htr2c), mGlu2 (Grm2), and mGlu3 (Grm3) genes in psy-
chosis and antipsychotic responses (Egan et al., 2004; Quednow
et al., 2008; Abdolmaleky et al., 2011; Matrisciano et al., 2011;
Kurita et al., 2012; Lett et al., 2012; Liu et al., 2012). Frontal
cortex, which plays a significant role in cognition and perception,
has been implicated more recently in schizophrenia and other
psychotic disorders (González-Maeso et al., 2007; González-
Maeso et al., 2008; González-Maeso and Sealfon, 2009). We have
reported recently that, in postmortem prefrontal cortex of un-
treated schizophrenic subjects, the 5-HT2A receptor is upregu-
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lated and the metabotropic glutamate 2 (mGlu2) receptor is
downregulated, a pattern of expression that could predispose to
psychosis (González-Maeso et al., 2008). A similar pattern of
alteration in 5-HT2A receptor and mGlu2 receptor densities was
found in frontal cortex of adult mice born to influenza virus-
infected mothers during pregnancy (Moreno et al., 2011). An
extensive series of work has shown in rodent models that mater-
nal stress during pregnancy elicits schizophrenia-like neuro-
chemical and behavioral changes in the offspring. These
alterations include changes in neurotransmitter receptor bind-
ing, long-lasting proinflammatory consequences, reprogram-
ming of the hypothalamic–pituitary–adrenal (HPA) axis,
rearrangement of chromatin structure, learning deficits, and be-
havioral disturbances in rodent models of psychosis, among oth-
ers (Steptoe et al., 2001; Welberg and Seckl, 2001; Koenig et al.,
2002; Seo et al., 2006; Van den Hove et al., 2006; Vanbesien-
Mailliot et al., 2007; Murgatroyd et al., 2009; Franklin et al., 2010;
Morgan and Bale, 2011; Matrisciano et al., 2012).

Here, we studied the effects of maternal variable stress during
pregnancy on the expression of 5-HT2A and mGlu2 receptors in
mouse frontal cortex. We next examined the behavioral effects of
prenatal exposure to variable stress using mouse models of psy-
chosis and antipsychotic-like response. Previous findings dem-
onstrate that adverse life experiences profoundly modulate
immune and inflammatory cell function (Vanbesien-Mailliot et
al., 2007; García-Bueno et al., 2008). Our data suggest a potential
role for the maternal immune system in the biochemical and
behavioral alterations observed in mouse schizophrenia models
of prenatal stress.

Materials and Methods
Animals. Timed-pregnant CD1 mice were obtained from Charles River
Laboratories. Animals were shipped on day 7 of pregnancy. Animals were
single housed at 12 h light/dark cycle at 23°C in a humidity-controlled
room with food and water ad libitum. The Institutional Animal Use and
Care Committee at Mount Sinai School of Medicine approved all exper-
imental procedures.

Prenatal stress paradigm. On day 9.5 of pregnancy, mice were ran-
domly assigned to either control or variable stress conditions (n � 24 per
group in two independent experiments). Pregnant dams assigned to the
stress group were exposed to different stressors each day for 7 d. Animals
were subjected to stressors at different times each day to minimize pre-
dictability. Stressors included the following: (1) 30 min of restraint (day
9.5); (2) 120 min of cold exposure (day 10.5); (3) 30 min of restraint (day
11.5); (4) 60 min of electric footshock and lights on overnight (day 12.5);
(5) 30 min of tail suspension (day 13.5); (6) 60 min of electric footshock
and food and water deprivation overnight (day 14.5); and (7) 30 min of
forced swim (day 15.5) (Table 1). Restraint was performed by placing the
animal in a clear acrylic tube (internal diameter, 37 mm; length, 55–124
mm) with ample ventilation holes. Mice were able to move forward and
backward within the tube but were unable to turn around. Mice were
observed continuously and remained awake during the entire restraint
procedure. Cold exposure was performed in a temperature-controlled
room at 4°C. For footshock, mice were placed inside of fear conditioning

boxes (MED Associates) and received 100 random shocks of 0.45 mA (3
s each) over a period of 1 h. For tail suspension, mice were fixed to a bar
and left to hang in an inverted position. For the forced swim, mice were
placed in a plastic cylinder filled with water kept at 23–26°C. After each
stress, animals were returned to their home cage. After birth, pups were
left undisturbed with their mothers (except for animals who were cross-
fostered; see below). Offspring were separated from their mothers after 3
weeks, and males and females were caged separately in groups of three to
five. Subsequent experiments were performed in adult (10 –15 weeks)
male mice or prepubertal mice (21–28 d). Animals from at least eight
separate litters were subjected to the different protocols. Recent findings
suggest that the increased incidence of schizophrenia is associated with
maternal stress that occurred during the first 3 months of pregnancy
(Khashan et al., 2008; Malaspina et al., 2008). We chose days 9.5–15.5 of
pregnancy for variable stress because it is approximately midpregnancy
in mouse, and this equates to the end of the first trimester of human
pregnancy (Clancy et al., 2007).

Prenatal polyinosinic:polycytidylic acid treatment. On day 9.5 of preg-
nancy, mice received intraperitoneal injection of polyinosinic:polycyt-
idylic acid [poly(I:C); 5 mg/kg; Sigma-Aldrich] or saline. Offspring were
separated from their mothers after 3 weeks, and males and females were
caged separately in groups of three to five. Subsequent experiments
were performed in adult (10 –15 weeks) male mice, unless otherwise
indicated. Animals from at least six separate litters were subjected to the
different protocols.

Postnatal cross-fostering. On the day of birth, offspring born to stressed
and control dams were removed from the original mother and then
placed with a surrogate rearing mother. Four experimental conditions
were established: (1) pups originating from control mothers and fostered
by surrogate control mothers; (2) pups originating from stressed moth-
ers and fostered by surrogate control mothers; (3) pups originating from
control mothers and fostered by surrogate stressed mothers; and (4) pups
originating from stressed mothers and fostered by surrogate stressed
mothers. Animals from at least eight separate litters were subjected to the
different protocols.

Drug administration. DOI [1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane] and MK801 [(5R,10S)-(�)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (dizocilpine)] were
purchased from Sigma-Aldrich. LY379268 [(1R,4R,5S,6R)-4-amino-2-
oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid] was obtained from Tocris
Bioscience. DOI and LY379268 were dissolved in saline. MK801 was dis-
solved in a minimal amount of DMSO and made up to volume with saline.
The injected doses (intraperitoneally) were MK801 at 0.05, 0.1, and 0.5
mg/kg, LY379268 at 3.0, 5.0, and 8.0 mg/kg, and DOI at 0.5, 1.0, 2.0
mg/kg unless otherwise indicated.

Mouse brain samples. The day of the experiment, mice were killed by
cervical dislocation, and bilateral frontal cortex was dissected and frozen
at �80°C or immediately processed for RNA extraction and/or radioli-
gand binding assays. Mice used in behavioral assays were not subse-
quently used for biochemical assays.

Radioligand binding. Experiments were performed as reported previ-
ously (González-Maeso et al., 2008). Briefly, [ 3H]ketanserin binding (10
nM) was measured at equilibrium in 500 �l aliquots (50 mM Tris-HCl, pH
7.4) of membrane preparations that were incubated at 37°C for 60 min.
Nonspecific binding was determined in the presence of 10 �M methyser-
gide (Tocris Bioscience). [ 3H]LY341495 binding (30 nM) was measured
at equilibrium in 500 �l aliquots (potassium phosphate buffer supple-
mented with 100 mM potassium bromide, pH 7.6) of membrane prepa-
rations that were incubated at 4°C for 60 min. Nonspecific binding was
determined in the presence of 1 mM L-glutamic acid (Tocris Bioscience).
The concentration of radioligands was chosen based on previous findings
in mouse schizophrenia models of maternal influenza virus infection
(Moreno et al., 2011) and postmortem human brain of schizophrenic
subjects (González-Maeso et al., 2008).

Quantitative real-time PCR. Quantitative real-time PCR (qRT-PCR)
assays were performed in quadruplicate as described previously with
minor modifications. Four genes were used as internal controls for nor-
malization (�-actin, gapdh, ribosomal protein s3, and mapkapk-5). For
primer pair sequences, see González-Maeso et al. (2008).

Table 1. Prenatal stress paradigm

Embryonic age Day Night

E9.5 Restraint (30 min)
E10.5 Cold exposure (2 h)
E11.5 Restraint (30 min)
E12.5 Electric footshock (1 h) Light on
E13.5 Tail suspension (30 min)
E14.5 Electric footshock (1 h) Fast
E15.5 Forced swim (30 min)
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Head-twitch behavior. Head-twitch behavior was performed as re-
ported previously (González-Maeso et al., 2007). Briefly, animals were
injected with DOI or vehicle, and, 15 min later, they were placed into the
center of a Plexiglas cage for 30 min, during which they were videotaped
at close range by a video camcorder positioned directly above the cage.
Videotapes were scored for head twitches by an experienced observer
blind to maternal adverse life event and drug treatment.

Locomotor activity. Motor function (locomotor activity) was assessed
using a computerized three-dimensional activity monitoring system
(AccuScan Instruments) as reported previously with minor modifica-
tions (Moreno et al., 2011). Briefly, the activity monitor has 32 infrared
sensor pairs with 16 along each side spaced 2.5 cm apart. The system
determines motor activity based on frequency of interruptions to infra-
red beams traversing the x, y, and z planes. For basal locomotor activity,
mice were placed in the locomotor chamber under normal lighting con-
ditions and allowed to habituate for 5 min. After habituation, the loco-
motor activity was measured for 60 min. For modulation of locomotor
activity, mice were left to habituate in the locomotor box for 90 min
before injection of the tested drug(s) and monitored for 2 h after injec-
tion. Horizontal activity and vertical activity were automatically deter-
mined from the interruptions of beams in the horizontal and vertical
planes, respectively.

Discrete trials rewarded delayed spatial alternation. Working memory
was tested using a T-maze alternation task. The experiments were per-
formed in a T-maze constructed of wood and painted black. The walls
were 15 cm high, and the alleys were 10.5 cm wide. The length of the main
alley was 28 cm, and the length of the side alleys was 22.5 cm. The side
alleys were closed off from the main alley by movable doors. A week
before habituation, all animals were partially food restricted (each animal
received 2 g of food per day) and remained that way throughout the
remaining part of the experiment. This maintained each animal above
85% of its free-feeding body weight. A video camera was situated �1 m
above the T-maze to videotape the test session. The T-maze was cleaned
between different animals but not between different trials. The food
reward was a 14 mg salt pellet (Bio-Serv F05684). The full experiment
consisted of three parts: habituation, training, and testing. During habit-
uation, all animals were placed on the T-maze until they ate two pieces of
food or 90 s had elapsed. This was repeated three times a day for 5 d.
During training, all animals received six trials a day per day. Each trial
consisted of two runs: a forced run and a free run. On the forced run,
mice were forced to obtain a piece of food from one goal arm of the
T-maze, with the other goal arm blocked by its door. Animals were then
placed back into the start arm for 10 s delay period. At the beginning of
the free run, the mice were allowed to choose either goal arm. If the mice
chose the arm opposite to the one they had been forced into during the
forced run, they received the food reward. If the mice chose the same arm
into which they had been forced, they received no food reward. There was
a 5 min intertrial interval. The training period ended after control ani-
mals made �70% correct choices on 2 consecutive days. Animals took
7–12 d to reach the criterion. Animals that did not reach the criterion by
14 d were rejected from the study. In this study, 5% of mice belonged to
this latter group. Mice were then tested for their performance at 10 or 40 s
delay periods. Mice were given three 10 s delay and three 40 s delay trials
during the day of testing. For drug testing, mice were given six 10 s delay
trials 15 min after drug exposure. The sequence of delays and forced-run
food locations (left or right) were randomized each day, with the stipu-
lation that the same delay or the same forced-arm location could not be
used for three trials in a row. Goal entries were defined as placing four
paws in the arm.

Statistical analyses. Statistical significance of experiments involving
two groups was assessed by Student’s t test. Statistical significance of
experiments involving two or more groups and two or more treatments
was assessed by two-way ANOVA, followed by Bonferroni’s post hoc test.
The level of significance was chosen at p � 0.05. All data are presented as
mean � SEM.

Results
To evaluate the extent to which maternal stress during pregnancy
alters biochemical and behavioral phenotypes related to schizo-

phrenia in the offspring, we established a model of variable and
unpredictable stress in mice. Pregnant females were exposed to
different stressors from E9.5 to E15.5. No decrease in litter size or
the appearance or capacity of the mice to thrive was noted in mice
born to stressed mothers relative to controls: stressed mothers
gave birth to 11.33 � 0.71, whereas control mice gave birth to
9.16 � 0.47. The litter size was reduced in mice born to mothers
exposed to more severe stressful situations (data not shown).

The 5-HT2A receptor and the mGlu2 receptor in brain frontal
cortex have been reported to be involved in psychotic-like symp-
toms and antipsychotic drug action (González-Maeso et al., 2008;
Fribourg et al., 2011; Kurita et al., 2012). We first investigated the
density of binding sites for 5-HT2A and mGlu2/3 receptors in
frontal cortex of adult mice born to stressed mothers during
pregnancy. The receptor densities in frontal cortex membrane
preparations from adult mice born to stressed mothers were

Figure 1. Maternal variable stress during pregnancy affects the expression of 5-HT2A and
mGlu2 receptors in the adult offspring. A, Density of 5-HT2A receptor shown as [ 3H]ketanserin
binding in mouse frontal cortex (n � 11–12). B, Density of mGlu2/3 receptor shown as
[ 3H]LY341495 binding in mouse frontal cortex (n � 9). Data are shown as percentage of
specific binding in frontal cortex of adult mice born to stressed mothers relative to controls. C,
Expression of mGlu2 and mGlu3 mRNA in frontal cortex determined by qRT-PCR (n � 11–12).
*p � 0.05, ***p � 0.001, Student’s t test. All data are presented as mean � SEM.
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significantly altered, showing increased [ 3H]ketanserin binding
to the 5-HT2A receptor (Fig. 1A) and decreased [ 3H]LY341495
binding to the mGlu2/3 receptors (Fig. 1B). The radioligand
[ 3H]LY341495 binds with high affinity to both mGlu2 and
mGlu3 receptors (Schweitzer et al., 2000). mRNA assays showed
that expression of mGlu2, but not mGlu3, was decreased in fron-
tal cortex of adult mice born to stressed mothers during preg-
nancy (Fig. 1C).

Spontaneous locomotor activity in the open field is generally
considered as one of the variables reflecting exploratory behavior
(Nestler and Hyman, 2010). Two-way repeated-measures
ANOVA indicated absence of effect of maternal variable stress on
horizontal (F(1,70) � 0.01; p � 0.05) or vertical (F(1,40) � 0.01; p �
0.05) activity in the adult offspring (Fig. 2A,C). Similarly, analy-
sis of the total horizontal and vertical activity for the entire 60 min
indicated that neither horizontal distance nor rearing was signif-
icantly affected by maternal stress (Fig. 2B,D).

The clinical effects of hallucinogenic drugs, such as psilocybin,
DOI, and lysergic acid diethylamide, closely resemble a set of
positive symptoms in schizophrenia (Vollenweider et al., 1998;
González-Maeso and Sealfon, 2009). We have shown previously
that the head-twitch behavior is reliably and robustly elicited by
hallucinogenic 5-HT2A receptor agonists and is absent in 5-HT2A

knock-out mice (González-Maeso et al., 2007). Modulation of
locomotor hyperactivity induced by MK801 and other noncom-
petitive NMDA receptor antagonists has also been used as mouse
models of psychosis and antipsychotic drug action (Bradford et
al., 2010). Previous findings, including ours, demonstrate that
activation of mGlu2, and not mGlu3, by the mGlu2/3 agonist
LY379268 reduces the locomotor hyperactivity induced by
MK801 (Woolley et al., 2008; Fribourg et al., 2011). To question
whether maternal stress during pregnancy causes behavioral al-
terations that resemble symptoms of schizophrenia in the off-
spring, we investigated the behavioral responses induced by the
psychedelic drugs DOI and MK801 in adult mice born to stressed
mothers.

As expected (Canal et al., 2010), DOI
induced head-twitch response in a dose-
dependent manner (Fig. 3A). Two-way
ANOVA indicated a statistical signifi-
cance for the effects of the treatment
(F(3,46) � 292.42; p � 0.001) and maternal
stress (F(1,46) � 30.81; p � 0.001). Signif-
icance was also found for the interaction
between treatment and maternal stress
(F(3,46) � 4.43; p � 0.01). Notably, post
hoc analysis showed that the head-twitch
response induced by the hallucinogenic
5-HT2A receptor agonist DOI was signifi-
cantly increased in adult mice born to
stressed mothers during pregnancy (Fig.
3A), (DOI at 0.5 mg/kg, p � 0.001; DOI at
1.0 mg/kg, p � 0.001; DOI at 2.0 mg/kg,
p � 0.05).

We next examined the effect of treat-
ment with the mGlu2/3 receptor agonist
LY379268 on the MK801-dependent lo-
comotor response in the adult offspring of
mice born to stressed mothers during
pregnancy and controls. As expected
(Moreno et al., 2011), our pilot studies
indicated that MK801 (0.5 mg/kg) in-
duces a robust increase in locomotor ac-
tivity (Fig. 3B–D) compared with vehicle,

an effect that was not observed in response to lower doses of
MK801 (0.05 and 0.1 mg/kg; data not shown). We therefore se-
lected the optimal dose of MK801 as 0.5 mg/kg to induce a sig-
nificant hyperlocomotor activity. Mice were administered
LY379268 (or vehicle), followed by MK801 (or vehicle). Two-
way ANOVA indicated a statistical significance for the effects of
LY379268 treatment (F(3,80) � 15.79; p � 0.001) and maternal
stress (F(1,80) � 10.74; p � 0.01). Significance was not found for
the interaction between treatment and maternal stress (F(3,80) �
1.06; p � 0.05). The post hoc analysis showed that the hyperloco-
motor activity induced by MK801 (0.5 mg/kg) was not affected by
maternal stress (p � 0.05). Interestingly, post hoc analysis also
showed that the effect of LY379268 on the MK801-induced hy-
perlocomotor activity was reduced in adult mice born to stressed
mothers compared with controls (Fig. 3B–D) (LY379268 at 3.0
mg/kg, p � 0.05; LY379268 at 5.0 mg/kg, p � 0.05; LY379268 at
8.0 mg/kg, p � 0.05).

Because there have been studies suggesting that maternal per-
turbations do not stop at birth with the cessation of the stress
paradigm (Darnaudéry et al., 2004; Vanbesien-Mailliot et al.,
2007), we performed cross-fostering experiments to determine
the effects of maternal behavior after delivery in the adult off-
spring. Compared with prenatally unstressed mice that were
raised by stressed surrogate mothers, the head-twitch response to
the hallucinogenic 5-HT2A receptor agonist DOI (0.5 mg/kg) was
significantly increased in prenatally stressed mice that were raised
by unstressed surrogate mothers (Fig. 4A). Thus, two-way
ANOVA indicated a statistical significance for the effects of the
treatment (F(1,40) � 1355.18; p � 0.001) and maternal stress
(F(3,40) � 13.44; p � 0.001). Significance was also found for the
interaction between treatment and maternal stress (F(3,40) �
13.44; p � 0.001). Notably, post hoc analysis showed that the
head-twitch response induced by the hallucinogenic 5-HT2A re-
ceptor agonist DOI was significantly increased in prenatally
stressed mice that were raised by unstressed surrogate mothers

Figure 2. Exploratory activity in the open-field test. Horizontal activity (A, B) and vertical activity (C, D) in adult mice born to
stressed mothers and controls. Both time course (A, C) and total counts (B, D) of the effects of maternal stress are shown (n �
32– 42). n.s., Not significant, Student’s t test. All data are presented as mean � SEM.
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(p � 0.001) compared with prenatally unstressed mice that were
raised by unstressed surrogate mothers. Head-twitch response
was also increased in prenatally stressed mice that were raised by
stressed surrogate mothers (p � 0.001). This increase in head-
twitch response was not observed in prenatally unstressed mice
that were raised by stressed surrogate mothers (p � 0.05).

We next studied the effect of LY379268 on the MK801 hyper-
locomotor activity after cross-fostering of litters. The locomotor
response to MK801 was not affected in either mice prenatally
exposed to maternal stress and adopted by control mothers or
mice prenatally unstressed and adopted by stressed mothers (Fig.
4B) compared with mice prenatally unstressed and adopted by

unstressed mothers (Fig. 4B). Similar MK801-induced hyperlo-
comotor behavior was also observed in mice prenatally stressed
and adopted by stressed mothers (Fig. 4B). Two-way ANOVA
indicated a statistical significance for the effects of LY379268 (5
mg/kg) treatment (F(1,78) � 39.94; p � 0.001) and maternal stress
(F(3,78) � 3.42; p � 0.05). Significance was also found for the
interaction between treatment and maternal stress (F(3,78) � 4.34;
p � 0.01). Post hoc analysis showed that LY379268 reduced the
locomotor response induced by MK801 in mice born to control
mothers and raised by control surrogate mothers (p � 0.05) and
in mice born to control mothers and raised by stressed surrogate
mothers (p � 0.001). This effect of LY379268 was absent in mice
born to stressed mothers and raised by control surrogate mothers
(p � 0.05) and in mice born to stressed mothers and raised by
stressed surrogate mothers (p � 0.05).

In humans, the onset of schizophrenia typically occurs during
late adolescence of early adulthood. We examined the effect of

Figure 3. A, Head-twitch behavioral response is increased in adult mice born to stressed
mothers during pregnancy. Mice were injected with DOI (0.5, 1.0, or 2.0 mg/kg), or vehicle (n �
6 –10). ***p � 0.001, Bonferroni’s post hoc test of two-way ANOVA. B–D, Decreased effect of
LY379268 on the MK801-stimulated locomotor activity in the offspring of stressed mothers
during pregnancy (C, D, white) compared with controls (B, D, black). The panels depict the time
course of MK801-induced locomotion in 5 min blocks (B, C). Mice were administered LY379268
(5 mg/kg) or vehicle, followed by MK801 or vehicle. Time of injections is indicated by arrows. D,
Data summary of the total MK801-induced locomotor response as a summation of horizontal
activity from t � 20 to t � 120. Mice were administered LY379268 (3.0, 5.0, or 8.0 mg/kg) or
vehicle, followed by MK801 or vehicle (n � 9 –18 per group). *p � 0.05, Bonferroni’s post hoc
test of two-way ANOVA. All data are presented as mean � SEM.

Figure 4. A, Head-twitch behavioral response in mice prenatally unstressed and raised by
control mothers, in mice prenatally exposed to maternal stress and raised by control mothers, in
mice prenatally unstressed and raised by stressed mothers, and in mice prenatally exposed to
maternal stress raised and by stressed mothers. Mice were injected with DOI (0.5 mg/kg) or
vehicle (n � 6 – 8 per group). ***p � 0.001, Bonferroni’s post hoc test of two-way ANOVA. B,
The MK801-stimulated locomotor activity is attenuated by LY379268 (5 mg/kg) in mice prena-
tally unstressed and raised by stressed mothers, but it is not affected in mice prenatally stressed
and raised by control mothers. Summary of the total MK801-induced locomotor response as a
summation of horizontal activity from t � 20 to t � 120. Mice were administered LY379268 or
vehicle, followed by MK801 or vehicle (n � 8 –16 per group). *p � 0.05, ***p � 0.001,
Bonferroni’s post hoc test of two-way ANOVA; n.s., not significant. All data are presented as
mean � SEM.
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maternal variable stress during pregnancy in preadolescent off-
spring (21–28 d old). Neither [ 3H]ketanserin binding (Fig. 5A)
nor [ 3H]LY341495 binding (Fig. 5B) was significantly affected in
frontal cortex of young mice born to stressed mothers during
pregnancy. The head-twitch behavior induced by DOI (0.5 mg/
kg) was not significantly altered by maternal variable stress dur-
ing pregnancy in prepubertal animals (Fig. 5C). Thus, two-way
ANOVA indicated a statistical significance for the effect of the
treatment (F(1,24) � 1682.62; p � 0.001) but not for the effect of
maternal stress (F(1,24) � 0.00; p � 0.05). Post hoc analysis showed
that DOI induced head-twitch response in prepubertal mice born
to stressed mothers (p � 0.001) and controls (p � 0.001). Post
hoc analysis also showed that the head-twitch response induced
by DOI was not affected in prepubertal mice born to stressed
mothers compared with prepubertal mice born to control moth-
ers (p � 0.05).

The locomotor response to MK801 was not affected in prepu-
bertal mice born to stress mothers compared with prepubertal
mice born to control mothers (Fig. 5D). Two-way ANOVA indi-
cated that there was a significant effect of LY379268 (5 mg/kg) on
the locomotor response induced by MK801 (F(1,22) � 72.93; p �
0.001) but not a significant effect of maternal stress (F(1,22) �
0.22; p � 0.05). Post hoc analysis showed that LY379268 reduced
the locomotor response induced by MK801 in preadolescent

mice born to stressed (p � 0.001) mothers
and controls (p � 0.001).

Our results thus far indicate that ma-
ternal variable stress during pregnancy in-
duces upregulation of the 5-HT2A

receptor and downregulation of the
mGlu2 receptor in frontal cortex of the
adult offspring. These biochemical find-
ing are consistent with the schizophrenia-
like behavioral alterations observed in
adult mice born to stressed mothers. In
addition, it is known that severe life expe-
riences modulate immune and inflamma-
tory cell function (Vanbesien-Mailliot et
al., 2007; García-Bueno et al., 2008). We
reported previously that maternal influ-
enza viral infection causes upregulation of
the 5-HT2A receptor and downregulation
of the mGlu2 receptor in frontal cortex of
the adult offspring (Moreno et al., 2011).
Together, these findings led us to hypoth-
esize that activation of the maternal im-
mune system during pregnancy might be
the mechanism underlying this dysregula-
tion in expression and behavioral func-
tion 5-HT2A and mGlu2 receptors in the
adult offspring.

Injection of poly(I:C) into pregnant
rodents, like other immune activating
treatments, induces strong innate im-
mune responses and produces
schizophrenia-like abnormalities in the
adult offspring (Cai et al., 2000; Meyer et
al., 2006, 2008; Smith et al., 2007). We
tested whether the poly(I:C) model of ma-
ternal immune activation alters expres-
sion and behavioral function of 5-HT2A

and mGlu2 receptors in the adult off-
spring. As shown above in our mouse

model of maternal variable stress, no decrease in litter size or the
appearance or capacity of the mice to thrive was noted in mice
born to poly(I:C)-injected mothers relative to controls. Poly(I:
C)-injected mothers gave birth to 10.01 � 1.15, whereas control
mice gave birth to 9.67 � 0.88. Radioligand binding assays
showed increased [ 3H]ketanserin binding (Fig. 6A) and de-
creased [ 3H]LY341495 binding (Fig. 6B) in frontal cortex of mice
born to poly(I:C)-injected mothers compared with mice born to
controls. Head-twitch response induced by the hallucinogenic
5-HT2A receptor agonist DOI was significantly increased in adult
mice born to poly(I:C)-injected mothers compared with mice
born controls (Fig. 6C). Thus, two-way ANOVA indicated a
statistical significance for the effect of the treatment (F(1,28) �
169.76; p � 0.001) and poly(I:C) (F(1,28) � 14.65; p � 0.001).
Significance was also found for the interaction between DOI
treatment and poly(I:C) (F(1,28) � 14.31; p � 0.001). Post hoc
analysis showed that DOI induced head-twitch response in pre-
pubertal mice born to poly(I:C)-injected mothers (p � 0.001)
and controls (p � 0.001). Post hoc analysis also showed that the
head-twitch response induced by DOI was increased in adult
mice born to poly(I:C)-injected mothers (p � 0.001).

Maternal immune activation during pregnancy did not affect
the MK801-dependent locomotor response in the offspring (Fig.
6D). Two-way ANOVA also indicated that there was a significant

Figure 5. A, Density of 5-HT2A receptor shown as [ 3H]ketanserin binding in frontal cortex of prepubertal (21–28 d old) mice
(n � 9). B, Density of mGlu2/3 receptor density shown as [ 3H]LY341495 binding in frontal cortex of prepubertal mice (n �
16 –18). Data are shown as percentage of specific binding in frontal cortex of prepubertal mice born to stressed mothers relative to
controls. C, Head-twitch behavioral response in prepubertal mice born to stressed mothers during pregnancy. Mice were injected
with DOI (0.5 mg/kg) or vehicle (n � 6 – 8). ***p � 0.001, Bonferroni’s post hoc test of two-way ANOVA; n.s., not significant. D,
The MK801-stimulated locomotor activity is attenuated by LY379268 (5 mg/kg) in control mice (black) and in prepubertal mice
born to stressed mothers during pregnancy (white). Summary of the total MK801-induced locomotor response as a summation of
horizontal activity from t � 20 to t � 120. Mice were administered LY379268 or vehicle, followed by MK801 or vehicle (n � 6 – 8
per group). ***p � 0.001, Bonferroni’s post hoc test of two-way ANOVA. All data are presented as mean � SEM.
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effect on the locomotor response induced
by MK801 (F(1,25) � 16.31; p � 0.001).
Post hoc analysis showed that LY379268
reduced the locomotor response induced
by MK801 in both mice born to control
mothers (p � 0.01) and mice born to
poly(I:C)-injected mothers (p � 0.05).
Notably, post hoc analysis also showed
that the effect of LY379268 on the
MK801-dependent locomotor response
was significantly reduced in adult mice
born to poly(I:C)-injected mothers com-
pared with adult mice born to mock-
injected mothers (p � 0.05).

Spontaneous locomotor activity in the
open field was not affected by maternal
immune activation. Two-way repeated-
measures ANOVA indicated absence of
effect of maternal variable stress on hori-
zontal (F(1,21) � 0.12; p � 0.05) or vertical
(F(1,21) � 0.06; p � 0.05) activity in the
adult offspring (Fig. 7A,C). Analysis of
the total horizontal and vertical activity
for the entire 60 min also indicated that
neither horizontal distance nor rearing
was significantly affected by maternal
stress (Fig. 7B,D).

Schizophrenia patients demonstrate
impairments on a variety of working
memory tests (Elvevåg and Goldberg,
2000). In rodents, working memory can
be reliably assessed in a T-maze using a
discrete-trial delayed alternation task
(Deacon and Rawlins, 2006). In a first se-
ries of experiments, control mice and
mice born to mothers injected with
poly(I:C) during pregnancy were trained
and tested in parallel as described in
Materials and Methods. Mice born to
mothers injected with poly(I:C) during pregnancy and controls
exhibited similar learning curves with near-chance level perfor-
mance (40 –50% of correct arm entries) between days 1 and 4 of
training (performed with 10 s intertrial delays; data not shown),
followed by a gradual improvement that reached a plateau of
�70% correct arm entries between days 11 and 14 of the training
(10 s delay; data not shown). Retention times in the holding box
were then increased to 10 and 40 s delays. As can be seen in Figure
8A, the performance of mice born to control mothers remained
stable at 10 and 40 s. However, the performance of mice born to
mothers injected with poly(I:C) was unchanged at 10 s but dete-
riorated significantly as the delay interval increased to 40 s (Fig.
8A). In a second series of experiments, we found that MK801
impaired choice accuracy in the T-maze delayed alternation task
at 10 s delay, an effect that was reversed by LY379268 in mice born
to control mothers (Fig. 8B). In contrast, the effect of LY379268
on MK801-induced impairment in the T-maze at 10 s delay was
reduced in mice born to mothers injected with poly(I:C) during
pregnancy (Fig. 8B).

Discussion
Our results provide evidence that unpredictable stress during
pregnancy alters the expression of 5-HT2A and mGlu2 receptors
in mouse frontal cortex, leading to schizophrenia-like behavior in

the adult offspring. Maternal infection and maternal stress are
among the most prominent environmental risk factors for
schizophrenia and other psychiatric disorders. Based on our pre-
vious findings with mouse models of maternal influenza viral
infection (Moreno et al., 2011), we tested the hypothesis that
maternal stress would induce long-lasting alterations in expres-
sion and behavioral function of 5-HT2A and mGlu2 receptors in
the adult offspring. Results revealed three key findings. First, ma-
ternal stress during pregnancy causes upregulation of the 5-HT2A

receptor and downregulation of the mGlu2 receptor in brain
frontal cortex of the adult offspring. These alterations are consis-
tent with those observed previously in brain frontal cortex of
adult mice born to influenza-virus-infected mothers (Moreno et
al., 2011). Second, the biochemical alterations correlate with be-
havioral deficiencies, showing increased head-twitch response
induced by the hallucinogenic 5-HT2A receptor agonist DOI and
decreased antipsychotic-like effects of the mGlu2/3 agonist
LY379268 on the MK801-dependent locomotor response in mice
born to stressed mothers. The schizophrenia-like alterations were
not observed in preadolescent mice and were not significantly
affected by changes in maternal behavior after the mice were
born. Third, abnormalities in expression and behavioral function
of 5-HT2A and mGlu2 receptors were also found in the adult
offspring of dams exposed during pregnancy to poly(I:C). To-

Figure 6. A,Densityof5-HT2A receptorshownas[ 3H]ketanserinbindinginfrontalcortexofadultmiceborntomothers injectedwithpoly(I:C)
during pregnancy (n � 14 –15). B, Density of mGlu2/3 receptor density shown as [ 3H]LY341495 binding in frontal cortex of adult mice born to
mothersinjectedwithpoly(I:C)duringpregnancy(n�9 –10).Dataareshownaspercentageofspecificbindinginfrontalcortexofadultmiceborn
to mothers injected with poly(I:C) during pregnancy relative to controls. C, Head-twitch behavioral response in adult mice born to mothers injected
with poly(I:C) during pregnancy. Mice were injected with DOI (0.5 mg/kg) or vehicle (n�8). ***p�0.001, Bonferroni’s post hoc test of two-way
ANOVA.D,TheMK801-stimulatedlocomotoractivityisattenuatedbyLY379268(5mg/kg)incontrolmice(black)andinadultmiceborntomothers
injectedwithpoly(I:C)duringpregnancy(white).TheeffectofLY379268ontheMK801-stimulatedlocomotoractivityisdecreasedinadultmiceborn
tomothers injectedwithpoly(I:C)duringpregnancyrelativetocontrols.SummaryofthetotalMK801-inducedlocomotorresponseasasummation
ofhorizontalactivityfromt�20tot�120.MicewereadministeredLY379268orvehicle,followedbyMK801(n�6pergroup).*p�0.05,**p�
0.01,Bonferroni’spost hoctestoftwo-wayANOVA;n.s.,notsignificant.Alldataarepresentedasmean�SEM.
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gether, these findings suggest that the maternal immune system
plays a pivotal role in the schizophrenia-like alterations of
5-HT2A and mGlu2 receptors induced by adverse life events dur-
ing pregnancy in the adult offspring.

As demonstrated here (Fig. 5) and reported previously (Asp et
al., 2005; Meyer et al., 2009b; Moreno et al., 2011), the
schizophrenia-like alterations induced by either maternal vari-
able stress or maternal viral infection during pregnancy were not
observed in prepubertal mice. Given that, in humans, the onset of
schizophrenia typically occurs during late adolescence or early
adulthood, these findings support the validity of using murine
models of maternal adverse life events. The symptoms of schizo-
phrenia include “positive” symptoms (e.g., hallucinations and
delusions), negative symptoms (e.g., social withdrawal, apathy,
and abnormal emotional responses), and cognitive deficits. Psy-
chedelic drugs produce psychotic symptoms and cognitive defi-
cits similar to those observed in schizophrenic patients
(Vollenweider et al., 1998; Geyer and Vollenweider, 2008;
González-Maeso and Sealfon, 2009). Our investigation was fo-
cused on whether maternal variable stress alters the behavioral
responses induced by psychedelic drugs, such as DOI and
MK801. It is of interest to note that, in schizophrenia patients,
cognitive symptoms are usually present, to a lesser degree, before
the onset of psychotic symptoms. We show that maternal im-
mune activation during pregnancy leads to cognitive impair-
ments on the T-maze task. Additional work will be directed to
assess the neurodevelopmental mechanisms through which ma-
ternal immune activation during pregnancy alters cognitive
function in the offspring.

The spontaneous activity in the open field represents a behav-
ioral paradigm that mimics the natural conflict in mice between
their tendency to explore a novel environment and aversion to
heights and open spaces. Recent studies suggest that schizophre-
nia patients exhibit greater exploratory behavior in an open-field
paradigm (Perry et al., 2009). However, locomotor response to

novelty has been shown to be higher (Ma-
trisciano et al., 2012), lower (Franklin et
al., 2010), and unchanged (Koenig et al.,
2005; Van den Hove et al., 2006) in rodent
models of prenatal stress. We report here
that total distance traveled and rearing
(model of behavioral exploration) were
unaffected in adult offspring after prena-
tal stress (Fig. 2) or maternal injection
with poly(I:C) (Fig. 7). However, this con-
trasts with our previous studies showing
that mice born to influenza-virus-infected
mothers during pregnancy display strong
deficits in horizontal and vertical explor-
atory activity (Moreno et al., 2011). Dif-
ferences in the severity of the adverse life
event paradigm may account for these dis-
crepant data.

In general, clinical studies provide ev-
idence of differences between the genders
in schizophrenia (Nopoulos et al., 1997).
Males have an earlier age at onset (Lewine
et al., 1991), more severe negative symp-
toms (Castle and Murray, 1991), higher
incidence of maternal obstetric complica-
tions as a risk factor (Pearlson et al., 1985),
and poorer response to antipsychotic
treatment (Seeman, 1986). Women have a

second peak of incidence during their late 40s to mid-50s (Kenna
et al., 2010). Most of the studies in rodents, including ours, com-
pare the risk of schizophrenia-like alterations among the male
offspring of mothers that were exposed to adverse life events
during pregnancy. However, recent findings suggest that early
stress impacts differently on males and females (Koenig et al.,
2005; Van den Hove et al., 2006; Franklin et al., 2010). Additional
work will be directed to assess the contribution of the gender to
the effects of maternal stress during pregnancy on the expression
of 5-HT2A and mGlu2 receptors in the adult offspring.

Maternal perturbations do not stop at birth with the cessation
of the paradigm of stress but can continue throughout lactation,
altering the relationship between pups and dams (de Kloet and
Oitzl, 2003; Darnaudéry et al., 2004; Smith et al., 2004). Maternal
behavior and adverse early life events can also induce long-lasting
epigenetic alterations (McGowan et al., 2009; Gatt et al., 2010).
Although a complete analysis of maternal behavior has not been
conducted, our findings suggest that the schizophrenia-like be-
havioral alterations were increased in prenatally stressed mice
that were raised by unstressed surrogate mothers. These findings
suggest that the neuropsychological changes observed in the
adult offspring are a consequence of prenatal environmental in-
sults and not of maternal behavior after pregnancy.

The role of the maternal immune activation during pregnancy
is supported by our findings that single injection with poly(I:C)
induces a pattern of alteration in expression and behavioral func-
tion of the 5-HT2A and the mGlu2 receptors in the adult offspring
similar to that observed in mouse models of maternal influenza
viral infection (Moreno et al., 2011) and maternal variable stress.
The molecular mechanisms by which components of the mater-
nal immune system affected by adverse life events are involved in
the schizophrenia-like alterations observed in the adult offspring
remain to be investigated but may include, for instance, cytokines
and chemokines, such as IL-8 (Brown et al., 2004a), IL-6 (Smith
et al., 2007), IL-10 (Meyer et al., 2008), as recent evidence sug-
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Figure 7. Horizontal activity (A, B) and vertical activity (C, D) in adult mice born to mothers injected with poly(I:C) during
pregnancy. Both time course (A, C) and total counts (B, D) of the effects of maternal stress are shown (n � 11–12). n.s., Not
significant; Student’s t test. All data are presented as mean � SEM.
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gests. Similarly, whether effects of prenatal insults on the adult
offspring HPA axis are involved in these schizophrenia-like alter-
ations requires additional investigation (Welberg and Seckl,
2001; Koenig et al., 2002; Keller et al., 2006).

In conclusion, we demonstrate that deleterious environ-
mental factors occurring during pregnancy have profound ef-
fects on frontal cortex 5-HT2A and the mGlu2 receptors in the
adult offspring and that these alterations are associated with
schizophrenia-like behavioral changes. Our results reinforce pre-
vious observations in mouse models of maternal influenza viral
infection and postmortem human brain of schizophrenic sub-
jects (González-Maeso et al., 2008; Moreno et al., 2011). The
impact of early stress is also transmitted across generations
(Franklin et al., 2010), and administration of atypical antipsy-
chotics, such as clozapine, prevents the neuropathological alter-
ations induced by maternal immune activation during pregnancy
(Piontkewitz et al., 2009, 2011). Our findings further support the

hypothesis that activation of the maternal immune system is in-
volved, at least in part, in the pathology of schizophrenia and
provide a rodent model that may help in discovering therapeutic
targets to prevent the onset of this psychiatric disorder.
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Darnaudéry M, Dutriez I, Viltart O, Morley-Fletcher S, Maccari S (2004)
Stress during gestation induces lasting effects on emotional reactivity of
the dam rat. Behav Brain Res 153:211–216. CrossRef Medline

Deacon RM, Rawlins JN (2006) T-maze alternation in the rodent. Nat Pro-
toc 1:7–12. CrossRef Medline

de Kloet ER, Oitzl MS (2003) Who cares for a stressed brain? The mother,
the kid or both? Neurobiol Aging 24 [Suppl 1]:S61–S65; discussion S67–
S68. CrossRef Medline

Egan MF, Straub RE, Goldberg TE, Yakub I, Callicott JH, Hariri AR, Mattay
VS, Bertolino A, Hyde TM, Shannon-Weickert C, Akil M, Crook J,
Vakkalanka RK, Balkissoon R, Gibbs RA, Kleinman JE, Weinberger DR
(2004) Variation in GRM3 affects cognition, prefrontal glutamate, and
risk for schizophrenia. Proc Natl Acad Sci U S A 101:12604 –12609.
CrossRef Medline

Elvevåg B, Goldberg TE (2000) Cognitive impairment in schizophrenia is
the core of the disorder. Crit Rev Neurobiol 14:1–21. Medline

Franklin TB, Russig H, Weiss IC, Gräff J, Linder N, Michalon A, Vizi S,
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