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The observation that maternal infection increases the risk for schizophrenia in the offspring suggests that
the maternal immune system plays a key role in the etiology of schizophrenia. In a mouse model, mater-
nal immune activation (MIA) by injection of poly(I:C) yields adult offspring that display abnormalities in
a variety of behaviors relevant to schizophrenia. As abnormalities in the hippocampus are a consistent
observation in schizophrenia patients, we examined synaptic properties in hippocampal slices prepared
from the offspring of poly(I:C)- and saline-treated mothers. Compared to controls, CA1 pyramidal neu-
rons from adult offspring of MIA mothers display reduced frequency and increased amplitude of minia-
ture excitatory postsynaptic currents. In addition, the specific component of the temporoammonic
pathway that mediates object-related information displays increased sensitivity to dopamine. To assess
hippocampal network function in vivo, we used expression of the immediate-early gene, c-Fos, as a sur-
rogate measure of neuronal activity. Compared to controls, the offspring of poly(I:C)-treated mothers dis-
play a distinct c-Fos expression pattern in area CA1 following novel object, but not novel location,
exposure. Thus, the offspring of MIA mothers may have an abnormality in modality-specific information
processing. Indeed, the MIA offspring display enhanced discrimination in a novel object recognition, but
not in an object location, task. Thus, analysis of object and spatial information processing at both synaptic
and behavioral levels reveals a largely selective abnormality in object information processing in this
mouse model. Our results suggest that altered processing of object-related information may be part of
the pathogenesis of schizophrenia-like cognitive behaviors.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Schizophrenia is a major psychiatric disorder with a strong
genetic contribution (Burmeister et al., 2008; Bertolino and Blasi,
2009). Nonetheless, epidemiologic evidence indicates that genetic
factors alone cannot explain the pathogenesis. For example, the
concordance for schizophrenia in monozygotic twins is approxi-
mately 48% (Gottesman, 1991). Furthermore, while the concor-
dance between monozygotic twins who share a placenta is 60%,
the concordance rate between such twins who do not share a pla-
centa is only 10% (Davis et al., 1995; Patterson, 2007). These stud-
ies suggest the importance of the fetal environment. Supporting
this idea, Mednick et al. (1988) reported that fetuses gestating dur-
ing a viral epidemic are at elevated risk for developing schizophre-
nia. Subsequent prospective studies have shown that maternal
ll rights reserved.
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infections of various types increase the risk for schizophrenia in
the offspring 3- to 7-fold (reviewed by Patterson, 2009; Brown
and Derkits, 2010).

Based on this evidence, several animal models of MIA have been
established (reviewed by Meyer et al., 2009; Patterson, 2009).
Among these, administration of the synthetic dsRNA, poly(I:C)
can effectively induce MIA, resulting in offspring that display a
variety of behaviors and neuropathologies that are consistent with
those seen in schizophrenia patients (Meyer and Feldon, 2009;
Patterson, 2009). Thus, this animal model is useful for investigating
the pathophysiology of schizophrenia.

Clinical studies reveal an important role for dopamine (DA)-
mediated signaling in the pathophysiology of schizophrenia. For
example, drugs that increase DA release induce several aspects of
schizophrenic psychosis in normal adults, and exacerbate psy-
chotic symptoms in patients with schizophrenia (Angrist and Van-
kammen, 1984; Lieberman et al., 1987). Moreover, all drugs
currently in widespread use for the treatment of schizophrenia
block DA D2 receptors (Creese et al., 1976). Other studies suggest
that there is a deficit in DA D1 receptor-mediated transmission
in prefrontal areas of schizophrenic patients (Davis et al., 1991;
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Toda and Abi-Dargham, 2007). Indeed, imaging studies of patients
reveal an increased D2 receptor density in the striatum (Weinber-
ger and Laruelle, 2001) and a decreased D1 receptor density in the
prefrontal cortex (Okubo et al., 1997).

Deficits in other cortical regions may also play a key role in
the pathophysiology of schizophrenia. Among them, hippocam-
pal abnormalities are commonly found (Heckers and Konradi,
2002). Lipska et al. (1993) suggested that the important variable
is the developmental period during which the hippocampal dam-
age takes place, because lesion of the adult rat hippocampus fails
to produce schizophrenia-like behaviors, while hippocampal
disruption in neonatal stages causes these behavioral alterations
to emerge in adulthood. Most importantly in the present context,
DA D1- and D2-like receptors are highly expressed in the hippo-
campus (Wamsley et al., 1989; Meador-Woodruff et al., 1994;
Khan et al., 1998) and a reciprocal functional interaction be-
tween the DA system and the hippocampus has been suggested
(Lisman and Grace, 2005). Together, these studies indicate that
hippocampal dysfunction participates in the pathogenesis of
schizophrenia.

Considering these findings, we used the poly(I:C) MIA mouse
model to investigate the pathogenesis of schizophrenia-like behav-
iors. We focus on the hippocampal network and the influence of
DA, conducting experiments at the synaptic as well as the behav-
ioral level. The data suggest a link between synaptic dysfunction,
DA and altered behavior.
2. Materials and methods

2.1. Animals

Pregnant C57BL/6J mice were injected either i.v. with 5 mg/kg
or i.p. with 20 mg/kg poly(I:C) potassium salt freshly dissolved in
0.9% sterile saline on E12.5. Both doses and routes of administra-
tion have been used to induce MIA and behaviors relevant to
schizophrenia in adult offspring (Meyer et al., 2006; Smith et al.,
2007). Control females were injected with the same volume of sal-
ine. The offspring were undisturbed until weaning on P21. Off-
spring were behaviorally tested from 6 to 11 weeks for pre-pulse
inhibition (PPI), latent inhibition and open field exploration, to
confirm behavioral deficits observed in previous studies (Shi
et al., 2003; Smith et al., 2007; data not shown), and for Morris
water maze, object location and novel object recognition. Five lit-
ters each from saline- and poly(I:C)-treated mothers were gener-
ated (3 by i.p. injection and 2 by i.v. injection), and four litters
each were used for analysis in the present study. One pair of litters
generated by i.p injection was not included because control and
MIA offspring did not show significant differences in PPI and latent
inhibition. The litters generated by i.p. injection (24 offspring pairs
in total) were used for the analysis in Figs. 1A and B, 2D and E and
for all of the behavioral analysis in Fig. 5. The rest of experiments,
including those in supplemental figures, were conducted using the
litters generated by i.v. injection (28 offspring pairs in total). No
striking differences in PPI, latent inhibition or open field behavior
was observed between the offspring of i.p. and i.v. injected moth-
ers. To avoid influences of prior behavioral testing, animals used
for electrophysiology, immunohistochemisty and c-Fos expression
analysis were sacrificed at least 3 days after the last behavioral
test.
2.2. Hippocampal slice preparation

For each experiment, hippocampal slices were made from
paired adult offspring (same sex and age, between 7- to 15-
week-old, randomly selected from each litter for each set of exper-
iments without regard to the results of behavioral tests) from sal-
ine- and poly(I:C)-treated mothers. In brief, a vibrating microtome
(Leica VT1000S) was used to cut transverse hippocampal sections
from the intermediate part of a dorsoventral axis of the hippocam-
pus (400 lm thickness) in ice-cold, oxygenated artificial cerebro-
spinal fluid (ACSF) containing (in mM) 119 NaCl, 2.5 KCl, 1.3
MgSO4, 2.5 CaCl, 1.0 NaH2PO4, 26.2 NaHCO3, 11.0 glucose. Slices
were recovered at room temperature for at least 2 h in an interface
chamber, and then transferred to a submerged recording chamber
perfused with ACSF. Concentric bipolar tungsten electrodes (FHC)
and stimulus isolators (Axon Instruments) were used for the
stimulation.

2.3. Electrophysiology

Extracellular field potential recordings were made with 1–3 MX
resistance microelectrodes filled with 3 M NaCl using a bridge
amplifier (Axoclamp 2B, Molecular Devices). The recordings were
made at 25 �C. Whole-cell voltage-clamp recordings from CA1
pyramidal neurons were obtained without visualization with an
Axopatch 200B (Molecular Devices). The internal solution of
whole-cell patch pipettes contained (in mM) 115 cesium gluco-
nate, 20 cesium chloride, 10 sodium phosphocreatine, 10 HEPES,
0.2 EGTA, 2 MgATP, 0.3 NaGTP (pH 7.3). The membrane capaci-
tance was canceled and series resistance was compensated (60–
70%) for paired-pulse facilitation experiments, but uncompensated
for miniature recordings. Recordings were discarded when the ser-
ies resistance was over 20 MX or either series or membrane resis-
tance changed more than 20% (30% for mIPSC recordings) during
data acquisition. The amplitude of test pulses was 20–40 lA for
recordings from SC-CA1 synapses and 50–150 lA for recordings
from TA-CA1 synapses, and the duration of pulse was 100 ls. The
test pulses were applied once every 30 s. Dopamine was obtained
from Sigma. All other drugs were obtained from Tocris. For mEPSC
recordings, whole-cell patch clamp recordings were obtained from
CA1 pyramidal neurons in extracellular solution containing TTX
(1 lM) and bicuculline (10 lM) at 25 �C. For mIPSC recordings,
the internal solution of patch pipettes was a cesium chloride-based
solution (in mM): 115 cesium chloride, 20 KCl, 10 sodium phos-
phocreatine, 10 HEPES, 0.2 EGTA, 2 MgATP, 0.3 NaGTP (pH 7.3).
The recordings were made at 28 �C, using TTX (1 lM), NBQX
(20 lM) and APV (50 lM) to block excitatory synaptic transmis-
sion, and the extracellular potassium concentration was increased
from 2.5 mM to 5 mM to enhance the frequency of miniature syn-
aptic events. Membrane voltage was clamped at �70 mV. For the
analysis of paired-pulse facilitation, whole-cell patch clamp
recordings were obtained from CA1 pyramidal neurons. The mem-
brane potential was clamped at �60 mV, and recordings were
made at 25 �C under bicuculline (10 lM) and CGP55845 (1 lM)
to block inhibitory synaptic transmission. The interstimulus inter-
val was 50 ms. The LTP induction protocol was a single train of 100
pulse stimuli at 100 Hz. All stimulus pulses were of the same
length and amplitude as test pulses. The baseline fEPSP slope
prior to LTP induction was adjusted within the range of 0.2–
0.3 mV/ms.

2.4. Behavioral manipulations for c-Fos expression analysis

All the behavioral manipulations were carried out at night (12–
4 Am) to maximize active exploration of the environment. The ob-
jects used for novel object exposure were two small children’s toys,
made of either plastic or wood. The new cage for novel place expo-
sure was in the same color and dimensions as the original cage, but
had new woodchip bedding of a different scent and texture than
the prior bedding, and the new cage did not have a food box on
the ceiling. Such sensory cue changes in the environmental



Fig. 1. CA1 pyramidal neurons in MIA offspring display a reduced frequency and an increased amplitude of mEPSCs, but no significant difference in mIPSCs. (A) Typical
recordings and quantification of mEPSCs from CA1 pyramidal neurons are shown (saline: n = 11 neurons, poly(I:C): n = 12 neurons, 4 pairs of animals) (scale bar = 500 ms, 10
pA) (*p < 0.05 relative to control). (B) Averaged mEPSC waveforms from animals used for the analysis in A are shown on the left. The mEPSC waveform in MIA offspring shows
larger amplitude compared to that in control animals. To examine the kinetics of the waveforms, the amplitudes of mEPSC waveforms are normalized on the right. There is no
significant difference in kinetics of mEPSCs between the groups. (C) Whole-cell voltage-clamp recordings were performed in CA1 pyramidal neurons under inhibitory blockade
with the GABA receptor antagonists bicuculline (10 lM) and CGP55845 (1 lM). Membrane potential was clamped at �60 mV. Paired-pulse facilitation (PPF) was analyzed at
Schaffer-collateral-CA1 synapses. The top panel shows representative waveforms (interstimulus interval is 50 ms; scale bar = 50 ms), and the bottom panel shows the PPF ratio
(2nd/1st EPSC amplitude) of individual recordings (gray triangles), and the mean values (black diamonds) (n = 5 neurons for each group, 3 pairs of animals). (D) Extracellular
field recordings were performed at Schaffer-collateral-CA1 synapses under fast inhibitory transmission block with the GABAA receptor antagonist bicuculline. The left panel
shows the normalized fEPSP slope from control animals (black diamonds) and MIA offspring (gray triangles) and LTP was induced at 20 min by a single train of 100 stimuli at
100 Hz. The right panel shows representative waveforms before (black) and after (gray) LTP induction (scale bar = 0.2 mV, 5 ms). No significant difference is observed in LTP
magnitude between animal groups (n = 8 slices for each group, 3 pairs of animals). (E) Typical recordings and quantification of mIPSCs from CA1 pyramidal neurons are shown
(n = 12 neurons for each group, 3 pairs of animals). A cesium chloride-based solution was used as the internal solution of patch pipettes and recordings were made at 28 �C in
the presence of TTX (1 lM), NBQX (20 lM) and APV (50 lM) to block excitatory synaptic transmission. The extracellular potassium concentration was increased from 2.5 to
5 mM to enhance the frequency of miniature synaptic events. No significant difference is observed in mIPSC amplitude or frequency between the groups.
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context, without geometric changes in the cage configuration, are
sufficient for remapping of hippocampal place cell activities
(Anderson and Jeffery, 2003), implying that animals should recog-
nize the new cage as a different context. More radical changes in
the new cage configuration were not made in an effort not to intro-
duce fear or anxiety in the mice.
2.5. Behavioral tests

2.5.1. Water maze task
Water maze testing followed previously published procedures

(Zuckerman and Weiner, 2005). Briefly, mice were introduced to
the maze (water made opaque with non-toxic latex paint) in a



Fig. 2. The offspring of poly(I:C)-treated mothers display increased DA-induced depression at distal temporoammonic-CA1 synapses. (A) A schematic diagram is shown
depicting the two distinct axonal projections in the TA pathway from MEC and LEC. (B) Extracellular field recordings are obtained simultaneously from proximal and distal
TA-CA1 synapses. For each recording from proximal or distal TA-CA1 synapses, the left panels show the normalized fEPSP slopes from control (black diamonds) and MIA
offspring (gray triangles), and the right panels show representative traces of fEPSP waveforms before (black) and after (gray) DA application (scale bar = 0.05 mV, 5 ms). The
test pulse was applied every 30 s and DA (20 lM) was bath applied during the time indicated by the thick line (*p < 0.05 relative to control) (saline: n = 7 slices, poly(I:C): n = 6
slices, 4 pairs of animals). (C) In hippocampal slices prepared from control animals, DA induces a significantly larger depression at proximal compared to distal TA-CA1
synapses. While the slices prepared from MIA offspring show a normal DA-induced depression at proximal synapses, they exhibit a significantly larger depression at distal
TA-CA1 synapses, compared to controls (*p < 0.05). (D) Hippocampal slices prepared from MIA offspring show increased DA-induced depression at distal TA-CA1 synapses.
The DA concentration was increased every 10 min, from 1 to 20 lM (*p < 0.05 relative to control). (E) Analysis of the data in D is shown. The mean fEPSP slopes at 5–10 min
after the application of each designated concentration of DA were analyzed. Slices prepared from MIA offspring show a significantly larger depression at each DA
concentration examined (n = 12 slices for each group, 8 pairs of animals) (*p < 0.05 relative to control).
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random spot and allowed 60 s to find a platform submerged 1 cm
under the water. The walls of the room contained visual cues (four
0.5 m diameter pieces of different color paper cut into different
shapes). Mice were given four trials per session, two sessions per
day separated by approx 4 h. In between trials mice were allowed
to recover for approx 5 min in a cage lined with paper towels and
warmed with an electric heating pad. If the mice found the plat-
form within 60 s, the time to find the platform was recorded and
the mouse was removed after 10 s on the platform; if it did not find
the platform it was placed on the platform for 10 s and the time
was recoded as 60 s. On the afternoon of the 4th day, the platform
was removed and swim pattern was recorded for 60 s (probe trial).
On the day following the probe trial, the platform was placed in the
opposite quadrant of the pool, and three more sessions were
conducted with the platform in the novel location. Finally, the
water level was dropped and four visible platform trials were
conducted.

2.5.2. Novel object recognition and object location recognition tasks
Mice were first allowed to explore the environment (a 50 cm-

square white plastic box) for 10 min. They were then removed
for 5 min, during which time two different objects were placed in
opposite corners of the box, and the mice were allowed to explore
the objects for 5 min. The mice were again removed from the box
for 5 min, and for the novel object recognition test, one of the ob-
jects was replaced with a novel object (the target object), and the
mice were allowed to explore for another 5 min. On the following
day, the object location test was administered. The procedure was
identical to the previous one except that new objects were used,
and rather than replacing the target object during the second phase



Fig. 3. The offspring of poly(I:C)-treated mothers display abnormal c-Fos expression in area CA1 pyramidal neurons following novel object exposure. (A) A schematic diagram
of the behavioral procedure is shown. After mice were accommodated to their new home cages for a few days, two novel objects were placed in the cage. After a 2 h exposure
to allow c-Fos gene activation to be expressed as protein, the hippocampus was processed for immunohistochemistry. (B) Examples of c-Fos expression in the pyramidal layer
of area CA1 are shown. The pyramidal layer was divided into equal proximal and distal regions. The c-Fos signals that are larger than the mean + two times the standard
deviation, were quantified using ImageJ (see Section 2 for details) (scale bar = 100 lm). (C) The number of c-Fos signals was quantified in proximal and distal regions of the
CA1 pyramidal layer. A two-way ANOVA was performed with 2 variables: animal group (saline vs. poly(I:C)) and CA1 subregion (distal vs. proximal), and revealed a
significant interaction (*p < 0.05) (n = 6 pairs of animals, 2 sections analyzed and averaged from each).
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of the test, it was moved 90 degrees to a different corner of the box
(see Fig. 5D). To eliminate experimental bias due to innate prefer-
ence for an object, the five objects used (a plastic pickle, a ‘‘mini-
koosh” ball, a plastic top, a small metal knife, and a small candle)
were pseudo-randomized such that different mice saw different
combinations of objects at each stage of the test; however no in-
nate preferences for an object were observed.

2.6. Data analysis

2.6.1. Electrophysiology
Data were collected using a custom-written program (LabView

data acquisition system; National Instruments) for extracellular
recordings, or DigiData 1200 and pClamp 9 (Molecular Devices)
for whole-cell recordings. For the analysis of miniature synaptic
transmission, current traces were acquired for 3 min, and mEPSCs
or mIPSCs were detected using a template-matching algorithm of
Clampfit 9 (Molecular Devices). All numerical values listed repre-
sent mean ± SEM. Student’s t-test was performed to analyze the
significance of the data.

2.6.2. Immunohistochemistry
Slices (400 lm thickness) were prepared from randomly

selected pairs of animals using the same procedures as for
electrophysiology recordings. After cutting, slices were quickly
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)
for at least 2 days. Thin (50 lm) sections were cut with a vibrating
microtome (Leica VT1000S).



Fig. 4. The offspring of poly(I:C)-treated mothers display comparable c-Fos expression in area CA1 pyramidal neurons following novel place exposure. (A) A schematic
diagram of the behavioral procedure is shown. After mice were accommodated to the new home cage for a few days, they were moved to a novel cage. After a 2 h exposure,
immunohistochemistry on the hippocampus was carried out. (B) Examples of c-Fos expression in the pyramidal layer of area CA1 are shown. The pyramidal layer was divided
into equal proximal and distal regions. The c-Fos signals that are larger than the mean + two times the standard deviation, were quantified using ImageJ (see Section 2 for
details) (scale bar = 100 lm). (C) The number of c-Fos signals was quantified in proximal and distal regions of CA1 pyramidal layer (n = 5 pairs of animals, 2 sections analyzed
from each).
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The sections were incubated overnight with either of 1:250 con-
centration of anti-c-Fos (sc-52) (Santa Cruz), 1:1000 of anti-synap-
tophysin (Millipore), 1:1000 of anti-synapsin I (Millipore), 1:1000
of anti-Bassoon (Stressgen), 1:1000 of NeuN (Millipore), 1:1000
of GluR1 (Millipore), or 1:1000 of anti-MAP2 (Sigma) antibodies.
The incubation was carried out at room temperature in Tris-buf-
fered saline containing 0.2% Triton X-100, BSA 2%, NGS 4%, fol-
lowed by 4 h of secondary-antibody incubation with 1:1000 of
Alexa 488-conjugated anti-rabbit and 1:1000 of Alexa 543-conju-
gated anti-mouse antibodies (Invitrogen).

For the analysis of immunohistochemistry experiments, images
were obtained with Zeiss LSM 510 laser scanning confocal micro-
scopes using a Plan-Neofluor 10�/0.3 air objective. Alexa 488
and 546 were visualized by excitation with the 488 line of an argon
ion laser and the 543 nm line of a HeNe laser, respectively. The
optical section was 20 lm and fluorescent signals were acquired
throughout the section thickness. Each 50 lm section was ob-
tained from a different 400 lm slice and two sections were ana-
lyzed from each animal. Slices were obtained from the same
septo-temporal position in all experiments. To count the number
of c-Fos positive neurons, fluorescent signals of less than the
mean + two times the standard deviation were excluded. Then
automated particle analysis was carried out using ImageJ (NIH)
based on the following criteria: the particle size was larger than



Fig. 5. The offspring of poly(I:C)-treated mothers display behavioral inflexibility in platform relocation in the Morris water maze task, and abnormal preference in the novel
object recognition task. (A) In the Morris water maze, the latency to find the platform is similar in the MIA offspring compared to controls (saline: n = 16, poly(I:C): n = 17). (B)
Both control and MIA offspring show a significant learned preference for the target quadrant in the session 7 probe trial, which was not present before training (*p < 0.05 vs.
all other quadrants). (C) When the location of the platform was moved after training (indicated by arrow), the MIA offspring do not learn the new location as quickly as
controls (*p < 0.05). The experimental groups diverge significantly after the platform is moved, at the point indicated by the arrow. (D) A graphical representation of the object
location and novel object recognition tests illustrates how the location of the target object, or the type of target object itself, is changed in the 5 min interval between trial 1
and 2. Asterisks indicate the target objects. (E) In the novel location test, both control and MIA offspring show a significant preference for the target object in trial 2, compared
to trial 1 (p < 0.05), but there is no difference between control and MIA offspring. (F) In the novel object recognition test, both groups also display a significant preference for
the target object in trial 2 compared to trial 1 (p < 0.05). Moreover, compared to control animals, the MIA offspring show a significantly greater preference for the target object
in trial 2 (n = 16 animals per group) (*p < 0.05).
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39 lm2 and the circularity was larger than 0.5. Statistical differ-
ences between animals groups were assessed by ANOVA.

2.7. Behavioral analysis

2.7.1. Water maze task
All trials were recorded by a camera suspended over the pool,

and data was analyzed with Ethovision (Noldus). Swim speed,
mean distance swam and performance in the visible platform task
was not significantly different between groups (data not shown).
2.7.2. Novel object recognition and object location tasks
The trials were recorded by an overhead camera, and object

investigation was measured as the number of times a mouse
brought its nose within 2 cm of the object, by an observer blind
to the identification of each mouse. Data was expressed as percent
nose pokes to the target object [nose-pokes to target]/[nose-pokes
to target + nose-pokes to non-target object] � 100), where the
target object is represented by the novel object during the novel
object recognition task and by the re-located object during the
object location task.
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3. Results

3.1. CA1 pyramidal neurons in the offspring of poly(I:C)-treated
mothers display a reduced frequency and increased amplitude of
mEPSCs

A number of studies indicate that the brains of schizophrenia pa-
tients exhibit a reduction in the volume of the hippocampus (Nelson
et al., 1998; Heckers and Konradi, 2002). Although most studies on
schizophrenia patients report no significant change in neuronal
density in the hippocampus (Dwork, 1997; Harrison, 1999), many
post-mortem studies have reported an abnormal expression of syn-
aptic proteins, including synaptophysin (Eastwood and Harrison,
1995; Davidsson et al., 1999), synapsin I (Browning et al., 1993),
SNAP-25 (Young et al., 1998) and spinophilin (Law et al., 2004).

Therefore, we asked whether the MIA offspring display abnor-
malities in synaptic number or efficacy in CA1 pyramidal neurons.
We observe an increased amplitude, but decreased frequency in
miniature excitatory postsynaptic currents (mEPSCs) (amplitude:
saline 8.5 ± 0.3 pA, poly(I:C) 9.9 ± 0.5 pA; frequency: saline
0.95 ± 0.15 Hz, poly(I:C) 0.60 ± 0.05 Hz) (Fig. 1A). There is no signif-
icant difference in the kinetics of mEPSC waveforms (Fig. 1B) or
membrane properties (membrane capacitance: saline 220 ± 36 pF,
poly(I:C) 210 ± 33 pF, membrane resistance: saline 194 ± 62 MX,
poly(I:C) 149 ± 55 MX, in mean ± SD), suggesting that the observed
differences in mEPSC amplitude and frequency are primarily due to
altered synaptic properties. The decrease in mEPSC frequency sug-
gests either presynaptic dysfunction or a reduction in excitatory
synapse number per neuron. To assess presynaptic function, we
analyzed paired-pulse facilitation but do not find a significant differ-
ence between the groups (saline: 2.1 ± 0.2, poly(I:C): 2.0 ± 0.2; ratio
of 2nd to 1st EPSC amplitude) (Fig. 1C), suggesting that presynaptic
function in the experimental group is normal and that the reduced
mEPSC frequency is likely due to a reduction in excitatory synapse
number. The increase in mEPSC amplitude in the offspring of
poly(I:C)-treated mothers may be a compensatory response for
the reduction of mEPSC frequency (Turrigiano et al., 1998; Sutton
et al., 2006). We also tested synaptic plasticity at Schaffer-collat-
eral-CA1 synapses. When LTP was induced by a single train of 100
stimuli at 100 Hz, the magnitude of LTP in slices prepared from
the offspring of poly(I:C)-treated mothers is similar to controls (sal-
ine: 1.45 ± 0.05, poly(I:C): 1.36 ± 0.07; mean fEPSP slope at 55–
60 min after LTP induction relative to the baseline) (Fig. 1D). Taken
together, these results indicate that the adult offspring of poly(I:C)-
treated mothers display a reduced number of normally functioning
excitatory synapses on CA1 pyramidal neurons.

We next performed immunohistochemistry of the synaptic pro-
teins synaptophysin and GluR1 in area CA1. Dendritic distribution
of these proteins is similar between control and MIA offspring. In
contrast, we found that a cytoskeletal protein, MAP2, shows a dis-
tinct distribution along the dendritic axis of CA1 pyramidal neu-
rons in MIA offspring (Supplemental Fig. 1), which is consistent
with a study on schizophrenia patients showing an elevated
expression of MAP2 in the hippocampus (Cotter et al., 2000).

To examine inhibitory synaptic transmission, we recorded
mIPSCs from CA1 pyramidal neurons. We do not find a significant
difference in either amplitude or frequency of mIPSCs between
groups (amplitude: saline 13.9 ± 1.1 pA, poly(I:C) 13.6 ± 1.0 pA, fre-
quency: saline 4.9 ± 0.3 Hz, poly(I:C) 4.3 ± 0.5 Hz) (Fig. 1E), suggest-
ing that the function of inhibitory synapses is normal in area CA1.

3.2. Temporoammonic-CA1 synapses in MIA offspring display
increased sensitivity to dopamine

Many lines of evidence indicate that DA signaling plays an
important role in hippocampal function, as well as in the patho-
physiology of schizophrenia. For example, DA neurons in the sub-
stantia nigra compacta and ventral tegmental area innervate the
hippocampus (Swanson, 1987; Gasbarri et al., 1997) and release
DA when animals are exposed to novel environments (Ihalainen
et al., 1999). This neurotransmitter influences hippocampal synap-
tic plasticity (Huang and Kandel, 1995; Otmakhova and Lisman,
1996; Li et al., 2003) and frequency-dependent synaptic transmis-
sion (Ito and Schuman, 2007). Furthermore, disruption of DA-med-
iated signaling impairs hippocampal-dependent learning (Gasbarri
et al., 1996; El-Ghundi et al., 1999; Rossato et al., 2009). Therefore,
we investigated DA-mediated synaptic control in hippocampal
area CA1. As previous studies showed a selective influence of DA
on the temporoammonic (TA)-CA1 synapses compared to Schaf-
fer-collateral-CA1 synapses (Otmakhova and Lisman, 1999; Ito
and Schuman, 2007; Supplemental Fig. 2), we examined DA mod-
ulation of TA-CA1 synapses. The TA pathway includes axonal pop-
ulations from both the medial (MEC) and lateral (LEC) entorhinal
cortexes (Steward, 1976; Witter and Amaral, 2004). These projec-
tions are topographically organized along the transverse-axis of
area CA1, such that the projections from MEC make synapses at
proximal CA1 (close to CA3), while those from the LEC project to
distal CA1 (close to subiculum) (Fig. 2A; Steward, 1976; Witter
and Amaral, 2004). Previous anatomical studies in the mouse brain
showed a topographic projection of the TA pathway similar to that
observed in the rat brain (van Groen et al., 2003). Our immunohis-
tochemical analysis of the presynaptic proteins synapsin I and bas-
soon in the stratum lacunosum-moleculare indeed indicates
expression differences between distal and proximal regions of area
CA1 (Supplemental Fig. 3). Thus, the presynaptic properties of the
proximal and distal TA-CA1 synapses in the topographic projection
of entorhinal-cortical fibers may be distinct. This organization of
presynaptic proteins is observed in both MIA and control offspring
(Supplemental Fig. 3).

We recorded fEPSPs simultaneously from proximal and distal
TA-CA1 synapses. The application of DA (20 lM; Otmakhova and
Lisman, 1999) to slices prepared from control mice induces a sig-
nificantly larger depression at proximal TA-CA1 synapses com-
pared to distal TA-CA1 synapses (proximal TA: 57.6 ± 2.2%; distal
TA: 65.3 ± 2.3%, relative to baseline; Fig. 2B and 4C). Furthermore,
we found that another neuromodulator, norepinephrine (NE), also
differentially controls TA synapses made by MEC and LEC inputs
(Supplemental Fig. 4). These data indicate that the neuromodula-
tors, DA and NE, can differentially control MEC and LEC inputs to
area CA1 of the mouse hippocampus.

In slices prepared from MIA offspring, DA induces a depression
comparable to that observed in control slices at proximal TA-CA1
synapses (proximal TA: 55.4 ± 3.1%, relative to baseline; Fig. 2C).
At distal TA-CA1 synapses, however, the slices prepared from
MIA offspring show a significantly larger depression compared to
controls (distal TA: 56.3 ± 1.4%, relative to baseline; Fig. 2C). To
further examine DA sensitivity at distal TA-CA1 synapses, the
neurotransmitter was applied sequentially from low to high
concentration to acute slices (Fig. 2D) and DA-mediated depression
was quantified. We find that, compared to controls, the amount of
depression is significantly larger at each DA concentration in the
slices prepared from the MIA group (Fig. 2E). These results indicate
that the adult offspring of poly(I:C)-treated mothers display an
enhanced sensitivity to DA selectively at LEC inputs.

3.3. The offspring of poly (I:C)-treated mothers display a distinct c-Fos
expression pattern in hippocampal area CA1 following novel object
exposure

While the major afferent inputs to the hippocampus are pro-
vided by the entorhinal cortex (Cajal, 1911), recent studies demon-
strated that two subdivisions of the entorhinal cortex, MEC and
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LEC, provide distinct information modalities to the hippocampus.
Spatial information is carried by axons from the MEC, whereas
nonspatial, or object information is carried by axons from the
LEC (Hargreaves et al., 2005; Knierim et al., 2006; Manns and
Eichenbaum, 2006). Because MIA offspring display higher sensitiv-
ity to DA in the LEC projection to area CA1, these animals may ex-
hibit abnormal object information processing.

One of the major features shared by hippocampal and DA-
releasing neurons in vivo is the modulation of neuronal activity
by stimulus novelty (Knight, 1996; Schultz, 1998; Horvitz, 2000;
Rutishauser et al., 2006). Therefore, we examined how hippocam-
pal neurons are activated in vivo during novel object exposure
using immunostaining for an immediate-early gene product, c-
Fos (Morgan and Curran, 1991). Immediate-early gene expression
in resting animals is very low (e.g. Supplemental Fig. 5C), but rap-
idly increases following patterned neuronal activity that induces
synaptic plasticity (Cole et al., 1989), suggesting that c-Fos expres-
sion can be used as a surrogate marker for synaptic modification
(Guzowski et al., 2005). Following accomodation to the home cage
for several days, control and experimental mice were exposed to
novel objects in the home cage (Fig. 3A). After 2 h of exposure, ani-
mals were sacrificed and immunohistochemistry was performed.
Control mice show differential c-Fos expression between proximal
and distal CA1 pyramidal neurons (Figs. 3B and C and Supplemen-
tal Fig. 5A). In contrast, MIA offspring do not show clear differential
c-Fos activation between proximal and distal CA1 pyramidal neu-
rons (Figs. 3B and C and Supplemental Fig. 5A). These results sug-
gest that MIA offspring display abnormal object information
processing in the hippocampus.

We also examined c-Fos expression after animals were exposed
to a novel cage environment. Following accommodation to the
home cage for several days, animals were placed in a new cage,
which lacked a food box and contained new bedding with a different
texture and scent than the prior bedding. After 2 h of such novel
location exposure, animals were sacrificed and immunohistochem-
istry was performed (Fig. 4A). In contrast to the results after novel
object exposure (Fig. 3), we observe a similar c-Fos expression
pattern in the transverse-axis of area CA1 between the offspring
of saline- and poly(I:C)-treated mothers (Figs. 4B and C and Supple-
mental Fig. 5B). Thus, MIA offspring appear to have a selective
abnormality in object, but not spatial, information processing,
which could be due to hyper-DA sensitivity in LEC inputs at TA-CA1
synapses.

3.4. The offspring of poly(I:C)-treated mothers display behavioral
inflexibility and abnormal novel object recognition

Our slice recording and c-Fos expression analyses indicate that
MIA offspring have a selective abnormality in nonspatial informa-
tion processing in the hippocampus. To examine if these animals
display a corresponding behavioral abnormality, we tested the per-
formance of hippocampus-dependent behavior using the Morris
water maze task (Morris, 1984).

We do not find a significant difference in the learning of the ini-
tial platform location between experimental and control groups
(Fig. 5A and B), suggesting that the MIA offspring have normal abil-
ity to acquire spatial navigation memory. After animals learned the
initial platform location, we moved the platform to a different loca-
tion. Two-way ANOVA with session number and prenatal treat-
ment as variables reveals a significant effect of prenatal
treatment (T1,222 = 5.693, p < 0.05), as well as a significant effect
of session number (T3,222 = 5.875, p < 0.01) with no interaction be-
tween the two variables, indicating that while both groups im-
prove their performance over time, the MIA offspring display a
significantly slower learning of the new platform location
(Fig. 5C). Thus, although the MIA offspring have normal ability to
learn a spatial context per se, they have difficulty in adapting to a
change introduced in a previously-learned context.

To further test this idea, we examined how these animals per-
form in novel object recognition and object location tasks. We
placed two different objects in a test cage and allowed animals
become familiar with them. One object was subsequently moved
to a new location (object location test) (Fig. 5D). Both groups of
animals display a higher preference for the moved object, and
we do not find a significant difference in the magnitude of pref-
erence between groups (Fig. 5E). In another set of experiments,
after familiarization with the two objects, a novel object replaced
one of the familiar ones at the same location (novel object recog-
nition test) (Fig. 5D). Although both groups of animals display
preference for the new object, the MIA offspring display a signif-
icantly stronger preference than control animals (Fig. 5F). Thus,
the MIA offspring display abnormally high sensitivity to a novel
object, but not to a novel location, which may be due to altered
processing of nonspatial information in the hippocampus of these
animals. This is consistent with the slice recording and c-Fos
findings.
4. Discussion

4.1. Reduced excitatory input on CA1 pyramidal neurons

Our electrophysiological studies demonstrate that the offspring
of poly(I:C)-treated mothers display a decreased number, but en-
hanced efficacy, of excitatory synapses on CA1 pyramidal neurons.
Synaptic abnormalities have also been observed in area CA3 in
schizophrenia patients, including abnormal mRNA expression of
presynaptic proteins (Harrison and Eastwood, 2001).

We do not observe a significant abnormality in the mIPSC
amplitude or frequency in the offspring of poly(I:C)-treated ani-
mals. Although several studies have reported a decreased number
of GABAergic neurons in the hippocampus, most of these differ-
ences were observed in area CA2/3, not in area CA1 (Benes et al.,
1996, 1997; Heckers and Konradi, 2002). Thus, GABAergic input
to area CA1 pyramidal neurons appears normal in both our model
and in patients.
4.2. Increased dopamine sensitivity in the temporoammonic pathway

Compared to the Schaffer-collateral pathway in area CA1, the
TA pathway has been a relatively unexplored circuit in the hippo-
campus. Many recent findings highlight its unique role in hippo-
campal function, however (Brun et al., 2002; Remondes and
Schuman, 2004; Nakashiba et al., 2008). Some interesting features
of this pathway include its topographic projection pattern and its
sensitivity to neuromodulators.

A topographic projection in which LEC- or MEC-derived axons
terminate in different regions allows the EC to send nonspatial
and spatial information to distinct neuronal populations in area
CA1 (Steward, 1976; Witter and Amaral, 2004). The efferents from
area CA1 are also topographically organized such that neurons in
proximal CA1 send projections back to the MEC, while neurons in
distal CA1 project back to the LEC (Tamamaki and Nojyo, 1995).
Thus, two independent circuit loops for nonspatial and spatial
information exist between the EC and CA1. This architecture, based
on the TA pathway, may allow the hippocampus to independently
process nonspatial and spatial information, providing an unique
role for the TA pathway in the hippocampus.

Sensitivity to neuromodulators is another feature of the TA
pathway. In recordings from control mouse hippocampal slices,
DA induces a larger depression at proximal compared to distal
TA-CA1 synapses. However, hippocampal slices prepared from
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offspring of poly(I:C)-treated mothers exhibit a significantly larger
DA-induced depression, selectively at distal TA-CA1 synapses com-
pared to controls, which may abolish the differential control of LEC
and MEC inputs by DA. Our present observations, based on both
electrophysiology and c-Fos expression, suggest that the offspring
of poly(I:C)-treated mothers have altered DA-mediated control of
the TA pathway and may have an abnormality in object informa-
tion processing. This altered DA signaling may be due to the abnor-
mal development of the DA system recently observed in MIA
offspring (Vuillermot et al., 2010), although the hippocampus and
EC in this animal model have not yet been examined for expression
of DA receptor or transporter with regard to the TA pathway. It is
worth noting that the antipsychotic drug, clozapine, effectively
blocks DA-induced depression at TA-CA1 synapses (Otmakhova
and Lisman, 1999), indicating that the TA pathway may be a locus
for clozapine action in schizophrenia.

The proper integration between Schaffer-collateral- and TA-CA1
synapses is critical for controlling spike initiation and synaptic
plasticity in CA1 pyramidal neurons (Dvorak-Carbone and Schu-
man, 1999; Remondes and Schuman, 2002; Jarsky et al., 2005;
Ang et al., 2005; Dudman et al., 2007). Thus, abnormal DA-medi-
ated control of TA-CA1 synapses, together with reduced number
of excitatory inputs on CA1 pyramidal neurons, will likely lead to
altered synaptic plasticity or information integration in CA1 pyra-
midal neurons in the MIA offspring.

4.3. Perseveration behavior and hypersensitivity to a novel object

Our behavioral analyses indicate that the offspring of poly(I:C)-
treated mothers show behavioral inflexibility in the Morris water
maze task and increased sensitivity in the novel object recognition
task. The normal acquisition of an initial platform location in the
water maze task indicates that MIA offspring have normal spatial
navigation, such as in self-localization, route learning and motor
function for swimming (Redish and Touretzky, 1998). A selective
deficit in learning a moved platform location suggests that these
animals have difficulty in adapting to a modification introduced
in previously acquired information, which may correspond to per-
severation behavior. Such behavior is defined as contextually inap-
propriate and unintentional repetition, and is often observed in
schizophrenia patients (Crider, 1997). These patients have diffi-
culty in switching behavioral-strategy, or reversal learning, and
tend to repeat the same response or strategy (Fey, 1951; Nolan,
1974; Floresco et al., 2008). Interestingly, a recent human study
indicates that maternal infection is correlated in the offspring with
impaired performance in the Wisconsin card sorting test, which
provides a good measure of perseveration behavior (Brown et al.,
2009). That is, the subset of schizophrenia subjects born to infected
mothers display a more severe behavioral deficit in this test than
schizophrenia subjects born to non-infected mothers. In experi-
mental animals, the offspring of poly(I:C)-treated mothers display
deficits in reversal learning in a left–right discrimination task
(Meyer et al., 2006). Perseveration behavior is also observed in hip-
pocampus-lesioned animals in the Morris water maze task
(Whishaw and Tomie, 1997). Both hippocampus-lesioned animals
(Kim and Frank, 2009) and rodents injected with a DA receptor
agonist (Boulougouris et al., 2009) exhibit impaired reversal learn-
ing. Thus, abnormalities in the hippocampus and the DA system
may play a key role in perseveration behavior.

In light of perseveration behavior in the water maze, the in-
creased sensitivity to a novel object that we observe in the MIA off-
spring may be due to an enhanced expectation for the original
object, which will increase novelty for a switched object. Impor-
tantly, the abnormal preference in the MIA offspring was observed
selectively in the novel object recognition (nonspatial informa-
tion), but not in the object location (spatial information), task.
These altered behaviors in the MIA offspring may be due to abnor-
mal processing of nonspatial information in the hippocampus, as
observed in our slice physiology and c-Fos expression analyses.
Contrary to our results, Ozawa et al. (2006) and Ibi et al. (2009) re-
ported a deficit in a novel object recognition test. However, they
used a more severe regimen of poly(I:C) treatment for 5–6 consec-
utive days at a different time during development, and they em-
ployed a longer time away from the object, making the test more
of a memory test than a novelty preference test. Moreover, Golan
et al. (2005) obtained a result similar to ours in a novel object rec-
ognition test using maternal injection of lipopolysaccharide to mi-
mic maternal bacterial infection. It should also be noted that, in the
water maze test, Zuckerman and Weiner (2005) reported some
similarities and some differences in results compared to ours.
However, they used rats and administered poly(I:C) at a much later
time in gestation.
4.4. Integration of information processed in parallel

A major feature of brain function is parallel information pro-
cessing. For example, visual information is processed in two dis-
tinct information streams: a ventral stream that subserves object
recognition, or ‘‘what” perception, and a dorsal stream that primar-
ily subserves spatial information, or ‘‘where” perception (Ungerle-
ider and Haxby, 1994). The distributed information, processed in
different brain areas, must be integrated for coherent perception.

Recent imaging and physiology studies report abnormal visual
object recognition in schizophrenia patients (Doniger et al., 2002;
Wynn et al., 2008). Wynn et al. (2008) measured activity in early
retinotopically organized areas (V1–V4), motion-sensitive areas
(human area MT) and object-recognition areas (lateral occipital
complex), and found that schizophrenia patients display more
widely-distributed activation in areas involved in object recogni-
tion than controls. Thus, the abnormal distribution of activity in
object-selective cortex in schizophrenia patients may indicate a
problem in the integration of spatial and nonspatial information.

In the hippocampus, the integration of spatial and nonspatial
information is critical for constructing a neural representation of
environmental context. As such, the hippocampus plays an essen-
tial role in contextual memory formation. Interestingly, several
studies indicate that schizophrenia patients have a severe problem
in contextual memory formation (Boyer et al., 2007; Rizzo et al.,
1996; Danion et al., 1999), although other types of memory, which
do not require contextual information, are relatively intact. Our
findings raise the question of whether this memory deficit could
be due to abnormal DA-mediated control of the TA pathway in
the hippocampus. Interestingly, a recent study using model simu-
lation predicts a dominance of object over spatial information pro-
cessing in the medial temporal lobe of schizophrenia patients
(Talamini and Meeter, 2009). Thus, the altered hippocampal infor-
mation processing we observe in MIA offspring may underlie some
schizophrenia-like behaviors of these animals, such as in pre-pulse
inhibition, latent inhibition and perseverative behavior. Further
investigation based on this perspective may shed new light on
the pathophysiology of schizophrenia.
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