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ABSTRACT Maternal infection during pregnancy with a wide range of RNA and DNA viruses is associated with increased risk for
schizophrenia and autism in their offspring. A common feature in these exposures is that virus replication induces innate immunity through interaction with Toll-like receptors (TLRs). We employed a mouse model wherein pregnant mice were exposed to
polyinosinic-polycytidylic acid [poly(I · C)], a synthetic, double-stranded RNA molecular mimic of replicating virus. Poly(I · C)
inhibited embryonic neuronal stem cell replication and population of the superficial layers of the neocortex by neurons.
Poly(I · C) also led to impaired neonatal locomotor development and abnormal sensorimotor gating responses in adult offspring. Using Toll-like receptor 3 (TLR3)-deficient mice, we established that these effects were dependent on TLR3. Inhibition of
stem cell proliferation was also abrogated by pretreatment with the nonsteroidal anti-inflammatory drug (NSAID) carprofen, a
cyclooxygenase (COX) inhibitor. Our findings provide insights into mechanisms by which maternal infection can induce subtle
neuropathology and behavioral dysfunction, and they may suggest strategies for reducing the risk of neuropsychiatric disorders
subsequent to prenatal exposures to pathogens and other triggers of innate immunity.
IMPORTANCE Maternal infection during gestation increases the risk of neuropsychiatric disorders in their offspring. Furthermore, work in animal models indicates that pre- or neonatal infections with a wide range of viruses results in similar neurodevelopmental outcomes. These observations are consistent with a mechanism whereby damage is mediated through common
pathways. Exposure of pregnant mice to polyinosinic-polycytidylic acid [poly(I · C)], a synthetic, double-stranded RNA (dsRNA)
molecular mimic of replicating virus, inhibited embryonic neuronal stem cell replication and led to behavioral abnormalities in
their offspring. These effects were mediated through TLR3 and abrogated by pretreatment with the nonsteroidal antiinflammatory drug (NSAID) carprofen. Our findings provide insights into mechanisms by which maternal infection can induce
subtle neuropathology and may suggest strategies for reducing the risk of neuropsychiatric diseases following exposures to infectious agents and other triggers of innate immunity during gestation.
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I

nfection during pregnancy is associated with increased risk of
schizophrenia and autism in offspring (1). Several lines of evidence indicate that the maternal immune response, rather than
direct infection of the fetus, may be responsible for the increased
incidence of schizophrenia and autism in the offspring of mothers
who suffer infection during pregnancy (2, 3). In a rodent model of
maternal immune activation, changes in the behavior and neuroanatomy of the offspring are elicited by injection into the mother
of synthetic double-stranded RNA (dsRNA) [poly(I · C)], a compound that evokes an antiviral-like innate immune response (4,
5). Behavioral abnormalities observed in this model are attributed
to the disrupted balance of proinflammatory and antiinflammatory cytokines produced in the mother (2). Using a similar mouse model, Meyer et al. showed in vivo evidence for a modulation of fetal dopaminergic system development by maternal
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immune activation during pregnancy (6). Furthermore, injection
of poly(I · C) into pregnant rodents induces strong innate immune
responses in the absence of an infection, leading to abnormal gene
regulation and defective corticogenesis (5, 7). The breadth of microbes linked to neurodevelopmental abnormalities, including
rubella virus, cytomegalovirus, influenza virus, and herpes simplex viruses, as well as Toxoplasma gondii and Corynebacterium
diphtheriae (2, 8–14), is consistent with a mechanism whereby
infection triggers innate immunity through common signaling
pathways. Leading candidates for mediating these effects of pathogens include the Toll-like receptors (TLRs). TLRs bind a wide
range of molecules associated with microbes, including flagellar
structures, lipids and lipopeptides, zymosan, dsRNA molecules,
U-rich single-stranded RNA, and unmethylated CpG dinucleotides (15, 16). Binding of these pathogen-associated molecular pat-
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terns (PAMPs) to their cognate TLRs triggers signal transduction
events culminating in transcription of genes encoding interferon
and cytokines and other genes that contribute to both innate and
adaptive immunity (15). The dsRNA viral mimic poly(I · C) induces innate immunity via Toll-like receptor 3 (TLR3) (17). TLRs
in mammals, like Toll receptors in Drosophila, also play pivotal
roles in development. TLR2, -3, -4, and -8 are expressed by glial
cells and neurons (17–21). Expression of TLR2 and -4 in adult
neural stem/progenitor cells (NPC) may influence their proliferation and differentiation. TLR2 deficiency in mice impairs adult
hippocampal neurogenesis, whereas the absence of TLR4 results
in enhanced proliferation and neuronal differentiation (22).
A fundamental feature of cerebral corticogenesis in mammals
is that positioning of neuronal constituents into horizontal and
vertical arrays defines their function and connectivity. As cortical
neurogenesis proceeds, newly generated neurons migrate radially
out of the proliferative neuroepithelial cell layers lining the lateral
ventricles, the ventricular zone (VZ) and subventricular zone
(SVZ) according to a precise schedule and along well-defined
pathways (23, 24). Newly generated neurons migrate past cells
generated earlier to settle in progressively more superficial layers,
ultimately forming a six-layered cortex wherein a neuron’s laminar position is determined by its birth date (25, 26). Reports both
in schizophrenia of decreased numbers and/or incomplete clustering of neurons in layer II of entorhinal, frontal, and cingulate
cortex (10) and in autism of more numerous, but smaller and less
compact minicolumn architecture (27) indicate dysregulation in
later stages of corticogenesis.
During middle and late embryonic development, neocortical
neurons are generated from two distinct types of progenitor cells,
radial glia (RG) and intermediate progenitor cells (IPC). RG are
self-renewing stem cells that produce neurons and IPC, divide at
the ventricular surface, and express PAX6, a homeodomain transcription factor. IPC produce only neurons and divide away from
the ventricular surface. Transition from RG to IPC is associated
with upregulation of TBR2, a T-domain transcription factor, and
downregulation of PAX6 (28–30). IPC contribute neurons to
most or all cortical layers (31); in late neurogenesis, however, only
subventricular IPC give rise to upper-layer neurons.
Here we investigate the effects of TLR3 activation on neurogenesis and fetal neocortical development and on neonatal and
adult offspring behavior in a mouse model of gestational virus
infection. Gestational exposure to poly(I · C) induced cell cycle
arrest in RG, resulting in decreased neuronal output. Wild-type
(WT) offspring exposed to poly(I · C) exhibited impaired early
locomotor capacity; poly(I · C)-exposed WT adult offspring also
had deficits in sensorimotor gating. Inhibition of embryonic neuronal progenitor proliferation was not observed in TLR3-deficient
mice or in WT mice pretreated with the cyclooxygenase (COX)
inhibitor, carprofen.
RESULTS

Poly(I · C) treatment during gestation impairs early locomotor
development in neonates and PPI in adult mice. We observed
robust behavioral changes in the offspring of WT mice receiving a
single injection of 5 mg/ml of poly(I · C) on gestational day 16
(GD16); hence, all behavioral testing was performed with animals
receiving a single dose of poly(I · C) on GD16. WT pregnant
C57BL/6 mice were treated on GD16 with either poly(I · C)
(5 mg/kg of body weight) or phosphate-buffered saline (PBS).
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FIG 1 Poly(I · C) treatment during gestation impairs early locomotor development in neonates and prepulse inhibition (PPI) in adult mice. (a) WT
C57BL/6 pregnant mice were treated with either PBS or poly(I · C) (5 mg/kg)
on gestational day 16 (GD16). Protoambulatory behavior of the offspring from
pregnant mice treated with PBS or poly(I · C) was measured in an open-field
paradigm. Data are presented as the number of floor plane (FP) moves exhibited by the mice on postnatal day 8. The values for the poly(I · C)-treated group
are significantly different (P ⬍ 0.05 by the Mann-Whitney U test) compared to
the values for the PBS-treated control group as indicated by the bracket and
asterisk. The height of the box plot shows the interquartile range, and the
horizontal line indicates the median. The range is indicated by the error bars,
and the circles represent outlier values. (b) Sensorimotor gating of the acoustic
startle reflex was measured as a percentage of prepulse inhibition in the adult
offspring from WT C57BL/6 dams injected on GD16 with either PBS (white
bars) or poly(I · C) (5 mg/kg) (hatched bars). Data are presented as the percent
PPI exhibited at each of the four prepulse intensity trials (2, 4, 8, and 16 dB
above background noise) by the mice during postnatal weeks 15 to 17. The
values for the poly(I · C)-treated group are significantly different (P ⬍ 0.05 by
Fisher’s protected least-significant difference [PLSD] test) compared to the
values for the PBS-treated control group as indicated by the bracket and asterisk.

Open-field locomotor activity was tested in the offspring from the
treated pregnant mice on postnatal day 8. The offspring from WT
pregnant mice exposed to poly(I · C) on GD16 had reduced locomotor activity on postnatal day 8 compared to WT PBS-injected
mice (n ⫽ 37 to 40) (P ⫽ 0.038 for the number of floor plane
moves by the Mann-Whitney U test) (Fig. 1a). The offspring from
poly(I · C)-treated WT mice exhibited a deficit in sensorimotor
gating, as measured by the prepulse inhibition (PPI) of the startle
response at 4 dB and 8 dB, but not at 2 dB or 16 dB (n ⫽ 16 to 22)
(PPI values at ⫹2 dB, P ⫽ 0.183; PPI values at ⫹4 dB, P ⫽ 0.008;
PPI values at ⫹8 dB, P ⫽ 0.050; PPI values at ⫹16 dB, P ⫽ 0.128)
(Fig. 1b). The mean percent PPI across all prepulse intensities was
disrupted by prenatal poly(I · C) treatment in offspring from WT
dams (dose group main effect, P ⫽ 0.018; data not shown). Sex did
not influence this dose group effect on the mean percent PPI (data
not shown).
Poly(I · C) treatment during gestation induces defective proliferation in fetal cerebral cortical cells. Pregnant mice on GD16
were treated with either poly(I · C) or PBS and injected with the
DNA replication marker, bromodeoxyuridine (BrdU), to label dividing cells in the proliferative zone, destined for superficial cortical layers 2 and 3 (23). Cell suspensions of dissociated cortex
obtained from embryos on GD18 were analyzed by flow cytom-
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FIG 2 Poly(I · C) treatment during gestation induces defective proliferation
in fetal cerebral cortical cells. Pregnant mice were treated with either PBS or
poly(I · C) on 3 consecutive days (GD15 to GD17) and injected with bromodeoxyuridine (BrdU) on GD16. Cerebral cortical cells were isolated from embryos on GD18, and quantitation of BrdU-labeled cells was performed by flow
cytometric analysis. (a) Viable cerebral cortical cells were gated according to
forward scatter (FSC) and side scatter (SSC) profiles. The percentage of live
cells (85.5%) is shown. 50K, 50,000. (b) Representative histogram showing
intracellular BrdU incorporation in cerebral cortical cells. The numbers above
the brackets indicate the percentages of brightly labeled BrdU cells (BrdUhigh)
and a subpopulation of cells that incorporated low levels of BrdU (BrdUlow).
Gating for the BrdU-positive cells was based on the anti-BrdU antibody staining observed with cells obtained from mice that were not injected with BrdU
(negative control). Anti-BrdU antibody conjugated to allophycocyanin (APC)
(BrdU-APC) was used. (c) Representative histogram showing the mean fluorescence intensity (MFI) of BrdU-labeled cells represented as a percentage of
maximum BrdU incorporation. Values for the different groups are indicated
as follows: PBS-treated mice (red line), poly(I · C)-treated mice (blue line), and
negative-control mice (gray line). The experiments were performed with cerebral cortical cells isolated from embryos (n ⫽ 7); data from one representative cortex are shown. (d) Percentage of BrdUhigh cells in cerebral cortical cells
from mice treated with PBS or poly(I · C). Results are expressed as percentages
of total gated cells. The values for the poly(I · C)-treated group are significantly
different (P ⬍ 0.05 by the Mann-Whitney U test) compared to the values for
the PBS-treated control group as indicated by the bracket and asterisk. The
height of the box plot shows the interquartile range, and the horizontal line
indicates the median. The range is indicated by the error bars, and the circles
represent outlier values.

etry. Viable cerebral cortical cells were gated according to forward
scatter (FSC) and side scatter (SSC) profile (Fig. 2a). The progeny
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of PBS-treated mice displayed two subpopulations of BrdUpositive cells that differed in the amount of BrdU incorporated,
BrdUlow cells and BrdUhigh cells. Poly(I · C) treatment resulted in
a significant decrease in the percentage of BrdUhigh cells (n ⫽ 7; P
⫽ 0.002 by the Mann-Whitney U test) (Fig. 2b and d). No significant change in BrdUlow labeling was observed with poly(I · C)
treatment (Fig. 2b). The mean fluorescent intensity of BrdU labeling was also decreased in cells isolated from pups of poly(I · C)treated pregnant mice (n ⫽ 4; P ⫽ 0.034 by the Mann-Whitney U
test) (Fig. 2c).
Relative importance of apoptosis and cell cycle arrest to fetal
cerebral cortical cell development after poly(I · C) treatment
during gestation. We postulated that poly(I · C)-induced reduction in cortical cell proliferation could reflect apoptosis or cell
cycle arrest. To assess the contribution of apoptosis, we measured
the expression of activated caspase 3 in embryonic cerebral cortical cells. Pregnant mice on GD16 were injected with BrdU after
treatment with either PBS or poly(I · C). Cell suspensions of dissociated cortex obtained from embryos on GD18 were analyzed
using flow cytometry. Poly(I · C) treatment resulted in a significant increase in the percentage of cells expressing activated
caspase 3 (n ⫽ 4) (P ⫽ 0.021 by the Mann-Whitney U test) (Fig. 3a
and b). Expression of caspase 3 alone is not pathognomic of cell
death. Indeed, we observed no differences between poly(I · C) and
control groups when cells were gated according to their FSC and
side scatter profiles (data not shown) or 7-aminoactinomycin D
(7-AAD) staining (see Fig. S1 in the supplemental material).
Caspase 3 expression may also vary as a function of cell cycle
dynamics. To assess the effects of poly(I · C) on the cell cycle, we
treated pregnant mice with two different halogenated nucleotide
analogs at different time points. Pregnant mice were treated with
either PBS or poly(I · C) and simultaneously injected with 5-iodo2=-deoxyuridine (IdU) on GD16. After 10 h of IdU exposure, mice
received a single injection of 5-chloro-2=-deoxyuridine (CldU).
Cell suspensions of dissociated cortex obtained from pups on
postnatal day 0 (PND0) were analyzed using flow cytometry for
the incorporation of IdU and CldU.
The interval between the injections allows the majority of cells
to exit the S phase after the first nucleotide injection but is shorter
than the whole cell cycle, ensuring that cells reentering the cell
cycle incorporate the second nucleotide (32). Poly(I · C) resulted
in a reduction of the percentage of cells incorporating both nucleotide analogs (n ⫽ 3 to 4) (P ⫽ 0.034 by the Mann-Whitney U
test) (Fig. 3c, top right quadrant, and Fig. 3e). The quadrants were
defined on the basis of staining observed with the antibody isotype
controls (Fig. 3d). No change in the percentage of cells incorporating IdU was observed with poly(I · C) (Fig. 3c, top two quadrants, and Fig. 3e). This is consistent with the BrdU data obtained
with GD18 embryos wherein no change in total BrdU incorporation was observed (Fig. 2b). Taken together, these data suggest
that prenatal poly(I · C) induces cell cycle arrest in cortical cells.
Poly(I · C) treatment during gestation negatively regulates
the transition of PAX6ⴙ RG cells to TBR2ⴙ PAX6ⴙ IPC in a
TLR3-dependent manner. To evaluate the effect of poly(I · C) on
neural stem/progenitor cells (NPC) proliferation, we quantitated
the intracellular expression of PAX6 and TBR2 in subtypes of
NPC, radial glia (RG) cells and intermediate progenitor cells
(IPC). Embryonic cerebral cortical cells were isolated on GD18
from pregnant dams injected with poly(I · C) and BrdU and analyzed by flow cytometry for expression of TBR2 and PAX6.
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FIG 3 Relative importance of apoptosis and cell cycle arrest to fetal cerebral cortical cell
development after poly(I · C) treatment during gestation. (a) Pregnant mice were treated with
either PBS or poly(I · C) and injected with BrdU on GD16. Cerebral cortical cells were isolated
from the embryos on GD18, and quantification of activated caspase 3-positive (caspase 3⫹) cells
was performed by flow cytometric analysis. Representative histograms show intracellular activated caspase 3⫹ cells in cerebral cortical cells. The numbers above the brackets indicate the
percentages of activated caspase 3⫹ cells. Gating for the caspase 3⫹ cells was based on the
staining observed with the isotype control. Experiments were performed with cerebral cortical
cells isolated from embryos (n ⫽ 4); data from one representative cortex are shown. (b) Percentage of activated caspase 3⫹ cells in cerebral cortex from mice treated with PBS or poly(I · C).
The values for the poly(I · C)-treated group are significantly different (P ⬍ 0.05 by the MannWhitney U test) compared to the values for the PBS-treated control group as indicated by the
bracket and asterisk. (c) Pregnant mice were treated with either PBS or poly(I · C) and simultaneously injected with 5-iodo-2=-deoxyuridine (IdU) on GD16. After 10 h of IdU exposure,
mice received a single injection of 5-chloro-2=-deoxyuridine (CldU). IdU and CldU incorporation was quantified by flow cytometry. Dot plots of IdU⫹ versus CldU⫹ cerebral cortical cells
from embryos of PBS- or poly(I · C)-injected dams are shown. (d) Isotype control. The numbers
in the four quadrants indicate the percentages of each subpopulation. Gating for the IdU- or
CldU-positive cells was based on the staining observed with the isotype control. Experiments
were performed with cells isolated from embryos (n ⫽ 3 to 4); data from one representative
cortex are shown. (e) Percentage of IdU⫹ and IdU⫹ CldU⫹ in cerebral cortical cells from mice
treated with PBS or poly(I · C). Results are expressed as percentages of total viable cells. The
values for PBS-treated mice (white bars) and poly(I · C)-treated mice (hatched bars) are shown.
The values for the poly(I · C)-treated group are significantly different (P ⬍ 0.05 by the MannWhitney U test) compared to the values for the PBS-treated control group as indicated by the
bracket and asterisk. The height of the box plot shows the interquartile range, and the horizontal
line indicates the median. The range is indicated by the error bars, and the circles represent
outlier values.
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Poly(I · C) treatment resulted in a decrease in the
percentage of TBR2-positive (TBR2⫹) PAX6positive (PAX6⫹) IPC (n ⫽ 3) (P ⫽ 0.049 by the
Mann-Whitney U test) (Fig. 4a and e). The
mean fluorescent intensity of TBR2⫹ PAX6⫹
IPC was also decreased in cells isolated from
pups of poly(I · C)-treated pregnant dams (n ⫽
3) (P ⫽ 0.049 by the Mann-Whitney U test)
(Fig. 4c). Poly(I · C) treatment resulted in a concomitant increase in the percentage of PAX6⫹
RG cells (n ⫽ 3) (P ⫽ 0.049 by the MannWhitney U test) (Fig. 4b and e). The mean fluorescent intensity of PAX6⫹ RG also increased in
embryos of poly(I · C)-treated dams (n ⫽ 3) (P
⫽ 0.049 by the Mann-Whitney U test) (Fig. 4d).
These results are consistent with a mechanism
wherein poly(I · C) treatment inhibits the transition of RG cells to IPC, thereby decreasing cortical NPC expansion.
TLR3-deficient (TLR3⫺/⫺) mice were used
to assess the role of TLR3 in the poly(I · C)mediated inhibition of the transition of RG to
IPC. Embryonic cerebral cortical cells were isolated from WT and TLR3⫺/⫺ dams injected with
poly(I · C) and BrdU. Whereas poly(I · C) treatment of WT dams resulted in decreased
TBR2⫹PAX6⫹ IPC, decreased mean fluorescent
intensity of TBR2⫹PAX6 IPC, and increased
PAX6⫹ RG cells, no differences were observed in
the labeling patterns of embryonic cells isolated
from poly(I · C)-treated dams compared to
those from PBS-treated, TLR3⫺/⫺ dams (Fig. 4a
to e). The percentages of PAX6⫹ (RG) cells and
of TBR2⫹ PAX6⫹ cells (IPC) were significantly
reduced in poly(I · C)-treated WT mice versus
poly(I · C)-treated TLR⫺/⫺ mice (n ⫽ 3) (P ⫽
0.049 by the Mann-Whitney U test) (Fig. 4e).
Taken together, these results implicate TLR3
signaling in the impaired NPC proliferation induced by poly(I · C) during late corticogenesis.
Poly(I · C) treatment during gestation induces deficits in cerebral cortical neurogenesis. To investigate whether poly(I · C) induced
long-term deficits in cortical neurogenesis, we
examined BrdU-labeled cells from the postnatal
cerebral cortices of pups from WT C57BL/6
dams that had previously been injected with
poly(I · C) or PBS. Immunofluorescence analysis of coronal cortical slices (see Text S1 in the
supplemental material) showed that on PND0
and PND8, BrdU⫹ cells migrated towards the
pial surface and reached positions in cortical
layers II and III (see Fig. S5a in the supplemental
material). On PND0, BrdU-positive cells were
found in the cortex of the progeny in the ventricular, subventricular, and intermediary layers. On PND8, BrdU-labeled cells were restricted to the cortical gray matter (see Fig. S5a
in the supplemental material). BrdU-labeled,
CUX1-labeled pyramidal neurons were reduced
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poly(I · C) or PBS, with or without the nonsteroidal antiinflammatory drug (NSAID),
carprofen (gestational days 15,
16, and 17). Cortical cells obtained from the pups of these
dams on postnatal day 8, an
endpoint of cortical neuron differentiation, were analyzed for
BrdU incorporation by flow cytometry. Poly(I · C) treatment
alone resulted in a decreased
percentage of BrdU⫹ cells (4
pups obtained from 4 different
dams) (P ⫽ 0.021 by the MannWhitney U test) (Fig. 5a and c).
The mean fluorescent intensity
of BrdU labeling was also reduced in pups from dams
treated with poly(I · C) alone (4
pups obtained from 4 different
dams) (P ⫽ 0.021 by the MannWhitney U test) (Fig. 5b). To
examine the effect of poly(I · C)
on the BrdU-labeled neurons
destined to occupy the upper
layers of the cerebral cortex, we
FIG 4 Treatment with poly(I · C) during gestation negatively regulates the transition of PAX6⫹ radial glia (RG)
measured BrdU incorporation
⫹
⫹
cells to TBR2 PAX6 intermediate progenitor cells (IPC) in a TLR3-dependent manner. WT C57BL/6 or
into neurons expressing CUX1,
TLR3⫺/⫺ C57BL/6 pregnant mice were treated with either PBS or poly(I · C) for three consecutive days (GD15 to
GD17) and injected with BrdU on GD16. Cerebral cortical cells were isolated from embryos on GD18. Total viable
a marker of cortical layers II/III
cells were analyzed for the expression of TBR2 and PAX6 by flow cytometry. (a) Representative histograms showing
(33, 34). The percentage of
TBR2⫹ PAX6⫹ positive IPC in WT and TLR3⫺/⫺ cerebral cortical cells isolated from embryos (n ⫽ 3) obtained
CUX1⫹ neurons labeled with
⫹
from mice treated with PBS or poly(I · C). The numbers above the brackets indicate the percentages of TBR2
BrdU was reduced in offspring
PAX6⫹ IPC. (b) Representative histograms showing PAX6⫹ RG in WT and TLR3⫺/⫺ cerebral cortical cells isolated
obtained from dams treated
from embryos obtained from PBS- and poly(I · C)-treated mice. The numbers above the brackets indicate the
percentages of PAX6⫹ RG cells. Gating for the PAX6- or TBR2-positive cells was based on the staining observed
with poly(I · C) alone (4 pups
with the isotype control. (c) Representative histograms showing the mean fluorescence intensity of TBR2 and PAX6
obtained from 4 different
expression. The mean fluorescence intensity (MFI) is shown as a percentage of the maximum expression. MFI
dams) (P ⫽ 0.021 by the Mannvalues for the different groups are indicated as follows: PBS-treated group (red line), poly(I · C)-treated group (blue
Whitney U test) (Fig. 5d and f).
line), and isotype control group (gray line). The MFI for PBS-treated mice was 1,158.7 ⫾ 57.4, and the MFI for
poly(I · C)-treated mice was 809.3 ⫾ 28.4. (d) Representative histograms showing the MFI of PAX6 expression.
The mean fluorescent intensity
Experiments were performed with cerebral cortical cells isolated from embryos (n ⫽ 3); data from one represenof BrdU labeling was also retative cortex are shown. MFI values for the different groups are indicated as follows: PBS-treated group (red line),
duced in CUX1⫹ neurons of
poly(I · C)-treated group (blue line), and isotype control group (gray line). The MFI for PBS-treated mice was
these pups (4 pups obtained
⫹
13,784.0 ⫾ 1,527.3, and the MFI for poly(I · C)-treated mice was 16,842.3 ⫾ 799.1. (e) Percentages of TBR2
from 4 different dams) (P ⫽
PAX6⫹ IPC and PAX6⫹ RG in WT and TLR3⫺/⫺ cerebral cortical cells isolated from embryos obtained from PBSand poly(I · C)-treated mice. Results are expressed as percentages of total viable cells. The values for PBS-treated
0.021 by the Mann-Whitney U
mice (white bars) and poly(I · C)-treated mice (hatched bars) are shown. Values that are significantly different (P
test) (Fig. 5e).
⬍ 0.05 by the Mann-Whitney U test) compared to the values for the PBS-treated control group are indicated by the
To test whether modulation
bracket and asterisk. Values that are significantly different (P ⬍ 0.05 by the Mann-Whitney U test) compared to the
of
the
immune response might
values for the PBS-treated control group are indicated by the bracket and two asterisks. The height of the box plot
shows the interquartile range, and the horizontal line indicates the median. The range is indicated by the error bars,
restore the impairment of NPC
and the circles represent outlier values.
proliferation triggered by
poly(I · C), we injected the COX
inhibitor, carprofen, or PBS
in the cerebral cortices of PND8 offspring of poly(I · C)-treated into pregnant mice prior to treatment with poly(I · C) or PBS on
mice (see Fig. S5b and S5c in the supplemental material).
GD15 to GD17. BrdU was injected once on GD16. Flow cytometTreatment with the nonselective cyclooxygenase (COX) in- ric analysis of cortical cells from PND8 pups of dams treated with
hibitor carprofen prevents poly(I · C)-induced decrease in cere- carprofen and poly(I · C) or PBS revealed no difference in either
bral cortical neurogenesis. To investigate whether blocking in- the percentage of BrdU-labeled cells or the intensity of BrdU laflammation could reduce deficits in cortical neurogenesis beling (Fig. 5a to c). Similarly, the poly(I · C)-related decrease in
associated with poly(I · C), we examined BrdU-labeled cells iso- the percentage of BrdU-labeled, CUX1⫹ neurons and in the inlated from the postnatal cerebral cortices of pups from WT preg- tensity of BrdU labeling was blocked by carprofen (Fig. 5d to f).
nant C57BL/6 mice that had previously been injected with No significant differences in total BrdU labeling were observed in
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cells isolated from PBS-injected
dams exposed to carprofen or
not exposed to carprofen (4
pups obtained from 4 different
dams) (P ⫽ 0.083 by the MannWhitney U test) (see Fig. S2 in the
supplemental
material).
Fluorescence-activated cell sorting (FACS) data indicate that
carprofen pretreatment abrogates the poly(I · C)-induced decrease in PAX6⫹ TBR2⫹ IPC and
in CUX1⫹ neurons (data not
shown).
DISCUSSION

FIG 5 Treatment with the nonselective cyclooxygenase (COX) inhibitor carprofen prevents poly(I · C)induced decreases in cerebral cortical neurogenesis. WT C57BL/6 pregnant mice were treated with a subcutaneous dose of either carprofen or PBS, followed by intraperitoneal injection of either PBS or poly(I · C) for
three consecutive days (GD15 to GD17). On GD16, the mice were injected with BrdU. Cerebral cortical cells
were isolated from pups on postnatal day 8 (PND8), and quantification of BrdU-labeled cells was performed
by flow cytometric analysis. Gating for the BrdU-positive cells was based on the anti-BrdU antibody staining
observed with cells obtained from mice that were not injected with BrdU (negative control). (a) Representative histograms showing intracellular BrdU incorporation in cerebral cortical cells isolated from pups obtained from the different groups of pregnant mice. The mice were first injected with carprofen or PBS. Two
hours later, the mice were injected with PBS or poly(I · C). The four treatment groups were as follows (the first
injection is shown before the slash, and the second injection is shown after the slash): (i) PBS/PBS, (ii)
PBS/poly(I · C), (iii) carprofen/PBS, and (iv) carprofen/poly(I · C). The numbers above the brackets indicate
the percentages of BrdU-labeled cells. (b) Histograms showing the mean fluorescence intensity (MFI) of
BrdU-labeled cells represented as a percentage of maximum BrdU incorporation. The treatment groups are as
explained above for panel a. The values for the different groups are indicated as follows: PBS/PBS group (red
line), carprofen/PBS group (purple line), PBS/poly(I · C) group (blue line), carprofen/poly(I · C) group (green
line), and negative-control group (gray line). The MFI values for the different groups were as follows: 4,171.0
⫾ 184.4 for the PBS/PBS group, 3,348.0 ⫾ 204.3 for the carprofen/PBS group, 2,302.3 ⫾ 47.4 for the PBS/
poly(I · C) group, and 3,012.8 ⫾ 102.5 for the carprofen/poly(I · C) group. Experiments were performed with
cerebral cortical cells isolated from pups (n ⫽ 4); data from one representative cortex are shown. (c) Percentage of BrdU⫹ in cerebral cortical cells from pups obtained from pregnant mice pretreated with carprofen or
not pretreated with carprofen, followed by treatment with PBS or poly(I · C). Results are expressed as
percentages of total gated cells. The values that are significantly different (P ⬍ 0.05 by the Mann-Whitney
U test) compared to the values for the PBS-treated control group are indicated by the bracket and asterisk. (d)
Representative histograms show intracellular BrdU incorporation in CUX1⫹ cortical cells isolated from pups
obtained from the same treatment groups of pregnant mice as explained above for panel a. The numbers above
the brackets indicate the percentages of BrdU⫹ cells. (e) Representative histogram shows the MFI of BrdU
labeling in CUX1⫹ cerebral cortical cells. Experiments were performed with cerebral cortical cells isolated
from pups (n ⫽ 4); data from one representative cortex are shown. The values for the different groups are
indicated as follows: PBS/PBS group (red line), carprofen/PBS group (purple line), PBS/poly(I · C) group
(blue line), carprofen/poly(I · C) group (green line), and negative-control group (gray line). The MFI values
for the different groups were as follows: 9,180.3 ⫾ 600.5 for the PBS/PBS group, 5,218.5 ⫾ 624.9 for the
carprofen/PBS group, 4,453.8 ⫾ 253.6 for the PBS/poly(I · C) group, and 4,958.5 ⫾ 179.8 for the carprofen/
poly(I · C) group. (f) Percentage of BrdU⫹ CUX1⫹ cerebral cortical cells from pups obtained from pregnant
mice treated with carprofen or not treated with carprofen, followed by treatment with PBS or poly(I · C).
Results are expressed as percentages of total CUX1⫹ cells. Values for PBS-treated mice (white bars) and
poly(I · C)-treated mice (hatched bars) are shown. The values for the poly(I · C)-treated group are significantly
different (P ⬍ 0.05 by the Mann-Whitney U test) compared to the values for the PBS-treated control group as
indicated by the bracket and asterisk. The height of the box plot shows the interquartile range, and the
horizontal line indicates the median. The range is indicated by the error bars, and the circles represent outlier
values.
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Maternal gestational exposure
to viruses is associated with increased risk for neurodevelopmental disorders, including autism (9, 27) and schizophrenia
(35, 36). The data are most
compelling for schizophrenia,
wherein maternal report has
been confirmed by serology, indicating increased risk in the
offspring of women exposed to
influenza virus during the second trimester of pregnancy (2,
37). The fact that different
pathogens (e.g., influenza virus
[36], rubella virus [38], herpesvirus [35]) are associated with
similar outcomes is consistent
with a model whereby infection
per se triggers damage. The biological plausibility of this hypothesis is underscored by decades of observations in rodent
models of neonatal infection
using lymphocytic choriomeningitis virus (39, 40), Borna disease virus (41–43), and mumps
virus (44), wherein behavioral
disturbances have been linked
to abnormal neuroanatomy. In
mouse models of maternal infection with human influenza
virus at mid-gestation, the adult
offspring displayed behavioral,
pharmacological, and histological abnormalities (5, 10). Viral
RNA was not detected in fetal
tissue; abnormalities in the offspring were reproduced by exposure to poly(I · C) (45).
Building on this work and that
of others who have also reported
neurodevelopmental
damage after gestational expo-
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sure to poly(I · C) (4, 45, 46), we selected poly(I · C) as a surrogate
to represent a wide range of viral infections.
Impaired open-field locomotor activity was observed in the
offspring of poly(I · C)-treated WT pregnant mice on postnatal
day 8 (PND8). Sensorimotor gating, a brain function impaired in
schizophrenia and autism, defines the ability to segregate components of a continuous stream of sensory and cognitive information (47). The primary mammalian acoustic startle circuit consists
of three synapses, linking the auditory nerve with spinal motor
function. The relatively simple startle reflex is also influenced by
the forebrain circuitry and demonstrates other important forms
of behavioral plasticity, including attention, habituation, and fear
potentiation. We observed robust behavioral changes in WT mice
that received a single injection of 5 mg/ml of poly(I · C). Hence, all
behavior experiments were performed with animals that received
a single dose of poly(I · C) on gestational day 16 (GD16).
Cerebral corticogenesis is accomplished by an orderly generation and radial migration of cortical neurons leading to the formation of six layers in an “inside-out” pattern (48). Deep layers
(layers V and VI) are composed of early-born neurons, and upper
layers (layers II and IV) are of late-born neurons that are derived
from intermediate progenitor cells (IPC) (26, 48). We chose to
administer poly(I · C) on embryonic day 15 (ED15), ED16, and
ED17, a late time point in the rodent cortical neurodevelopment
coinciding with the cortical development of layers II and III (24,
26). Although it is challenging to match the stages of pregnancy of
rodents and humans, the neurogenesis of cortical layer II/III,
peaking on GD16 in mice, correlates closely with the cortical development events of the second trimester of pregnancy in humans
(postconception day, 100.4; http://translatingtime.net/) (49). On
PND8, a time point when the terminal differentiation of upper
cortical layers is achieved in mice, neurons occupying layers II /III
express CUX1, a homeodomain transcription factor (33, 34). The
decrease in the number of BrdU⫹ CUX1⫹ neurons in the progeny
of mice treated with poly(I · C) suggests that prenatal immune
activation can cause long-term defects in cortical development in
their offspring (see Fig. S5a, S5b, and S6 in the supplemental material). In schizophrenia, a disorder wherein a subset of cases is
associated with maternal infection during a period of development equivalent to the one we have tried to model here, incomplete clustering of neurons and disorganization in layer II of entorhinal, frontal, hippocampal, and anterior cingulate cortex are
among the most frequently reported cytoarchitectonic abnormalities (10, 27).
Embryonic progenitor cells generate diverse neuronal subtypes
by undergoing repeated cell divisions. The proliferation of neural
stem/progenitor cells (NPC) during late corticogenesis involves
asymmetrical divisions of radial glia (RG) cells in the ventricular
zone (VZ), yielding self-renewing RG cells and neurons. A second
mechanism of neuron generation in the dorsal cortex involves
production of IPC from RG cells (24, 48). IPC migrate to the
subventricular zone (SVZ), where they produce neurons through
symmetrical divisions. In the developing brain, sequential expression of multiple transcription factors is involved in control of
progenitor proliferation and neuronal fate (24, 28, 29). In this
cascade, the PAX6 transcription factor is initially expressed by RG.
The transition from RG to IPC occurs with a sequential increase in
the expression of TBR2, followed by a reduction in PAX6 expression. Our neuronal birth dating and double-labeling experiments
indicate that poly(I · C) induces a cell cycle arrest in embryonic
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neuronal progenitor/stem cells. This is most definitively demonstrated by an increase in the expansion of PAX6⫹ RG stem cells
and a concurrent decrease in the TBR2-expressing IPC (see Fig. S6
in the supplemental material). The majority of the BrdUhigh cells
were TBR2⫹ PAX6⫹ IPC; a smaller proportion represented RG
stem cells (see Fig. S3 in the supplemental material). These findings suggest that poly(I · C) treatment results in depletion of the
BrdUhigh IPC subpopulation.
These data may have implications for understanding pathological cortical development in other gyrencephalic species. In primates as well as rodents, the SVZ is the source of upper-layer
cortical neurons, and regional patterns of neurogenesis caused by
IPC proliferation in the SVZ help determine patterns of gyrification (48, 50).
The Toll-like receptor (TLR) family plays a critical role in regulating the type I interferon (IFN) response as well as other inflammatory cytokine and chemokine responses to viral pathogens. Immune cells in vivo utilize distinctive mechanisms to detect
viral RNA and to generate type I IFNs. In several viral infections,
Toll-like receptor 3 (TLR3)-independent signaling mechanisms,
such as mitochondrial antiviral signaling (MAVS) or TLR7/TLR9mediated pathways, are responsible for inducing innate immunity
against viral pathogens (51). Poly(I · C) administration leads to
pronounced expression of proinflammatory cytokines through
TLR3 activation (52). Cytokine levels are altered in maternal serum as well as in amniotic fluid, placenta, and fetal brain following
maternal immune activation by influenza infection, as well as
through exposure to lipopolysaccharide (LPS) or poly(I · C) (37,
45, 53). Smith and colleagues, using behavior as an outcome, identified interleukin 6 (IL-6) as a mediator of the effects of poly(I · C)
on fetal murine brain development (54). In vivo administration of
poly(I · C) has been reported to induce a transient, viral-infectionlike sickness behavior, including changes in weight loss, body temperature, and anorexia (55). Elimination of TLR3 in our knockout
mice largely abrogates the adverse effects of poly(I · C) on embryonic NPC proliferation. Despite these observations, it is unclear
that poly(I · C) effects are mediated only by immune activation of
the mother and/or the embryo. Direct effects of poly(I · C) on
neural elements have been demonstrated in vitro, with reduced
cell proliferation in WT embryonic cortical neurospheres, but not
in NPC derived from TLR3⫺/⫺ mice (56). These findings are consistent with our in vivo data wherein TLR3 expression is restricted
to RG stem cells (see Fig. S4 in the supplemental material). Ongoing experiments involving experimental transfer of TLR3⫺/⫺ embryos to WT surrogate dams and vice versa will more conclusively
address the relative contributions of maternal and fetal immune
responses to the phenotypes induced by poly(I · C).
Poly(I · C) signals through TLR3 via an NF-B-dependent
mechanism and induces proinflammatory cytokines, such as IL-1,
IL-6, IL-8, tumor necrosis factor alpha (TNF-␣) and RANTES,
and type I and II interferons (17, 54). Cyclooxygenase (COX)
inhibitors, such as carprofen, are used clinically to reduce pain,
fever, and inflammation (57). In addition to inhibiting COX,
some nonsteroidal anti-inflammatory drugs (NSAIDs) suppress
the production of proinflammatory cytokines and IFN through
NF-B transactivation (57, 58). In our model, NSAID treatment
may counter the TLR3-dependent poly(I · C) effect through a
similar cytokine-mediated mechanism. Extrapolation from murine models to humans can be hazardous. Nonetheless, the impaired cerebral corticogenesis and inflammatory response during

mbio.asm.org 7

De Miranda et al.

congenital viral infections suggest that an innate immune-related
mechanism may underlie the postnatal development of behavioral malfunctions characteristic of many neuropsychiatric diseases. Additionally, the observation that a COX inhibitor eliminates poly(I · C) effects on embryonic neuronal progenitor/stem
cell proliferation may provide a rationale for the use of antiinflammatory drugs in prenatal infections, during periods of neural development when the fetus is particularly vulnerable to central nervous system (CNS) damage.
MATERIALS AND METHODS
Mice. WT pregnant C57BL/6 mice on gestational day 14 (GD14) were
obtained from Harlan Laboratories (Dublin, VA). All protocols were approved by the Institutional Animal Care and Use Committee at Columbia
University. Congenic mice with a C57BL/6 background with Toll-like
receptor 3 (TLR3) deleted were obtained by repeated breeding of heterozygous B6;129S1-Tlrtm1Flv/J TLR3 knockout mice (Jackson Laboratory, Bar Harbor, ME) with WT C57BL/6 mice for 10 generations. Heterozygous mice, at each generation, carrying the TLR3 deletion were
identified by PCR analysis of total genomic DNA using primers NEO_F
(CTTGGGTGGAGAGGCTATTC), NEO_R (AGGTGAGATGACAG
GAGATC), TLR3-F (ACTCCTTTGGGGGACTTTTG), and TLR3-R
(CAGGTTCGTGCAGAAGACAA) (forward primers and reverse primers
indicated by F and R, respectively, at the end of the primer designation).
After 10 generations, heterozygous mice were intercrossed, and congenic
homozygous TLR3⫺/⫺ mice on a C57BL/6 background were selected to
maintain the colony. In all experiments where TLR3⫺/⫺ mice were used,
WT pups from 3 different litters served as controls.
Injection schedule. (i) Behavioral studies. Mice received a single intraperitoneal (i.p.) injection on gestational day 16 of either polyinosinicpolycytidylic potassium salt [poly(I · C)] (Sigma-Aldrich, St. Louis, MO)
(5 mg/kg of body weight) dissolved in phosphate-buffered saline (PBS) or
PBS alone.
(ii) Birth dating and cell fate experiments. Mice received three intraperitoneal injections on GD15, GD16, and GD17 of either 5 mg/kg of
poly(I · C) or PBS alone. On GD16, poly(I · C)- or PBS-treated mice also
received a single i.p. injection of the thymidine analog 5-bromo-2=deoxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO) dissolved in 0.9%
NaCl with 7 mM NaOH at a dosage of 50 mg/kg. To avoid possible litter
effect bias, no more than two pups per litter were used in these experiments [both the PBS-treated group and the poly(I · C)-treated group
contained 7 pups obtained from 4 different litters].
(iii) Cell cycle arrest experiments. Mice were treated on GD16 with
either poly(I · C) (5 mg/kg) or PBS followed by sequential injection with
two different halogenated nucleotide analogs. Poly(I · C)- or PBS-treated
pregnant mice first received a single injection of 5-iodo-2=-deoxyuridine
(IdU) at 50 mg/kg and a single injection of 5-chloro-2=-deoxyuridine
(CldU) at 50 mg/kg (both IdU and CldU from Sigma-Aldrich, St. Louis,
MO) 10 hours later [the PBS-treated group contained 8 pups obtained
from 4 different litters, while the poly(I · C)-treated group contained 4
pups obtained from 4 different litters].
(iv) Anti-inflammatory pretreatment studies. On GD15, -16, and
-17, mice were injected i.p. with either PBS or poly(I · C) 2 h after subcutaneous injection with either carprofen (Rimadyl; Pfizer Animal Health,
New York, NY) (50 mg/kg) or PBS. On GD16, mice from all dose groups
also received a single i.p. injection of BrdU (both the carprofen-treated
group and the non-carprofen-treated group contained 8 pups obtained
from 8 different litters).
Cortical cell isolation. Pregnant mice were euthanized on GD18
through CO2 inhalation followed by decapitation. The brains from embryos were removed and immediately placed in ice-cold Hank’s buffered
saline solution (HBSS) (Invitrogen, Carlsbad, CA). The cortices were
trimmed and homogenized using the papain neural tissue dissociation kit
(Miltenyi Biotec, Auburn, CA).
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Antibodies. The primary antibodies used included BrdU conjugated
to fluorescein isothiocyanate (BrdU-FITC) (clone BU1/75 ICR1 with
cross-reactivity to CldU; Abcam, Cambridge, MA), BrdU (clone B44 with
cross-reactivity to IdU; Becton Dickinson, San Jose, CA), PAX6 (developed by Atsushi Kawakami and obtained from Development Studies Hybridoma Bank, University of Iowa, Iowa City, IA), TBR2 and TBR2 conjugated to phycoerythrin (TBR2-PE) (clone 21Mgs8; eBioscience, San
Diego, CA), TLR3 (Sigma-Aldrich, St. Louis, MO), TLR3 (eBioscience,
San Diego, CA), and CUX1 (Santa Cruz Biotechnology, Santa Cruz, CA).
The secondary antibodies used included donkey anti-mouse antibody
conjugated to allophycocyanin (APC), goat anti-rabbit antibody conjugated to PE, donkey anti-mouse antibody conjugated to FITC, donkey
anti-rat antibody conjugated to FITC, goat anti-chicken antibody conjugated to Cy3, goat anti-rat conjugated to Cy2, and goat anti-mouse antibody conjugated to Cy5 (Jackson ImmunoResearch, West Grove, MA).
The flow cytometry isotype controls were PE-conjugated rat IgG2a ,
FITC-conjugated rat IgG2a , FITC-conjugated mouse IgG1 , and APCconjugated mouse IgG1  isotype (BD Biosciences, Bedford, MA).
Flow cytometry. Cortical cell suspensions were obtained from the
offspring of pregnant mice treated with PBS or poly(I · C) and injected
with PBS or BrdU. Intracellular BrdU was measured using the BrdU flow
kit (BD Biosciences, Bedford, MA). The cells were resuspended in 50 l of
staining buffer (PBS plus 1.0% fetal bovine serum [FBS]). The cells were
fixed, permeabilized, and treated with DNase (30 g per tube) to expose
incorporated BrdU. The cells were resuspended in 50 l of BD Perm/fix
buffer containing anti-BrdU antibody conjugated to APC (1:50) and specific relevant antibodies to detect intracellular TBR2 (1:100), CUX1 (1:
50), PAX6 (1:100), and TLR3 (1:500) antigens, followed by staining with
secondary antibodies diluted 1:1,000 (for CUX1, anti-rabbit antibody
conjugated to PE; for PAX6, anti-mouse antibody conjugated to APC or
FITC; for TLR3, anti-rat antibody conjugated to FITC). The cells that
were isolated from mice that were not injected with BrdU but stained with
anti-BrdU antibody were used as controls for gating the BrdU-positive
population. Intracellular IdU or CldU was detected using anti-BrdU antibodies that cross-react with each of the nucleotide analogs (1:50). Expression of intracellular activated caspase 3 was analyzed using the caspase
3 active form from the monoclonal antibody apoptosis kit (1:50; BD Biosciences, Bedford, MA). The cells were washed and resuspended in staining buffer and analyzed by multicolor flow cytometry on an LSRII analyzer (Becton Dickinson, Franklin Lakes, NJ). After gating to exclude dead
cells and debris based on forward scatter and side scatter, data were analyzed using FACS DiVa acquisition software (Becton Dickinson, Franklin
Lakes, NJ) and FlowJo6.1 (Tree Star, Ashland, OR).
Open-field locomotor activity. An automated open-field testing
arena system was used to quantitate protoambulatory locomotor activity
in a 2-min test (Coulbourn Instruments, Allentown, PA). WT pregnant
C57BL/6 mice were treated on GD16 with either poly(I · C) (5 mg/kg) or
PBS, and locomotor activity was tested in the offspring of the treated dams
on postnatal day 8 (PND8) [the PBS-treated group contained 37 pups
obtained from 20 different litters, while the poly(I · C)-treated group
contained 40 pups obtained from 20 different litters].
Startle and PPI session. Prepulse inhibition (PPI), an operational
measure of acoustic sensorimotor gating in which a weak prestimulus
(prepulse) attenuates the startle response to a sudden, loud noise (59), is
regarded as a robust measure of sensorimotor gating, attention, and distractibility (60). PPI was tested in adult offspring (postnatal [PN] weeks
15 to 17) of WT C57BL/6 mice that had been exposed to either poly(I · C)
(5 mg/kg) or PBS [the PBS-treated group contained 16 mice obtained
from 8 different litters, and the poly(I · C)-treated group contained 22
mice obtained from 12 different litters] on GD16. Mice were placed in
acoustically isolated startle chambers (SR-Lab; San Diego Instruments,
San Diego, CA). All PPI test sessions consisted of startle trials (pulse
alone), prepulse trials (prepulse plus pulse), and no-stimulus trials with
only background noise (nostim). Following a 5-min period for apparatus
acclimatization, five consecutive pulse-alone trials were presented to al-
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low animals to habituate to the startle stimulus (120 dB). Subsequently,
animals had 30 blocks of PPI test trials, presented in pseudorandomized
order (i.e., excluding any trials involving identical stimuli in consecutive
trials [59]). Each block consisted of one trial of either the pulse alone or a
prepulse plus pulse stimulus at one of four levels of prepulse intensity over
background or a nostim trial. The pulse-alone trial consisted of 40-ms
120-dB pulse of broadband noise. The prepulse-plus-pulse trials consisted
of a 15-ms noise prepulse, a 100-ms delay, and then a 40-ms 120-dB startle
pulse. The prepulse intensities were 2, 4, 8, and 16 dB above the 60-dB
background noise. The session concluded with five consecutive pulsealone trials. The interval between successive trials was 12 s. A reduction in
the startle magnitude in any prepulse-plus-pulse trial relative to that observed in pulse-alone trials defines PPI. The percent PPI was calculated for
each of the prepulse intensities as [(mean of pulse-alone trials ⫺ mean of
prepulse-plus-pulse trials)/(mean of pulse-alone trials) ⫻ 100%]. PPI values were averaged across the four prepulse intensities to produce the mean
percent PPI. The startle magnitude was calculated as the average response
to all of the pulse-alone trials, excluding the first and last blocks of five
pulse-alone trials. The habituation of the startle response was investigated
by grouping the startle trials into three blocks (5 pulse-alone trials each, in
order of presentation) and measuring the decrease of startle magnitudes
across blocks.
Statistical analysis. StatView version 5.0.1 software (Windows version; SAS Institute, Cary, NC) was used for all statistical analyses. Group
comparisons were carried out using analysis of variance (ANOVA) for
normally distributed data or data that became Gaussian when transformed (one-way ANOVA using the dose group as the between-subject
independent variable for the primary analyses); Fisher’s protected leastsignificant difference (PLSD) test was used for post hoc comparisons.
Mann-Whitney U tests (independent variable, dose group) were used for
group comparisons requiring nonparametric analytic approaches. For
PPI test, sex effects were also examined using a 2 ⫻ 2 ⫻ 4 (sex ⫻ dose
group ⫻ prepulse intensities) split-plot ANOVA. For all tests, statistical
significance was assumed where P ⬍ 0.05.
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