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Neurobiology of Disease

A Longitudinal Examination of the Neurodevelopmental
Impact of Prenatal Immune Activation in Mice Reveals
Primary Defects in Dopaminergic Development Relevant to
Schizophrenia

Stéphanie Vuillermot, Liz Weber, Joram Feldon, and Urs Meyer
Laboratory of Behavioural Neurobiology, Swiss Federal Institute of Technology Zurich, 8603 Schwerzenbach, Switzerland

Prenatal exposure to infection is a significant environmental risk factor in the development of schizophrenia and related disorders.
Recent evidence indicates that disruption of functional and structural dopaminergic development may be at the core of the developmen-
tal neuropathology associated with psychosis-related abnormalities induced by prenatal exposure to infection. Using a mouse model of
prenatal immune challenge by the viral mimic polyriboinosinic-polyribocytidilic acid, the present study critically evaluated this hypoth-
esis by longitudinally monitoring the effects of maternal immune challenge during pregnancy on structural and functional dopaminergic
development in the offspring from fetal to adult stages of life. Our study shows that prenatal immune challenge leads to dopaminergic
maldevelopment starting as early as in the fetal stages of life and produces a set of postnatal dopaminergic abnormalities that is
dependent on postnatal maturational processes. Furthermore, our longitudinal investigations reveal a striking developmental corre-
spondence between the ontogeny of specific dopaminergic neuropathology and the postnatal onset of distinct forms of dopamine-
dependent functional abnormalities implicated in schizophrenia. Prenatal immune activation thus appears to be a significant
environmental risk factor for primary defects in normal dopaminergic development and facilitates the expression of postnatal dopamine
dysfunctions involved in the precipitation of psychosis-related behavior. Early interventions targeting the developing dopamine system
may open new avenues for a successful attenuation or even prevention of psychotic disorders following neurodevelopmental disruption

of dopamine functions.

Introduction

Exposure to infection during critical periods of prenatal life is a
notable environmental risk factor in the later development of
schizophrenia and related psychotic disorders (Fatemi, 2005;
Brown, 2006). Since this association is not limited to a single
infectious pathogen, it has been suggested that factors com-
mon to the immune response to diverse infectious agents may
be the critical mediators of the link between prenatal infection
and enhanced risk of neurodevelopmental disturbances. Ac-
cording to one prevalent hypothesis, infection-induced eleva-
tion of proinflammatory cytokines in the maternal host and
eventually in the fetal brain may be one of the critical neuro-
immunological factors precipitating enhanced risk of schizo-
phrenia and related disorders in the offspring (Gilmore and
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Jarskog, 1997; Meyer et al., 2009b). Numerous experimental
investigations in rats and mice provide direct support for this
hypothesis by demonstrating the appearance of long-lasting
brain and behavioral dysfunctions relevant to schizophrenia
following prenatal exposure to cytokine-stimulating agents
such as lipopolysaccharide (LPS) and polyriboinosinic-
polyribocytidilic acid (Poly-I:C), or to specific proinflammatory
cytokines (for recent review, see Meyer et al., 2007, 2009a,b;
Patterson, 2009).

Many of the prenatal infection-induced behavioral and phar-
macological abnormalities in adult rats and mice appear to be
closely associated with imbalances in the central dopamine sys-
tem (Borrell et al., 2002; Zuckerman et al., 2003; Fortier et al.,
2004; Meyer et al., 2005, 2008b; Ozawa et al., 2006). Abnormalities in
the central dopamine system have also long been recognized to
play a major role in the pathophysiology of schizophrenia
(Laruelle, 1998; Di Forti et al., 2007; Guillin et al., 2007; Howes et
al., 2007). According to recent theoretical accounts, multiple ge-
netic and environmental risk factors may converge in a final com-
mon pathway of abnormal dopamine functions that ultimately
facilitate the expression of psychotic disturbances (Howes and
Kapur, 2009). In accord with this theoretical framework, prenatal
exposure to immune challenge may be one of the critical envi-
ronmental risk factors for abnormal dopaminergic development
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relevant to the etiopathology of schizophrenia and related psy-
chotic disorders (Meyer et al., 2008a; Meyer and Feldon, 2009).

However, direct evidence for this hypothesis is relatively
sparse thus far; and the ontogenetic mechanisms underlying the
induction of adult dopaminergic dysfunctions following pre-
natal immune activation remain elusive. In the present study,
we therefore addressed these issues by testing the hypothesis
whether prenatal immune challenge may induce multiple
changes in dopaminergic development. This was achieved by lon-
gitudinally monitoring the effects of prenatal immune activation
on dopaminergic structures and functions from the fetal to adult
stages of life. We used a well established mouse model of prenatal
immune challenge by the viral mimic Poly-1:C, which is known to
capture a wide spectrum of schizophrenia-related brain and be-
havioral dysfunctions associated with dopaminergic imbalances
in adulthood (e.g., Zuckerman et al., 2003; Meyer et al., 2005,
2008b; Ozawa et al., 2006). This experimental model system thus
offers an excellent opportunity to explore primary prenatal im-
mune activation effects on dopaminergic maldevelopment and to
identify putative developmental correlations between specific
dopamine-related structural and functional brain abnormalities
relevant to schizophrenia.

Materials and Methods

Animals. C57BL/6] mice were used throughout the study. Female and
male breeders were obtained from our in-house specific-pathogen-free
colony at the age of 10—14 weeks. Breeding began after 2 weeks of accli-
matization to the new animal holding room, which was a temperature-
and humidity-controlled (21 = 1°C, 55 * 5%) holding facility under a
reversed light—dark cycle (lights off: 8:00 A.M. to 8:00 P.M.). All animals
had ad libitum access to food (Kliba 3430, Klibamiihlen) and water. All
procedures described in the present study had been previously approved
by the Cantonal Veterinarian’s Office of Zurich and are in agreement
with the principles of laboratory animal care in the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health Publication No.
86-23, revised 1985). All efforts were made to minimize the number of
animals used and their suffering.

Maternal viral-like immune activation during pregnancy. For the pur-
pose of the maternal immunological manipulations during pregnancy,
female mice were subjected to a timed mating procedure as described
previously (Meyer et al., 2005). Pregnant dams on gestation day 9 (GD9)
received either a single injection of Poly-I:C (potassium salt; Sigma-
Aldrich) or vehicle. The gestational stage (i.e., GD9) was selected based
on our previous findings (Meyer et al., 2005, 2008a,b). GD9 in mice
corresponds approximately to the first trimester of human pregnancy
with respect to developmental biology and percentage of gestation
(Clancy etal., 2001). Poly-I:C (5 mg/kg) was dissolved in sterile pyrogen-
free 0.9% NaCl (= vehicle) solution to yield a final concentration of 1
mg/ml and was administered via the intravenous route at the tail vein
under mild physical constraint (see below). The dose of Poly-I:C was
chosen based on our previous studies in C57BL/6 mice (Meyer et al.,
2005, 2008a,b). All solutions were freshly prepared at the day of admin-
istration and injected with a volume of 5 ml/kg. All animals were re-
turned to their home cages immediately after the injection procedure.

For the purpose of the intravenous injections, each animal’s tail was
first bathed in 40°C water to better visualize and dilate the tail veins.
Subsequently, the animals were mildly restrained using a nonrestrictive
Plexiglas restrainer (561-RC, Plas Labs) and the substance was injected
either at the right or left tail vein. The success of the injection was verified
according to three main criteria: (1) resistance of the injection (this refers
to the fact that an incomplete hit of the vein prevents the intravenous
administration of the full volume of substance), (2) temporary replace-
ment of blood by the injected substance (this refers to the fact that a
successful injection at the tail vein can be visualized by the temporary
replacement of blood by the injected substance), and (3) appearance of a
blood drop following retraction of the needle (this refers to the fact that
following successful intravenous injection, a blood drop appears at the
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injection site following retraction of the needle). In addition to these
criteria, we have previously verified the effectiveness of intravenous Poly-
I:C administration in mice in terms of the elicited cytokine responses in
maternal and fetal tissue (Meyer et al., 2005, 2006).

Collection of fresh brain specimen. Brain specimens of offspring of Poly-
I:C- and saline-treated mothers were collected on GD19 and postnatal
day 35 (PND35) and PND70 to capture the fetal, peripubertal, and adult
stage of development. Peripubertal (PND35) and adult (PND70) stages
were defined based on the gradual attainment of sexual maturity and
age-specific behavioral discontinuities from younger to older animals
(for rats, Spear, 2000; for mice, Koshibu et al., 2004). These two devel-
opmental stages are identical to those included in our earlier studies
(Meyer et al., 2008b) and approximately correspond to periods between
11 and 16 years and from 20 years onward, respectively, in humans.

For the purpose of collecting fetal brain samples, pregnant dams were
killed by decapitation, and the fetuses were immediately removed from
the uteri. The fetal head regions were separated from the fetal bodies and
immediately frozen on powdered dry ice. The fetal specimens were then
stored at —80°C until further processing (see below). Fetuses were de-
rived from six mothers in each treatment condition (Poly-1:C or vehicle).
This served to rule out the possibility that putative differences between
Poly-I1:C- and vehicle-exposed fetuses may stem from individual differ-
ences in prenatal development.

For the collection of peripubertal and adult brain samples, offspring
were weaned and sexed on PND24. Littermates of the same sex were
caged separately. All animals were maintained under ad libitum food and
water diet and kept in a temperature- and humidity-controlled animal
vivarium under a 12:12 h reversed light—dark cycle as described above.
For the collection of fresh brain tissue, offspring were killed by decapita-
tion on PND35 or PND70. The brains were quickly removed from the
skull, immediately frozen on powdered dry ice, and stored at —80°C until
further processing (see below). Each experimental group on PND35 and
PND?70 consisted of offspring derived from multiple independent litters
(atleast six in each treatment condition). Brain samples of both male and
female offspring were collected and subjected to immunohistochemical
analyses (see below). All animals were experimentally naive at the time of
killing to avoid possible confounds from previous testing.

One of the main goals of the present study was to seek evidence for the
hypothesis that prenatal immune activation may lead to long-lasting
dopaminergic dysfunctions by interfering with early fetal dopaminergic
development. Therefore, fetal brain tissue was the critical starting point
for our longitudinal neuroanatomical investigations across the fetal to
the adult stage of life. Perfusion of fetal mice was technically not reliable.
Therefore, we adopted the same procedures for the evaluation of fetal
dopaminergic markers as published before (Meyer et al., 2008a) and thus
used nonperfused fetal brain tissue. To be consistent in tissue prepara-
tion across all developmental stages, we used identical procedures for our
immunohistochemical studies in all prenatal and postnatal subjects, i.e.,
decapitation without prior perfusion. In a second step, however, we re-
peated parts of the immunohistochemical analyses using perfused brain
tissue to confirm the results obtained in the initial investigations con-
ducted on nonperfused tissue (see below).

Collection of perfused brain specimen. We performed additional immu-
nohistochemical analyses of dopaminergic markers on perfused adult
brain specimen so as to confirm the prenatal Poly-I:C-induced neuro-
anatomical alterations using standard immunohistochemistry proce-
dures using perfused brain samples. For this purpose, we focused on the
dopaminergic phenotypes observed in adult (PND70) Poly-I:C relative
to control offspring because this developmental stage corresponds to our
endpoint phenotype. Adult offspring of Poly-I:C- and saline-treated
mothers were anesthetized with an overdose of Nembutal (Abbott Lab-
oratories) and perfused transcardially with 0.9% NaCl, followed by 4%
phosphate-buffered paraformaldehyde solution containing 15% picric
acid. The dissected brains were postfixed in the same fixative for 6 h and
processed for antigen retrieval involving overnight incubation in citric
acid buffer (pH = 4.5) followed by a 90 s microwave treatment at 480 W.
The brains were then cryoprotected using 30% sucrose in PBS, frozen
with powdered dry ice, and stored at —80°C until further processing.
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Immunohistochemistry. Nonperfused frozen brain samples were cut
coronally at 20 wm thickness using a cryostat (HM 500, Microm, Global
Medical Instrumentation). Six serial sections were collected, dried at
room temperature, and stored at —80°C until further processing. Per-
fused brain samples were cut coronally at 30 um thickness from frozen
blocks with a sliding microtome. Six series of sections were collected,
rinsed in PBS, and stored at —20°C in antifreeze solution until further
processing. For immunostaining of nonperfused brain sections, the slices
were fixed in 4% paraformaldehyde for 3 h, rinsed three times for 5 min
in PBS, and blocked for 1 h in 10% normal goat serum (NGS), in 0.3%
Triton X-100 in PBS. For immunohistochemical staining of perfused
brain sections, the slices were rinsed three times for 10 min in PBS, and
blocking was done in PBS, 0.3% Triton X-100, 5% normal serum for 1 h
at room temperature. The following primary antibodies were used: rab-
bit anti-tyrosine hydroxylase (TH; Santa Cruz Biotechnology; diluted:
1:500), rat anti-dopamine transporter (DAT; Millipore Bioscience Re-
search Reagents; diluted 1:250), rabbit anti-dopamine D1 receptor (D1R;
Millipore Bioscience Research Reagents; diluted 1:250), rabbit anti-
dopamine D2 receptor (D2R; Millipore Bioscience Research Reagents;
diluted 1:500), and rabbit anti-Nurrl (Santa Cruz Biotechnology; di-
luted: 1:50).

For immunostaining of nonperfused brain sections, all antibodies
were diluted in PBS containing 2% NGS and 0.3% Triton X-100 and
incubated overnight at room temperature. After three washes with PBS
(5 min each), the sections were incubated at room temperature for 2 h
with the biotinylated secondary antibodies diluted 1:500 in PBS contain-
ing 2% NGS and 0.3% Triton X-100. The sections were washed again
three times for 5 min in PBS and incubated with Vectastain ABC-Kit
(Vector Laboratories) diluted in PBS containing 0.3% Triton X-100 for
2 h. After three rinses in Tris—HC1 0.1 M, pH 7.4, the sections were stained
with 0.05% 3,3-diaminobenzidine, 0.024% H,0,, and 0.4% NiCl for
5-10 min, rinsed again three times in Tris~HCI 0.1 m, pH 7.4, dehy-
drated, and coverslipped with Eukitt (Kindler).

For immunostaining of perfused brain sections, all antibodies were
diluted in PBS containing 0.3% Triton X-100 and 2% normal serum, and
the sections were incubated free floating overnight at room temperature.
After three washes with PBS (10 min each), the sections were incubated
for 1 h with the biotinylated secondary antibodies diluted 1:500 in PBS
containing 2% NGS and 0.3% Triton X-100. Sections were washed again
three times for 10 min in PBS and incubated with Vectastain Kit (Vector
Laboratories) diluted in PBS for 1 h. After three rinses in Tris—HCI 0.1 M,
pH 7.4, the sections were stained with 1.25% 3,3-diaminobenzidine and
0.08% H,0, for 10—15 min, rinsed again four times in PBS, dehydrated,
and coverslipped with Eukitt (Kindler).

The chosen immunohistochemical methods have been proven to be a
reliable procedure to detect and quantify midbrain TH- and DAT-
positive cells in fetal brain tissue (Meyer et al., 2008a). Furthermore, they
also proved to be an efficient way to stain and quantify TH, DAT, D1R,
DR2, and Nurrl protein in striatal and/or midbrain regions of peripu-
bertal and adult subjects (see Figs. 1-7).

Stereological estimation of TH- and Nurrl-positive midbrain neurons.
The numbers of midbrain TH- and Nurrl-positive neurons were quan-
tified in the two relevant midbrain areas, namely in the ventral tegmental
area (VTA) and substantia nigra (SN). Even though the vast majority of
dopaminergic projections to the dorsal striatum stem from dopaminer-
gic cells located in the substantia nigra pars compacta (SNc), we also
included quantification of dopaminergic cells located in the substantia
nigra pars reticulata (SNr). Our rationale to include both SNc and SNr
dopaminergic cells in our analyses was to rule out the possibility that
potential group differences in the primary dopaminergic region of the SN
(i.e., the SNc) may simply reflect a difference in distribution across the
distinct SN regions rather than a genuine change in the total number of
dopaminergic cells in the SN.

The numbers of midbrain TH- and Nurrl-positive neurons in the left
brain hemisphere were determined by unbiased stereological estimations
using the optical fractionator method (Gundersen et al., 1988). With the
aid of the image analysis computer software Stereo Investigator (version
6.50.1; Microbrightfield), every section of a one-in-six series was mea-
sured, resulting in an average of four to six sections per GD19 brain
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sample and in an average of six to eight sections per PND35 and PND70
brain sample. For fetal (GD19) brain samples, the following sampling
parameters were used: (1) a fixed counting frame with a width of 25 um
and alength of 25 wm; and (2) a sampling grid size of 150 X 110 um. For
prepubertal (PND35) and adult (PND70) brain samples, the following
sampling parameters were used: (1) a fixed counting frame with a width
of 40 wm and alength of 40 wm; and (2) a sampling grid size of 150 X 110
pm. The counting frames were placed randomly at the intersections of
the grid within the outlined structure of interest by the software. The cells
were counted following the unbiased sampling rule using the 40X oil lens
[numerical aperture (NA), 1.3] and included in the measurement when
they came into focus within the optical dissector (Howard and Reed,
2005).

Optical densitometry of dopaminergic markers in striatal regions. Quan-
tification of the immunoreactivity for TH, DAT, D1R, and D2R in dorsal
and ventral striatal regions of the left brain hemisphere was achieved by
means of optical densitometry using ImageJ software (NIH). Optical
densitometry was chosen because these dopaminergic markers are highly
enriched at synaptic sites in the areas of interest (i.e., dorsal and ventral
striatal regions). Digital images were acquired at a magnification of 2.5X
(NA 0.075) using a digital camera (Axiocam MRc5, Zeiss) mounted on a
Zeiss Axioplan microscope. Exposure times were set so that pixel bright-
ness was never saturated. Pixel brightness was measured in the respective
areas of the right brain hemisphere. In addition, pixel brightness was
measured in the corpus callosum as background area. The background-
corrected optical densities were averaged per brain region and animal.
Six to 8 coronal brain sections per animal were analyzed in GD19 speci-
mens, and 8 to 10 sections per animal were analyzed in PND35 and
PND70 specimens. All immunohistochemical preparations of postnatal
brain samples were quantified in the dorsal striatum [caudate putamen
(CPu)], nucleus accumbens core (NAc core), and nucleus accumbens
shell (NAc shell). Since the NAc is not yet fully matured into core and
shell subregions at the late fetal stage (GD19), no further subdivisions
were made in the densitometric analyses of dopaminergic markers in the
fetal NAc (see below).

Delineation of fetal, peripubertal, and adult brain regions. The areas of
interest in fetal brain specimen encompassed the fetal CPu, NAc, SN, and
VTA at GD19. Each of these regions was delineated according to the work
of Paxinos et al. (2007). The analyses conducted in the fetal NAc region
included sections ranging from +2.07 to +2.43 mm from the rostral fetal
pole. The dorsal border of the fetal NAc lined the ventral side of the fetal
CPu, while its ventral border followed the dorsal side of the ventral
pallidum. Its lateral border was adjacent to the piriform cortex, while the
medial one followed the neuroepithelium. The analyses conducted in the
fetal CPu region also included sections ranging from +2.07 to +2.43 mm
from the rostral fetal pole. For the delineation of the ventral border of the
fetal CPu, a horizontal line was drawn slightly above the anterior com-
missure. The lateral border and the lateral part of the dorsal border of the
fetal CPu were adjacent to the medial border of the external capsule,
whereas the medial side and the medial part of the dorsal border of the
fetal CPu lined the lateral side of the neuroepithelium. The analyses
conducted in the fetal SN and VTA regions also included sections ranging
from +3.48 to +3.84 mm from the rostral fetal pole. The dorsal border of
the fetal SN followed the ventral border of the parabrachial nucleus,
while the ventral border of the fetal SN lined the dorsal side of the cere-
bral peduncle. On the other hand, the dorsal border of the fetal VTA
followed the ventral side of the mammillotegmental tract, and its ventral
border was adjacent to the dorsal border of the cerebral peduncle. The
lateral side of the VTA lined the medial border of the parabrachial pig-
mented nucleus, and its medial border followed the lateral side of the
rostral linear nucleus raphe.

The areas of interest in peripubertal (PND35) and adult (PND70)
brain specimens encompassed CPu, NAc shell and core, SN, and VTA.
Each of these regions was delineated according to the work by Franklin
and Paxinos (2008). The analyses conducted in the NAc core included
sections ranging from bregma +1.94 to +0.74 mm. The dorsal border of
the NAc core lined the ventral side of the CPu, while its ventral border
followed the dorsal side of the NAc shell. The lateral border of the NAc
core lined the medial border of the intermediate endopiriform claus-
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trum, and its medial border was adjacent to the lateral side of the NAc
shell. The analyses conducted in the NAc shell included sections ranging
from bregma +1.94 to +0.86 mm. The dorsal side of the NAc shell
followed the ventral border of the NAc core, except for the most rostral
section (bregma +1.94 mm), in which it lined the ventral border of the
CPu. The ventral side of the NAc shell lined the dorsal border of the
ventral pallidum. The lateral border of the NAc shell was adjacent to
the medial side of the NAc Core, and the medial NAc shell border fol-
lowed the lateral border of the lateral septal nucleus. The analyses con-
ducted in the CPu included sections ranging from bregma +1.94 to
+0.14 mm. The dorsal border of the CPu lined the ventral side of the
forceps minor of the corpus callosum for rostral slices (i.e., from bregma
+1.94 to +1.34 mm), and the ventral side of the external capsule for
more caudal sections (i.e., from bregma +1.18 to +0.14 mm). The ven-
tral border of the CPu lined the dorsal border of the NAc core for rostral
slices (i.e., from bregma +1.94 to +1.70 mm). For more caudal regions
of the CPu (i.e., from bregma +1.54 to +0.14 mm), a horizontal line was
drawn at the tip of the lateral ventricle to delineate its ventral border. The
lateral and medial borders of the CPu were always adjacent to the medial
border of the lateral part of the forceps minor of the corpus callosum, and
to the lateral border of the medial part of the forceps minor of the corpus
callosum, respectively. The analyses conducted in the peripubertal and
adult SN and VTA regions included sections ranging from bregma —2.80
to —3.16 mm. The dorsal border of the SN lined the ventral border of the
parabrachial pigmented nucleus, and its ventral side was adjacent to the
dorsal border of the cerebral peduncle. Hence, the analyses of TH- and
Nurrl-positive cells in the peripubertal and adult SN region took into
account cells of both the SNc and the SNr. The area of interest (i.e., SNc
and SNr) was extended laterally but did not include cells of the substantia
nigra pars lateralis. The medial border of the SN was defined by a vertical
line passing through the medial tip of the cerebral peduncle to exclude
cells located in the VTA. For the delineation of the dorsal border of the
VTA, a horizontal line was drawn through the mammillotegmental tract.
The ventral border of the VTA lined the dorsal side of the retromamillary
decussation for rostral sections (i.e., from bregma —2.80 to —2.92 mm)
and of the mamillary peduncle for the more caudal slices (i.e., from
bregma —3.08 to —3.16 mm). The lateral border of the VTA always followed
the medial side of the parabrachial pigmented nucleus. The medial border of
the VTA was defined by a vertical line passing through the middle of the
lateral-medial mamillary nucleus for sections ranging from bregma —2.80
to —2.92 mm, and by the lateral border of the fasciculus retroflexus for
sections ranging from bregma —3.08 to —3.16 mm.

Spontaneous and amphetamine-induced locomotor activity. Spontane-
ous and D-amphetamine sulfate (AMPH)-induced locomotor activity
was assessed in four identical open-field arenas (40 X 40 X 35 cm high)
made of wood and painted white as described before (Meyer et al., 2005,
2008b). They were located in a testing room under dim diffused lighting
(~35 lux as measured in the center of the arenas). A digital camera was
mounted directly above the four arenas. Images were captured at a rate of
5 Hz and transmitted to a PC running the Ethovision (Noldus) tracking
system.

To acclimatize the animals to the open field, they were placed in the
center of the arena and allowed to explore freely for 20 min. At the end of
this time period, the animals were removed from the apparatus and
injected with sterile 0.9% NaCl (saline) solution. They were then imme-
diately returned to the same arenas and allowed to explore for another 20
min. Subsequently, the animals were briefly removed from the apparatus
once more, administered with AMPH, and returned to the same arenas
again. The locomotor responses to the acute drug challenge were then
monitored for a period of 80 min. AMPH (Sigma-Aldrich) was dissolved
in isotonic 0.9% NaCl solution to achieve the desired concentration for
injection. AMPH was administered via the intraperitoneal route at a dose
of 2.5 mg/kg. This dose was selected based on our previous studies in
C57BL/6 mice (Meyer et al., 2005, 2008b). The selected dose of AMPH
(2.5 mg/kg, i.p.) does not produce any ceiling effects on locomotor ac-
tivity enhancement (Meyer et al., 2005, 2008b). This readily facilitates the
assessment of modulatory effects of the prenatal immunological manip-
ulation on AMPH-induced changes in locomotor activity. The volume of
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injection was 5 ml/kg. The AMPH solutions were freshly prepared on the
day of testing.

Spontaneous and drug-induced locomotor activity was assessed when
the animals reached the peripubertal (PND35) or adult (PND70) stage of
development. Each experimental group on PND35 and PND70 consisted
of offspring derived from multiple independent litters (at least six in each
prenatal treatment condition) and included male and female subjects.
Testing of peripubertal and adult animals was conducted in two separate
cohorts of drug-naive offspring to avoid repeated drug exposure and was
performed in the dark phase of the light—dark cycle.

Apomorphine-induced locomotor activity and stereotypy. Apomorphine-
induced locomotor activity and stereotypy were assessed in a transparent
Plexiglas cylinder (30 cm in diameter; 40 cm high), whose inner wall was
wrapped with metal wire mesh (1 mm thick with 8 X 8 mm squares). A
transparent Plexiglas wall (without wire mesh) was used as the cylinder top
to prevent the animals from escaping. The floor of the cylinder was covered
with sawdust, which was changed after each test run. Wire mesh and sawdust
embedding were used to allow the expression of (stereotyped) climbing and
sniffing, respectively. The cylinder was located in a testing room under dim
diffused lighting (~35 lux as measured in the center of the cylinder). A digital
camera was mounted directly above cylinder, which transmitted images
(captured atarate of 5 Hz) to a PC running the Ethovision (Noldus) tracking
system for the purpose of assessment of horizontal locomotor activity. An
additional digital video camera was mounted perpendicular to the cylinder
to record vertical movements and behaviors (see below). The output of the
perpendicular camera was transmitted to a PC running the Windows XP
operating system and the WINTV-2000 program for data acquisition.

The animals were injected with vehicle (vitamin C solution, VitC) or
apomorphine HCI (APO) solution and then gently placed in the center of
the cylinder. They were then allowed to explore freely for 60 min, during
which horizontal and vertical movements and behaviors were recorded
by the two cameras. APO (Sigma-Aldrich) was dissolved in 1% sterile
ascorbic acid (VitC, pH 3.2) to achieve the desired dose of 0.75 mg/kg
selected based on our previous studies in C57BL/6 mice (Singer et al.,
2009). The selected dose of APO (0.75 mg/kg, i.p.) does not produce any
floor effects on locomotor activity depression (Singer et al., 2009). This
readily facilitates the assessment of modulatory effects of the prenatal
immunological manipulation on APO-induced changes in locomotor
activity. APO and vehicle (VitC) solutions were freshly prepared on the
day of testing and administered via the subcutaneous route with an in-
jection volume of 5 ml/kg.

For each animal, horizontal locomotor activity was measured auto-
matically with the aid of the Ethovision tracking system. Stereotypic
behaviors were scored manually by the analysis of video tapes and in-
cluded the following four categories: climbing (defined as the event when
the animal had all four feet off the bottom of the cage, i.e., when it was
positioned on the cylinder wire mesh), rearing (defined as the event when
the animal removed both forepaws from the floor of the cage and as-
sumed a vertical or nearly vertical position), licking/grooming, and sniff-
ing/gnawing. Behavioral scores were obtained every 3 min for 30 s.
Hence, a total of 20 observations were equally distributed across the test
period of 60 min. Scores (expressed in absolute time) obtained at each
time point were added to attain a total score for each behavioral category.
All scores were obtained and analyzed under blind conditions.

APO-induced locomotor activity and stereotypy was assessed in
peripubertal (PND35) and adult (PND70) offspring born to Poly-1:C- or
saline-treated mothers. Each experimental group on PND35 and PND70
consisted of offspring derived from multiple independent litters (at least
six in each prenatal treatment condition) and included male and female
subjects. Testing of peripubertal and adult offspring was conducted in
two separate cohorts of drug-naive offspring to avoid repeated drug ex-
posure and was performed in the dark phase of the light—dark cycle.

Prepulse inhibition of the acoustic startle reflex. The prepulse inhibition
(PPI) test was conducted using four startle chambers for mice (San Diego
Instruments). The test apparatus has been fully described previously
(Meyer et al., 2005). In the demonstration of PPI of the acoustic startle
reflex (ASR), subjects were presented with a series of discrete trials com-
prising a mixture of four trial types. These included pulse-alone trials,
prepulse-plus-pulse trials, prepulse-alone trials, and no-stimulus trials in
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which no discrete stimulus other than the constant background noise was
presented. The pulse and prepulse stimuli used were in the form of a
sudden elevation in broadband white noise level (sustaining for 40 and 20
ms, respectively) from the background (65 dB,), with a rise time of
0.2-1.0 ms. In all, three different intensities of pulse (100, 110, and 120
dB,) and three intensities of prepulse (71, 77, and 83 dB,, which corre-
sponded to 6, 12 and 18 dB, above background, respectively) were used.
The stimulus onset asynchrony of the prepulse and pulse stimuli on all
prepulse-plus-pulse trials was 100 ms (onset to onset).

A session began with the animals being placed into the Plexiglas en-
closure. They were acclimatized to the apparatus for 2 min before the first
trial began. The first six trials consisted of six startle-alone trials, com-
prising two trials of each of the three possible pulse intensities. These
trials served to habituate and stabilize the animals’ startle response and
were not included in the analysis. Subsequently, the animals were pre-
sented with 10 blocks of discrete test trials. Each block consisted of the
following: three pulse-alone trials (100, 110, or 120 dB, ), three prepulse-
alone trials (+6, +12, or +18 dB, above background), nine possible
combinations of prepulse-plus-pulse trials (3 levels of prepulse X 3 levels
of prepulse), and one no-stimulus trial. The 16 discrete trials within each
block were presented in a pseudorandom order, with a variable intertrial
interval of a mean of 15 s (ranging from 10 to 20 s). For each of the three
pulse intensities (100, 110, or 120 dB,), PPI was indexed by percentage
inhibition of the startle response obtained in the pulse-alone trials by the
following expression: 100% X (1 — [mean reactivity on prepulse-plus-
pulse trials/mean reactivity on pulse-alone trials]), for each subject, and
at each of the three possible prepulse intensities (+6, +12, or +18 dB,
above background).

Testing of PPI was conducted in peripubertal (PND35) and adult
(PND?70) offspring born to Poly-I:C- or vehicle-treated mothers. Again,
each experimental group on PND35 and PND70 consisted of offspring
derived from multiple independent litters (at least six in each prenatal
treatment condition) and included male and female subjects. PPI testing
of peripubertal and adult subjects was conducted in two separate cohorts
of experimentally naive offspring to avoid possible confounds arising
from peripubertal testing. All PPI tests were performed in the dark phase
of the light—dark cycle.

Drug-induced modification of prepulse inhibition. To gauge dose-
dependent effects of selective pharmacological stimulation of DIR or
D2R on PPI in adulthood, adult (PND70) male C57BL/6 mice without
any prenatal manipulation were subjected to acute treatment with the
selective D1R agonist SKF38393 ata dose 0f 0.3, 1, or 3 mg/kg, or with the
selective D2R-like agonist quinpirole at a dose of 1, 5, or 10 mg/kg.
SKF38393 hydrochloride (Sigma-Aldrich) and quinpirole hydrochloride
(Sigma-Aldrich) were dissolved in isotonic 0.9% NaCl solution to obtain
the desired concentrations and were injected intraperitoneally with an
injection volume of 5 ml/kg 10 min before PPI testing. Control animals
received corresponding vehicle (NaCl) pretreatment. A total of 64 mice
(N = 8 per group) were used in these dose-response studies. Each mouse
was tested only once so that repeated drug exposures were avoided. The
apparatus and procedures used for the PPI test were identical to the ones
described above.

Following the dose-response studies involving SKF38393 or quinpi-
role pretreatment, an additional cohort of experimentally naive offspring
born to Poly-I:C- or vehicle-exposed mothers were then used for the
evaluation of drug effects on PPI in adulthood (PND70). Both prenatal
treatment groups consisted of offspring derived from multiple indepen-
dent litters (at least six in each prenatal treatment condition) and in-
cluded male and female subjects. We evaluated the effects of acute
treatment with the preferential D1R antagonist SCH23390 or the prefer-
ential D2R receptor antagonist raclopride relative to corresponding ve-
hicle treatment. Animals were treated with SCH23390 (1 mg/kg, s.c.),
raclopride (3 mg/kg, i.p.), or vehicle (isotonic 0.9% NaCl solution) 10
min before commencement of the PPI test. The doses and pretreatment
intervals of SCH23390 and raclopride were based on previous studies
showing that these drugs are efficient in antagonizing the PPI-disrupting
effects of acute APO treatment in C57BL/6 mice (Ralph-Williams et al.,
2003) and in normalizing PPI deficits in DAT knock-out mice (Ralph et
al., 2001), respectively. Half of the animals assigned to the vehicle group
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received subcutaneous injections of NaCl solution, and the other half
received intraperitoneal injections to account for the different injection
routes for SCH23390 (subcutaneous) and raclopride (intraperitoneal).
The volume of injection was 5 ml/kg for all solutions. The apparatus and
procedures used for the PPI test were identical to the ones described
above.

Statistical analyses. All data were analyzed using parametric ANOVA,
followed by Fisher’s least significant difference (LSD) post hoc compari-
sons or restricted ANOVAS whenever appropriate. Statistical signifi-
cance was set at p < 0.05. All statistical analyses were performed using the
statistical software StatView (version 5.0) implemented on a PC running
the Windows XP operating system.

All immunohistochemical and stereological data were analyzed under
blind conditions. For each dopaminergic marker and developmental
stage investigated, preliminary statistical analyses were conducted to as-
sess possible sex-dependent effects. These analyses provided no evidence
for significant interactions between sex and prenatal treatment. There-
fore, data from male and female offspring were collapsed to enhance
statistical power. Stereological counts of TH- and Nurrl-positive cells in
the SN and VTA regions of the midbrain were analyzed using 2 X 3
(prenatal treatment X developmental age) ANOVAs. Optical densito-
metric measures of TH, DAT, D1R, and D2R immunoreactivity in the
CPu region of the striatum were also analyzed using 2 X 3 (prenatal
treatment X developmental age) ANOVAs. Since NAc core and shell
subregions were not readily distinguishable in fetal brain specimen, we
analyzed the optical densitometric measures of TH, DAT, D1R, and D2R
immunoreactivity in the ventral striatal regions separately for fetal and
postnatal (peripubertal and adult) offspring. Hence, TH, DAT, D1R, and
D2R immunoreactivities in the total fetal NAc region were analyzed
using a one-way ANOVA with the between-subjects factor of prenatal
treatment. TH, DAT, D1R, and D2R immunoreactivities in the NAc core
and NAc shell of peripubertal and adult offspring were analyzed using
2 X 2 (prenatal treatment X postnatal age) ANOVAs.

In the test of AMPH sensitivity, locomotor activity (indexed by the
distance traveled in the open field) was expressed as a function of 5 min
bins and analyzed using a 2 X 4 (prenatal treatment X bins) repeated-
measures ANOVA for the acclimatization and saline treatment phases,
and by a 2 X 16 (prenatal treatment X bins) repeated-measures ANOVA
for the AMPH treatment phase. Basal and amphetamine-induced activ-
ities were separately analyzed for peripubertal (PND35) and adult
(PND70) offspring. In the test of APO sensitivity, locomotor activity
(indexed by the horizontal distance traveled in wire mesh cylinder) was
expressed as a function of 5 min bins and analyzed usinga 2 X 2 X 12
(prenatal treatment X drug treatment X bins) repeated-measures
ANOVA. Behavioral scores in the APO sensitivity test were analyzed by
2 X 2 (prenatal treatment X drug) ANOVAs. Locomotor and stereotypic
measures obtained in the APO sensitivity test were separately analyzed
for peripubertal (PND35) and adult (PND70) offspring. In the test of
PPI, percentage PPI (%PPI) was analyzed usinga 2 X 3 X 3 (prenatal
treatment X prepulse level X pulse level) ANOVA, and startle reactivity
to pulse-alone trials and prepulse-alone trials was analyzed using 2 X 3
(prenatal treatment X pulse level) and 2 X 3 (prenatal treatment X
prepulse level) ANOVAs, respectively. The data obtained in the individ-
ual PPI tests were separately analyzed for peripubertal (PND35) and
adult (PND70) offspring. The analysis of the effects of dopamine recep-
tor antagonists (SCH23390, raclopride, or vehicle) on percentage PPI in
adult (PND70) control or Poly-I:C offspring was conducted using a 2 X
3 X 3 X 3 (prenatal treatment X drug treatment X prepulse level X pulse
level) ANOVA, and startle reactivity to pulse-alone trials and prepulse-
alone trials was analyzed using 2 X 3 X 3 (prenatal treatment X drug
treatment X pulse level) and 2 X 3 X 3 (prenatal treatment X drug
treatment X prepulse level) ANOVAS, respectively. The analysis of the
effects of dopamine receptor agonists (SKF38393, quinpirole, or vehicle) on
percentage PPI in adult (PND70) C57BL/6 mice without any prenatal ma-
nipulation was conducted using 4 X 3 X 3 (drug treatment X prepulse
level X pulse level) ANOVASs, and startle reactivity to pulse-alone trials and
prepulse-alone trials was analyzed using 3 X 3 (drug treatment X pulse level)
and 3 X 3 (drugtreatment X prepulse level) ANOV As, respectively. The data
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Figure 1.  Age-dependent alterations in midbrain dopamine cell numbers following prenatal immune challenge. Pregnant
mice were exposed to the viral mimic Poly-I:C or vehicle treatment, and the effects on midbrain dopamine cell numbers were
investigated in the resulting offspring at the fetal (GD19), peripubertal (PND35), and adult (PND70) stages of development using
stereological estimations of TH-positive cells on serial coronal brain sections. A, Maternal Poly-I:C treatment significantly increased
the number of TH-positive cells in the fetal SN relative to maternal vehicle treatment. At the peripubertal stage of development,
prenatally immune challenged and control offspring did not differ in the number of TH-positive neurons in the SN. However, a
significant increase in the number of SN TH-positive cells was noticeable in adult offspring born to Poly-I:C-challenged mothers in
comparison with age-matched control offspring. *p << 0.05, based on Fisher's LSD post hoc group comparisons of GD19 or PND70
specimen following the presence of a significant two-way interaction in the initial 2 X 3 (prenatal treatment X age) ANOVA
(Fia,63) = 4.94, p << 0.05). B, Prenatal Poly-I:C exposure led to a significant increase in TH-positive cells in the VTA specifically in
adult (but not peripubertal or fetal) offspring compared with adult offspring of control mothers. *p << 0.05, based on Fisher's LSD
post hoc group comparisons of PND70 specimen following the presence of a significant two-way interaction in the initial 2 X 3
(prenatal treatment X age) ANOVA (F, ¢3) = 3.62, p << 0.05). C, Representative images of coronal brain sections of fetal (GD19)
and adult (PND70) offspring derived from vehicle- or Poly-I:C-treated mothers stained for TH protein by immunohistochemistry.
Theimages show TH cell stainings in the fetal SN and VTA, and in the adult SN. For all developmental stages, TH-positive cells in the
midbrain were clearly identifiable by the appearance of darkly stained cell bodies. Scale bars, 250 pem. All values in A and B are
means == SEM. The numbers of offspring included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11, N(PND35-
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pregnancy (GD9). The brains of the re-
sulting offspring were then collected when
they reached the late fetal (GD19), peripu-
bertal (PND 35) or adult (PND70) stage
of development; and brain specimen were
stained for TH by standard immunobhisto-
chemical procedures to visualize mid-
brain dopamine cells.

TH-positive dopamine neurons were
clearly identifiable by the presence of
darkly stained cells in the SN and VTA
regions of fetal, peripubertal, and adult
offspring (Fig. 1). Unbiased stereological
estimation of TH-positive cells revealed a
general age-dependent decrease in the
number of dopamine cells in both mid-
brain regions (Fig. 1). Most importantly,
Poly-I:C-induced prenatal immune chal-
lenge caused age-dependent alterations in
the number of dopamine cells in both SN
and VTA: the immunological manipula-
tion led to a significant increase in TH-
positive dopamine cells in the SN of fetal
(GD19) and adult (PND70) offspring rel-
ative to control offspring (Fig. 1A),
whereas it did not significantly alter the
number of SN dopamine cells in peripu-
bertal offspring (Fig. 1 A). Similar to its
effects on SN dopamine cells, prenatal im-
mune activation also led to a significant
increase in TH-positive dopamine cells in
the VT A of adult (PND70) offspring com-

vehicle) = 12, N(PND35-Poly-1:C) = 11, N(PND70-vehicle) = 11, N(PND70-Poly-I:C) = 12.

obtained in the SKF38393 and quinpirole experiments were separately
analyzed.

Results

Prenatal immune activation induces age-dependent
alterations in the number of midbrain dopamine cells
Disruption of structural and functional dopaminergic develop-
ment may be at the core of the developmental neuropathology
associated with prenatal exposure to infection (Meyer et al.,
2008a; Meyer and Feldon, 2009). First, we tested this hypothesis
by exploring whether maternal immune activation may affect the
development of midbrain dopamine cells in the offspring. In the
adult mammalian brain, the vast majority of midbrain dopami-
nergic cell bodies are located in discrete structures, namely, the
SN and the VTA (Smidt and Burbach, 2007; Van den Heuvel
and Pasterkamp, 2008). During development, dopamine cells are
formed rostral to the mid-hindbrain border in the ventral aspect
of the fetal mesencephalic flexure (Hynes and Rosenthal, 1999;
Smidt and Burbach, 2007). The emergence of the dopamine phe-
notype in the fetal ventral midbrain in mice is characterized by
the expression of TH startingataround GD11 (Bayer etal., 1995).
TH is the rate-limiting enzyme of dopamine (and noradrenalin)
synthesis in vivo and can therefore be used as a dopaminergic
marker for the detection of mesencephalic dopamine cells (Baco-
poulos and Bhatnagar, 1977). To evaluate whether prenatal im-
mune activation may induce alterations in the number of
mesencephalic dopamine cells, pregnant mice were subjected to a
single exposure to the viral mimic Poly-I:C (5 mg/kg, i.v.) or
corresponding vehicle (saline, i.v.) treatment in early/middle

pared with age-matched controls (Fig.

1B). However, prenatal immunological

manipulation did not significantly influ-
ence the number of TH-positive cells in the VTA of fetal (GD19)
or peripubertal (PND35) offspring relative to control treatment
(Fig. 1B). These results demonstrate that maternal exposure to a
viral-like acute phase response in early/middle pregnancy (GD9)
in mice is sufficient to disrupt the normal development of dopa-
minergic structures in the offspring’s midbrain.

Prenatal immune activation induces age-dependent changes
in midbrain Nurrl expression
The age-dependent nature of the changes in midbrain dopa-
mine cell numbers observed in prenatally immune challenged
offspring relative to age-matched controls may be related to
infection-induced alterations in cellular and/or molecular factors
that regulate the dopaminergic cell phenotype in midbrain re-
gions. The orphan nuclear transcription factor Nurrl is ex-
pressed in at least 95% of all TH-positive midbrain neurons from
GD10-11 onwards and has been shown to critically control the
expression of dopamine phenotypic markers such as TH (Smidt
and Burbach, 2007). Hence, the age-dependent alterations of
TH-positive cell numbers in the midbrain regions of prenatally
immune challenged offspring may be mediated by infection-
induced changes in Nurrl expression. To seek evidence for this
possibility, we analyzed the expression of Nurrl protein in the
VTA and SN of offspring derived from Poly-I:C- or vehicle-
treated mothers at the fetal (GD19), peripubertal (PND35), and
adult (PND70) stage of development.

Nurrl-positive cells were clearly visible in the selected mid-
brain regions (i.e., SN and VTA) at all three developmental stages
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examined (Fig. 2). In support of our hy-
pothesis, the quantitative analysis of
Nurrl-immunoreactive cells showed that
prenatal immune activation led to age-
dependent changes of Nurrl protein ex-
pression in both midbrain areas (Fig. 2).
Importantly, the prenatal Poly-I:C-
induced changes in SN Nurrl protein ex-
pression were highly consistent with the
effects of the immunological manipula-
tion on midbrain TH immunoreactivity:
maternal Poly I:C exposure led to a signif-
icant increase in Nurrl-positive cells in
the SN of fetal (GD19) and adult (PND70)
offspring relative to control offspring
(Fig. 2A), whereas it did not significantly
alter the number of SN dopamine cells in
peripubertal offspring (Fig. 2A). In addi-
tion, similar to its age-dependent effects
on the number of TH-positive cells in the
VTA (Fig. 1B), prenatal immune chal-
lenge led to a significant increase in
Nurrl-positive cells in the VTA of adult
(PND70) offspring compared with age-
matched controls (Fig. 2B), while it did
not significantly influence the number of
Nurrl-immuoreactive cells in the VTA of
fetal (GD19) or peripubertal (PND35)
offspring relative to control treatment
(Fig. 2B). Together, these data demon-
strate that the age- and region-specific
alterations in midbrain Nurr1 protein ex-
pression following prenatal Poly-I:C-
induced immune activation stringently
follow the age- and region-dependent
changes in the number of TH-positive do-
paminergic cells in the midbrain (Fig. 1).

Prenatal immune activation induces age-dependent changes
in presynaptic dopaminergic markers in dorsal and ventral

striatal regions
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Figure 2.  Age-dependent alterations in mesencephalic expression of the orphan nuclear transcription factor Nurr1 following
prenatalimmune challenge. Pregnant mice were exposed to the viral mimic Poly-I:Cor vehicle treatment, and the effects on Nurr1
protein expression in midbrain structures were investigated in the resulting offspring at the fetal (GD19), peripubertal (PND35),
and adult (PND70) stages of development using stereological estimations of Nurr1-positive cells on serial coronal brain sections.
A, Maternal Poly-I:C treatment significantly increased the number of Nurr1-positive cells in the fetal SN relative to maternal vehicle
treatment. At the peripubertal stage of development, prenatally immune challenged and control offspring did not differ in the
number of Nurr1-positive neurons in the SN region. However, a significant increase in the number of SN Nurr1-positive cells was
noticeable in adult offspring born to Poly-I:C-challenged mothers in comparison with age-matched control offspring. ***p <
0.001, based on Fisher's LSD post hoc group comparisons of GD19 or PND70 specimen following the presence of a significant
two-way interaction in the initial 2 X 3 (prenatal treatment X age) ANOVA (F, 53, = 17.38, p << 0.001). B, Prenatal Poly-I:C
exposure led to a significant increase in Nurr1-positive cells in the VTA specifically in adult (but not peripubertal or fetal) offspring
compared with adult offspring of control mothers. ***p < 0.001, based on Fisher's LSD post hoc group comparisons of PND70
specimen following the presence of a significant two-way interaction in the initial 2 X 3 (prenatal treatment X age) ANOVA
(Fp,63 = 4.06, p << 0.05). C, Representative images of coronal brain sections of fetal (GD19) and adult (PND70) offspring derived
from vehicle- or Poly-I:C-treated mothers stained for Nurr1 protein by immunohistochemistry. The images show Nurr1 cell stain-
ings in the fetal SN and VTA, and in the adult SN. For all developmental stages, Nurr1-positive cells in the midbrain were clearly
identifiable by the appearance of darkly stained cell bodies. Scale bars, 250 wm. All values in A and B are means = SEM. The
numbers of offspring included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11, N(PND35-vehicle) = 12,
N(PND35-Poly-I:C) = 11, N(PND70-vehicle) = 11, N(PND70-Poly-I.C) = 12.

the brains of the resulting offspring at fetal (GD19), peripubertal
(PND35) or adult (PND70) stage of development using optical
densitometry. Striatal TH immunoreactivity was detected in
brain specimen of all three developmental stages (Fig. 3) and was

Alterations in the number of midbrain dopamine neurons may
be closely linked to parallel disturbances in efferent dopaminer-
gic midbrain pathways. Midbrain dopamine cells send promi-
nent projections to dorsal and ventral parts of the striatum. In
mice, dopaminergic cell bodies located in the SN project primar-
ily to dorsal parts of the striatum (caudate—putamen, CPu),
forming the nigrostriatal dopaminergic pathway (Van den Heu-
vel and Pasterkamp, 2008). On the other hand, ventral parts of
the striatum (nucleus accumbens core and shell regions) receive
prominent projections from dopaminergic cell bodies of the
VTA, forming parts of the mesolimbic dopamine system (Van
den Heuvel and Pasterkamp, 2008). Considering the notable ef-
fects of prenatal immune activation on maldevelopment of do-
paminergic midbrain structures (Figs. 1, 2), we were interested to
assess possible effects of the prenatal immunological insult on
dopaminergic abnormalities in striatal regions.

First, we assessed the expression of the dopaminergic marker
TH, which exhibits a presynaptic cellular localization in striatal
regions. Pregnant mice were subjected to a single exposure to the
viral mimic Poly-I:C (5 mg/kg, i.v.) or corresponding vehicle
(saline, i.v.) treatment in early/middle pregnancy (GD9) as de-
scribed before, and striatal TH immunoreactivity was analyzed in

measured in the CPu and NAc core and shell subregions. In con-
trast to peripubertal and adult animals, NAc core and shell sub-
regions were not readily distinguishable in fetal brain specimen.
Therefore, the analyses of TH expression in the ventral striatum
of fetuses were conducted by taking into account TH immuno-
reactivity in the complete NAc region. As can be seen in Figure
3A, maternal exposure to the viral mimic Poly-I:C significantly
led to a small but significant increase in TH immunoreactivity in
the fetal CPu compared with control fetal brains. Interestingly,
however, the level of TH immunoreactivity was significantly re-
duced in the CPu of prenatally immune challenged offspring at
peripubertal age relative to age-matched controls (Fig. 3A), and
no significant difference in CPu TH immunoreactivity was
present between adult offspring born to Poly-I:C- and vehicle-
treated mothers (Fig. 3A). Prenatal immune activation also in-
duced age-dependent changes in TH expression in ventral parts
of the striatum: whereas TH immunoreactivity in both NAc core
and shell was significantly reduced in peripubertal offspring born
to immune-challenged mothers relative to age-matched controls
(Fig. 3B), prenatal immune activation led to a significant increase
in TH immunoreactivity in the two subregions of the ventral
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Figure3. Age- and region-specific alterations in striatal TH expression following prenatal immune challenge. Pregnant mice were exposed to the viral mimic Poly-1:C or vehicle treatment, and
the effects on striatal TH expression were investigated in the resulting offspring at the fetal (GD19), peripubertal (PND35), and adult (PND70) stages of development using optical densitometry of
immunohistochemically stained coronal brain sections. A, Maternal Poly-I:C treatment significantly increased TH immunoreactivity in the caudate putamen region of the fetal striatum relative to
maternal vehicle treatment. However, at the peripubertal stage of development, offspring born to Poly-I:C-treated mothers displayed a significant reduction in TH immunoreactivity in the CPu
relative to age-matched control offspring, but no significant group differences in CPu THimmunoreactivity were present at adult age. *p << 0.05, based on Fisher's LSD post hoc group comparisons
of GD19 or PND35 specimen following the presence of a significant two-way interaction in the initial 2 XX 3 (prenatal treatment X age) ANOVA (F, 53 = 6.11, p < 0.01). B, Prenatal Poly-I:C
exposure did not significantly influence TH immunoreactivity in the NAc region of the fetal striatum relative to maternal vehicle treatment. However, the prenatal immunological manipulation
significantly decreased TH immunoreactivity in both NAc core and shell at the peripubertal stage of development, but it significantly increased NAc core and shell TH immunoreactivity in adult
offspring relative to age-matched control offspring. *p << 0.05and **p << 0.01, based on Fisher's LSD post hoc group comparisons of PND35 or PND70 specimen following the presence of a significant
two-way interaction in the initial 2 XX 2 (prenatal treatment X postnatal age) ANOVA (NAc core: f; ,,) = 14.79, p < 0.001; NAcshell: F; ;) = 15.52, p << 0.05). (, Representative images of
coronal brain sections of fetal (GD19), peripubertal (PND35), and adult (PND70) offspring derived from vehicle- or Poly-I:C-treated mothers stained for TH by immunohistochemistry. 1, CPu; 2, NAG;
2A, NAc core; 2B, NAc shell. Scale bars, 500 m. All values in A and B are means = SEM. The numbers of offspring included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11,

N(PND35-vehicle) = 12, N(PND35-Poly-I:C) = 11, N(PND70-vehicle) = 11, N(PND70-Poly-I:C) = 12.

striatum at adult age in comparison with prenatal control treat-
ment (Fig. 3B). The latter effects on adult TH immunoreactivity
in the NAc are in full agreement with our own previous studies,
which were conducted on perfused adult mouse brain tissue
(Meyer et al., 2008b) and are also highly consistent with the im-
munohistochemical data obtained in other models of prenatal
immune activation (Borrell et al., 2002; Romero et al., 2008). In
contrast to its effects on peripubertal and adult TH density in the
NAc, maternal immune activation did not significantly alter the
expression of TH in the fetal NAc (Fig. 3B).

The prenatal infection-induced presynaptic dopaminergic ab-
normalities in striatal regions (as indexed by the age-dependent
alterations of striatal TH expression) (Fig. 3) may be associated
with accompanying changes in neuronal markers involved in the
regulation of synaptic dopaminergic activity. Therefore, we also
investigated the impact of prenatal immune challenge on the
striatal expression of DAT, which is known to provide the pri-
mary mechanism through which dopamine is cleared from syn-
apses in striatal regions (Masson et al., 1999). To this end, fetal
(GD19), peripubertal (PND35), and adult (PND70) brain sam-
ples of offspring derived from Poly-I:C-exposed and control
mothers were stained for DAT using immunohistochemistry.
Again, DAT immunoreactivity was analyzed in dorsal and ventral
regions of the striatum using optical densitometry. Striatal DAT
immunoreactivity was detected in brain specimen of all three

developmental stages (Fig. 4). However, DAT expression was low
in fetal compared with postnatal (peripubertal and adult) brain
samples (Fig. 4). Prenatal immune activation significantly af-
fected striatal DAT immunoreactivity in a region- and age-
dependent manner: Poly-I:C-exposed offspring displayed a small
but significant decrease specifically in the ventral (i.e., NAc) but
not dorsal (i.e., CPu) striatum at the fetal stage of development
relative to control fetuses (Fig. 4). In addition, prenatal immune
challenge led to a global reduction in striatal DAT expression
when the offspring reached the peripubertal period of life in com-
parison with age-matched controls (Fig. 4). No significant differ-
ences were evident between striatal DAT immunoreactivity in
adult offspring derived from immune-challenged and control
mothers (Fig. 4).

Together, the analyses of striatal TH and DAT immunoreac-
tivities highlight that in addition to its impact on the develop-
ment of midbrain dopamine cells (Figs. 1, 2), maternal exposure
to a viral-like acute phase response in early/middle pregnancy can
lead to significant presynaptic dopaminergic abnormalities in the
striatum, which are both region-specific and dependent on the
precise stage of the offspring’s development. Notably, similar to
the ontogeny of dopaminergic maldevelopment in midbrain
structures (Fig. 1), maternal immune challenge during pregnancy
can induce dopamine-related striatal abnormalities starting al-
ready early in fetal life.
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Age- and region-specific reduction in striatal DAT expression following prenatal immune challenge. Pregnant mice were exposed to the viral mimic Poly-I:C or vehicle treatment, and

the effects on striatal DAT expression were investigated in the resulting offspring at the fetal (GD19), peripubertal (PND35), and adult (PND70) stages of development using optical densitometry of
immunohistochemically stained coronal brain sections. 4, Offspring born to Poly-I:C-treated mothers displayed a significant decrease in DAT immunoreactivity in the CPu specifically at peripubertal
age in comparison with age-matched offspring born to vehicle-treated control mothers. **p << 0.01, based on Fisher's LSD post hoc group comparison of PND35 specimen following the presence of
a significant two-way interaction in the initial 2 X 3 (prenatal treatment X age) ANOVA (F, 53) = 5.60, p < 0.01). B, Prenatal Poly-I:C exposure also led to a significant reduction in DAT
immunoreactivity in the fetal NAc region compared with fetuses derived from control mothers. *p << 0.05, based on one-way ANOVA with the between-subjects factor of prenatal treatment ANOVA
(Fi,21) = 10.36,p < 0.01). Inaddition, peripubertal (but not adult) offspring born to Poly-I:C-treated mothers showed asignificant reduction in DAT immunoreactivity in both the NAc core and shell
subregions relative to peripubertal control offspring. *p << 0.01, based on Fisher's LSD post hoc group comparison of PND35 specimen following the presence of a significant two-way interaction in
the initial 2 X 2 (prenatal treatment X postnatal age) ANOVA (NAc core: F; 15, = 4.72, p < 0.05; NAcshell: F; ,,, = 4.56, p << 0.05). , Representative images of coronal brain sections of fetal
(GD19) and peripubertal (PND35) offspring derived from vehicle- or Poly-I:C-treated mothers stained for DAT by immunohistochemistry. 1, CPu; 2, NAG; 2A, NAc core; 2B, NAc shell. Scale bars, 500
m. All valuesin A and B are means == SEM. The numbers of offspring included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11, N(PND35-vehicle) = 12, N(PND35-Poly-I:C) =

11, N(PND70-vehicle) = 11, N(PND70-Poly-I:C) = 12.

Prenatal immune activation induces a postpubertal onset of
altered dopamine D1 and D2 receptor expression in dorsal
and ventral striatal regions

In addition to the characterization of presynaptic dopaminergic
markers in striatal structures (Figs. 3, 4), we were interested to
explore whether prenatal immune challenge may also affect the
developmental expression of striatal dopamine receptors. Here,
we focused on two dopamine receptor subtypes known to be
strongly expressed in striatal structures, namely the D1 and D2
dopamine receptor subtypes (DIR and D2R, respectively). Ab-
normal expression of these receptors has already been associated
with the long-term neuropathological consequences of prenatal
immune challenge (Meyer and Feldon, 2009). However, the
developmental nature of dopamine receptor abnormalities
following prenatal immune activation remains unknown.
Therefore, we treated pregnant mice with Poly-I:C (5 mg/kg,
i.v.) or corresponding vehicle (saline, i.v.) in early/middle
pregnancy (GD9) as described before, and we analyzed striatal
D1R and D2R expression in the brains of the resulting off-
spring at fetal (GD19), peripubertal (PND35) or adult
(PND70) age using standard immunohistochemical proce-
dures and optical densitometry.

D1R and D2R immunoreactivities were relatively low in fetal
striatal areas compared with peripubertal and adult brain sam-
ples (Figs. 5, 6), and no significant group differences in D1R (Fig.
5) and D2R (Fig. 6) immunoreactivities were manifest at this

early stage of development. Likewise, prenatal immune activation
did not significantly affect striatal D1R (Fig. 5) or D2R expression
(Fig. 6) in peripubertal offspring compared with prenatal control
treatment. However, relative to control treatment, prenatal Poly-
I:C-induced immune activation selectively increased striatal D1R
and D2R immunoreactivities when the offspring reached the
adult stage of development. More specifically, adult offspring
born to immune-challenged mothers displayed a significant in-
crease in D1R immunoreactivity in the CPu (Fig. 5A) and NAc
shell (Fig. 5B) and a significant increase in D2R immunoreactiv-
ity specifically in the NAc shell (Fig. 6 B) region of the striatum.
Together, these findings clearly demonstrate that in contrast to
the induction of presynaptic dopaminergic abnormalities in fetal
and/or peripubertal life (Figs. 3, 4), prenatal immune activation
induces a postpubertal onset of altered D1R and D2R expression in
dorsal and ventral striatal regions. However, the direction of prenatal
infection-induced changes in striatal D1R and D2R density appears
to differ from the earlier findings by Ozawa and colleagues (2006)
showing that subchronic administration of Poly-I:C from mid-
dle to late gestation (i.e., from GD12 to GD17) leads to decreased
(rather than increased) D2R receptor binding in striatal regions.
As extensively discussed previously (see Meyer et al., 2006, 2007,
2009a,b), these discrepant outcomes of prenatal Poly-I:C-
induced immune activation on striatal dopamine receptor ex-
pression are likely to be accounted for by differences in the precise
prenatal timing of the immunological insult.
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Figure 5.  Postpubertal onset of altered D1R expression in striatal regions following prenatal immune challenge. Preg-

nant mice were exposed to the viral mimic Poly-1:C or vehicle treatment, and the effects on striatal D1R expression were
studied in the resulting offspring at the fetal (GD19), peripubertal (PND35), and adult (PND70) stages of development using
optical densitometry of immunohistochemically stained coronal brain sections. 4, Offspring born to Poly-I:C-treated moth-
ers displayed a significant increase in DTR immunoreactivity in the CPu specifically at adult age in comparison with adult
offspring born to vehicle-treated control mothers. *p << 0.05, based on Fisher’s LSD post hoc group comparison of PND70
specimen following the presence of a significant two-way interaction in the initial 2 XX 3 (prenatal treatment X age)
ANOVA (F; 63) = 3.94, p << 0.05). B, Prenatal Poly-I:C exposure also significantly increased DR immunoreactivity in the
NAcshell but notin the core subregion in the adult offspring relative to adult control offspring. *p << 0.05, based on Fisher’s
post hoc group comparison of PND70 specimen following the presence of a significant two-way interaction in the initial 2 X
2 (prenatal treatment X postnatal age) ANOVA (F, ,,) = 3.31, p < 0.05). (, Representative images of coronal brain
sections of adult (PND70) offspring born to vehicle- or Poly-I:C-treated mothers stained for D1R by immunohistochemistry.
1, CPu; 2A, NAc core; 2B, NAc shell. Scale bar, 500 pm. All values in A and B are means == SEM. The numbers of offspring
included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11, N(PND35-vehicle) = 12, N(PND35-Poly-I:
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on dopaminergic markers in perfused
adult brain samples confirmed the out-
comes previously revealed in nonperfused
fresh brain samples. Specifically, a signifi-
cant increase in TH and D2R densities in
the ventral (i.e., NAc core and shell) but
not dorsal (i.e., CPu) striatum was notice-
able in adult Poly-I:C offspring relative to
age-matched controls (Fig. 7B,D). Fur-
thermore, our analysis of striatal D1R im-
munoreactivity in perfused adult subjects
also confirmed the significant effects of
prenatal Polyl:C exposure on enhance-
ment of DIR densities in the CPu and
NAc shell regions (Fig. 7C). Consistent
with the results obtained in the analysis of
nonperfused adult brain samples, prena-
tal immune challenge did not significantly
affect DAT density in dorsal and ventral
striatal regions (data not shown). Finally,
unbiased stereological estimation of mid-
brain dopamine cells in perfused brains
samples also confirmed the significant in-
crease in TH-positive cells in the SN and
VTA regions of adult Poly-I:C offspring
compared with adult control offspring
(Fig. 7A). It is also important to point out
that the magnitude of the various dopa-
minergic changes revealed in perfused
brains of adult Poly-I:C offspring
(10-20% difference to control levels) is
highly consistent with the magnitude of
prenatal Poly-I:C-induced changes ob-
served in nonperfused brain samples. To-
gether, the successful replication of the
adult dopaminergic phenotype in per-

() = 11, N(PND70-vehicle) = 11, N(PND70-Poly-I:C) = 12.

Confirmation of the adult dopaminergic phenotype in
perfused brain specimen

Since our original longitudinal investigation of prenatal immune
activation effects on dopaminergic development from fetal to the
adult stage of life was performed on nonperfused brain tissue, we
were interested to confirm the prenatal Poly-I:C-induced neuroana-
tomical alterations using perfused brain samples. For this purpose,
we focused on the dopaminergic phenotypes observed in adult
(PND70) Poly-I:C relative to control offspring because this develop-
mental stage corresponds to our endpoint phenotype. Pregnant
mice were subjected to a single exposure to the viral mimic Poly-1:C
(5 mg/kg, i.v.) or corresponding vehicle (saline, i.v.) treatment in
early/middle pregnancy (GD9) as described before, and immunore-
activities of TH, DAT, D1R, and D2R were assessed in the adult
offspring according to standard procedures using perfused brain
samples.

As expected, the background levels of the dopaminergic im-
munostainings were generally lower in perfused brain sections
(Fig. 7) compared with nonperfused brain sections (Figs. 1-6) of
adult Polyl:C and control mice; and consequently, the optical
densitometric measures of TH, DAT, DIR, and D2R in striatal
regions were generally higher in perfused (Fig. 7) relative to non-
perfused (Figs. 1-6) adult brains. Most importantly, however,
the additional investigation of prenatal immune activation effects

fused brain specimen (Fig. 7) readily ex-

cludes the possibility that the methods of

tissue processing chosen for our original
longitudinal investigation (Figs. 1-6) might have undermined a
sensitive assessment of prenatal immune activation effects on
fetal to adult dopaminergic development.

Differential ontogeny of altered sensitivity to direct and
indirect dopamine receptor agonist treatment following
prenatal immune activation

The differential ontogeny of prenatal infection-induced alterations
in presynaptic and receptor-associated dopaminergic markers may
critically influence the postnatal onset of dopamine-related func-
tional impairments. To test this hypothesis, we conducted phar-
macological and behavioral analyses in peripubertal (PND35)
and adult (PND70) offspring born to mothers subjected to Poly-
I:C or control treatment during pregnancy.

First, we explored the behavioral sensitivity of prenatally
immune-challenged and control offspring to acute treatment
with a low dose of the indirect dopamine receptor agonist
AMPH. The neurochemical and behavioral effects of AMPH are
primarily accounted for by stimulation of endogenous presynap-
tic dopamine release upon synaptic uptake mediated by DAT
(Giros et al., 1996; Salahpour et al., 2008). The behavioral sensi-
tivity to acute treatment with a low dose of AMPH (2.5 mg/kg,
i.p.) was assessed in terms of measuring the drug’s effect on en-
hancing locomotor activity in the open field. In this procedure,
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8). Hence, both peripubertal (Fig. 8A) 0
and adult (Fig. 8B) offspring born to
Poly-I:C-treated mothers displayed a sig-
nificant enhancement of the locomotor-
stimulating effects of AMPH compared
with age-matched control offspring.

In the next step, we explored the effects
of prenatal Poly-I:C-induced immune
challenge on the sensitivity to direct phar-
macological stimulation of dopamine
receptors. In view of the age-dependent
effects of the prenatal immunological ma-
nipulation on striatal DIR and D2R ex-
pression (Figs. 5-7), we hypothesized that
offspring born to Poly-I:C-exposed moth-
ers would display age-dependent alter-
ations in the behavioral sensitivity to the mixed D1R/D2R agonist
APO. Therefore, we treated peripubertal (PND35) or adult
(PND70) Polyl:C and control offspring with a single dose of
APO (0.75 mg/kg) or corresponding vehicle solution (VitC) and
analyzed several behavioral measures following the acute
pharmacological DIR/D2R stimulation, including horizontal
locomotor activity and presence of stereotypic behaviors such as
climbing, rearing, licking/grooming and sniffing/gnawing. Acute
APO treatment similarly depressed horizontal locomotor activity
in peripubertal (PND35) Poly-1:C and control offspring relative
to corresponding vehicle (VitC) treatment (Fig. 9A). These ef-
fects of acute APO treatment are in full agreement with the
known locomotor-depressing effects of low doses of APO in
mice, which have been attributed to stimulation of presynaptic
D2R-like auto-receptors exerting a negative feedback control
over dopamine release (Singer et al., 2009 and references
therein). Acute APO administration also markedly depressed
horizontal locomotor activity in adult (PND70) offspring born to
control mothers (Fig. 9B). Most interestingly, however, the hor-
izontal locomotor activity pattern in APO-treated adult Poly-1:C
offspring significantly differed from the pattern observed in
APO-treated adult control offspring (Fig. 9B). In contrast to the
persistent decrease in locomotor activity revealed in adult control
offspring following acute APO treatment, horizontal locomo-
tor activity in APO-treated adult Poly-1:C offspring was char-
acterized by a transient decrease (evident only during the early

GD19

Figure6.
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Postpubertal onset of altered D2R expression in striatal regions following prenatalimmune challenge. Pregnant mice
were exposed to the viral mimic Poly-I:C or vehicle treatment, and the effects on striatal D2R expression were studied in the
resulting offspring at the fetal (GD19), peripubertal (PND35), and adult (PND70) stages of development using optical densitometry
of immunohistochemically stained coronal brain sections. A, Offspring born to Poly-I:C-treated mothers did not display any
significant differences in D2R immunoreactivity in the CPu at the fetal, peripubertal, or adult stage of development compared with
age-matched offspring born to vehicle-treated control mothers. B, However, prenatal Poly-I:C exposure significantly increased
D2R immunoreactivity specifically in the NAc shell but not in the core subregion in the adult offspring relative to adult control
offspring. *p << 0.05, based on Fisher's LSD post hoc group comparison of PND70 specimen following the presence of a significant
two-way interactionin theinitial 2 X 2 (prenatal treatment X postnatal age) ANOVA (F, ,,) = 4.28,p < 0.05). C, Representative
images of coronal brain sections of adult (PND70) offspring born to vehicle- or Poly-I:C-treated mothers stained for D2R by
immunohistochemistry. 1, CPu; 2A, NAc core; 2B, NAc shell. Scale bar, 500 pem. All values in A and B are means == SEM. The
numbers of offspring included in the analyses were N(GD19-vehicle) = 12, N(GD19-Poly-I:C) = 11, N(PND35-vehicle) = 12,
N(PND35-Poly-I:C) = 11, N(PND70-vehicle) = 11, N(PND70-Poly-I.C) = 12.

post-treatment interval) and a subsequent increase (Fig. 9B).
The latter effect (i.e., secondary increase in locomotor activ-
ity) was most pronounced between 15 and 30 min following
APO treatment and is likely to represent enhanced signaling at
postsynaptic dopamine receptors (Singer et al., 2009 and ref-
erences therein).

The quantitative analysis of stereotypic behaviors following
acute APO treatment revealed no significant differences between
peripubertal (PND35) or adult (PND70) Polyl:C and control
offspring, suggesting that the prenatal immunological manipula-
tion did not significantly influence the stereotypic responses to
systemic APO treatment (data not shown). In both peripubertal
and adult subjects, the drug treatment significantly increased and
decreased licking/grooming and sniffing/gnawing behavior, respec-
tively, regardless of the prenatal treatment histories. At PND35, the
overall mean * SEM time (seconds) of licking/grooming was
72.34 = 6.88 and 41.20 = 5.52 in APO- and vehicle-treated subjects,
respectively (main effect of drug treatment: F, 54y = 6.23, p < 0.05);
and the overall mean * SEM time (seconds) of sniffing/gnawing was
109.16 £ 8.71 and 133.56 * 6.12 in peripubertal APO- and vehicle-
treated subjects, respectively (main effect of drug treatment: F, 5y =
4.69, p < 0.05). At PND?70, the overall mean = SEM time (seconds)
oflicking/grooming was 92.86 = 9.93 and 53.77 = 8.09 in APO- and
vehicle-treated subjects, respectively (main effect of drug treatment:
F(1 37 =8.12,p < 0.01); and the overall mean = SEM time (seconds)
of sniffing/gnawing was 147.25 = 9.59 and 176.94 = 10.05 in peripu-
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Figure 7.  Confirmation of the adult dopaminergic phenotype in perfused adult brain samples. Pregnant mice were exposed to

the viral mimic Poly-1:C or vehicle treatment, and immunoreactivities of TH, DAT, D1R, and D2R were assessed in the adult (PND70)
offspring according to standard procedures using perfused brain samples. 4, Prenatal Poly-I:Cexposure led to a significant increase
in the number of TH-positive cells in the SN (including both SNcand SNr) and the VTA compared with prenatal vehicle treatment.
B, Offspring born to Poly-I:C-treated mothers displayed enhanced THimmunoreactivity specifically in the nucleus accumbens core
(NAc core) and shell (NAc shell) subregions (indicated by the white arrows) but not in the CPu. C, Prenatal Poly-I:C exposure led to
a significant increase in D1R immunoreactivity in the CPu and NAc core regions of the striatum (indicated by the white arrows)
relative to prenatal control treatment. D, Offspring born to Poly-I:C-exposed mothers displayed enhanced D2R immunoreactivity
specifically in the NAc core NAc shell subregions (indicated by the white arrows) but not in the CPu. All values are means == SEM.
*p < 0.05, based on independent Student’s ¢ tests (two tailed). For all analyses, the numbers of offspring included in the analyses
were N(vehicle) = 8, N(Poly-I:C) = 7.1, CPu; 2A, NAc core; 2B, NAc shell. Scale bars, 250 um.
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bertal APO- and vehicle-treated subjects, re-
spectively (main effect of drug treatment:
Fiisp) = 417, p < 0.05).

Together, the AMPH and APO sensitiv-
ity tests conducted in peripubertal and adult
offspring born to immune-challenged or
control mothers demonstrates a differential
ontogeny of altered sensitivity to direct and
indirect dopamine receptor agonist treat-
ment following prenatal immune activa-
tion. While prenatal Poly-1:C exposure leads
to AMPH hypersensitivity both in per-
puberty and adulthood, the effects of prena-
tal immune activation on altered sensitivity
to APO treatment show a developmental
delay and thus only emerge in adulthood. In
support of our hypothesis, the latter effect
thus shows a remarkable developmental
correspondence with the postpubertal onset
of enhanced striatal D1R and D2R density
following prenatal immune challenge.

Postpubertal onset of sensorimotor
gating deficiency following prenatal
immune activation

We extended the functional investigations
of dopamine-dependent behaviors to a
test of sensorimotor gating. Sensorimotor
gating was assessed using the paradigm of
PPI of the ASR. PPI of the ASR refers to
the reduction of startle reactivity to aloud
startle-eliciting auditory stimulus (pulse)
when this is shortly preceded by a weak
acoustic stimulus (prepulse). PPI is known
to be sensitive to experimental manipula-
tions affecting (striatal) D1R and D2R activ-
ities (Ralph et al., 2001; Ralph-Williams
et al., 2003). Therefore, one expectation
from the results obtained in our longitu-
dinal immunohistochemical analyses is
that the postpubertal onset of altered stri-
atal D1R and D2R expression following
prenatal immune activation would be as-
sociated with the postpubertal onset of
PPI abnormalities. The assessment of PPI
in peripubertal and adult offspring born
to Poly-I:C- or vehicle-treated mothers
confirmed this prediction: prenatal im-
mune challenge led to a significant atten-
uation of PPI specifically in adult
offspring relative to prenatal control
treatment (Fig. 10 B), while it did not in-
fluence PPI at the periadolescent stage of
development (Fig. 10A). Prenatal Poly-
I:C exposure did also not significantly in-
fluence the startle reactivity as such (i.e.,
the reactivity to pulse-alone stimuli) or
prepulse-elicited reactivity (i.e., the reac-
tivity to prepulse-alone stimuli). The
overall mean = SEM startle reactivity (in
arbitrary units) to pulse-alone stimuli was
13.03 £ 1.15(100dB, ), 48.10 = 3.34 (110
dB,) and 84.25 * 5.36 (120 dB,) at the
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Figure8. Prenatalimmune activation induces enhancement of the behavioral sensitivity to

acute amphetamine treatment regardless of the offspring’s postnatal age. The behavioral sen-
sitivity of prenatally Poly-I:C- or vehicle-treated offspring to a low dose of AMPH (2.5 mg/kg,
i.p.) was assessed in an open field arena when they reached the peripubertal (PND35) or adult
(PND70) stage of development. The line plots show locomotor activity as indexed by the total
distance traveled in the entire open field across bins of 5 min during the initial acclimatization
period as well as following saline (SAL) and AMPH administration; the bar plots represent the
mean distance moved across the entire 80 min period following AMPH administration. 4, No
significant differences in basal locomotor activity (as measured during the initial acclimatiza-
tion period and following SAL administration) were noticeable between Poly-I:C and control
offspring at peripubertal age. Acute treatment with the low dose of AMPH led to a modest
increase in locomotor activity in peripubertal offspring born to control mothers. The locomotor-
enhancing effects of AMPH were significantly increased in peripubertal offspring born to Poly-
I:C-treated mothers. *p << 0.05 represents the significant main effect of prenatal treatment in
the 2 X 16 (prenatal treatment X bins) repeated-measures ANOVA of distance moved follow-
ing AMPH treatment (F; ,5) = 4.27). The numbers of offspring included were N(vehicle) = 14,
N(Poly-I:C) = 13. B, There were also no significant differences in basal locomotor activity
between Poly-1:C and control offspring at the adult stage of life. Acute treatment with the low
dose of AMPH led to marked increase in locomotor activity in peripubertal offspring born to
control mothers. Again, the locomotor-stimulating effects of AMPH were significantly en-
hancedinadult offspring born to Poly-I:C-treated mothers. *p << 0.05 represents the significant
main effect of prenatal treatment in the 2 X 16 (prenatal treatment X bins) repeated-
measures ANOVA of distance moved following AMPH treatment (F; 5o, = 5.36). The numbers
of offspring included were N(vehicle) = 10, N(Poly-l:() = 12. All values in A and B are
means % SEM.

peripubertal stage of life, and 18.78 * 2.90 (100 dB,), 52.48 =
8.08 (110 dB,) and 90.36 * 13.94 (120 dB,) at the adult stage of
life. The overall mean * SEM startle reactivity (in arbitrary units)
to the prepulse-alone presentations was 5.33 = 1.25 (71 dB,),
6.11 £ 0.93 (77 dB,), and 7.20 £ 1.55 (83 dB,) in preadoles-
cence,and 6.76 = 0.50 (71dB,),7.10 = 0.58 (77 dB, ), and 8.06 *
0.61 (83 dB,) in adulthood.

Normalization of prenatal infection-induced PPI deficits by
acute treatment with selective D1R and D2R antagonists

The developmental correspondence between the postpubertal
onset of enhanced DIR and D2R expression in the striatum and
disruption of PPI in prenatally immune-challenged offspring
may be suggestive of a causal relationship, in which enhanced
signaling at D1R and/or D2R may disrupt PPI in adult offspring
born to immune-challenged mothers. We were interested to test
the feasibility of this potential causal relationship. First, we con-
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firmed the efficacy of enhanced stimulation of D1R or D2R to
disrupt sensorimotor gating as assessed in our 3 X 3 (prepulse X
pulse) parametric design of PPI. For this purpose, we adopted a
dose-response study in which we subjected adult (PND70)
C57BL/6 mice without any prenatal manipulation to acute treat-
ment with the selective DIR agonist SKF38393 at a dose of 0
(=vehicle), 0.3, 1, or 3 mg/kg, or with the D2R-like agonist quin-
pirole ata dose of 0 (=vehicle), 1, 5, or 10 mg/kg. Acute treatment
with the selective D1R agonist SKF38393 led to a dose-dependent
attenuation of PPI: the highest dose of SKF38393 (3 mg/kg) sig-
nificantly reduced %PPI relative to corresponding vehicle treat-
ment, and this effect was noticeable across all pulse levels
investigated (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). SKF38393 treatment did not signifi-
cantly affect prepulse-elicited or pulse-elicited startle reactivity
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Administration of the D2R-like agonist quin-
pirole also significantly attenuated %PPI. However, the efficacy
of quinpirole to disrupt PPI clearly depended on the intensity of
the pulse stimulus used: while only the highest dose (10 mg/kg) of
quinpirole significantly reduced %PPI in trials, in which the low-
est pulse (100 dB,) served as the pulse stimulus, quinpirole at all
three doses (1, 5, or 10 mg/kg) were efficient in reducing %PPI in
conditions in which the middle pulse intensity (110 dB,) was
used (supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material). On the other hand, none of the three se-
lected doses were capable of significantly affecting the expression
of %PPI in conditions in which the highest pulse (120 dB,)
served as the pulse stimulus (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). Interestingly,
quinpirole treatment also markedly increased prepulse-elicited
startle reactivity while sparing pulse-elicited startle reactivity
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). The effects of quinpirole on prepulse-elicited
startle reactivity are highly similar to those observed following
systemic APO treatment in C57BL/6 mice (Yee et al., 2004) and
highlight that manipulations especially targeting D2Rs exert ef-
fects on sensorimotor gating beyond those captured in the ex-
pression of %PPIL.

Hence, our dose-response studies of the effects of selective
D1R and D2R-like agonists confirmed the sensitivity of our para-
metric PPI design for the assessment of the PPI-disrupting effects
of enhanced D1R and D2R stimulation. Against this background,
we went on to explore the hypothesis of causality in the associa-
tion between enhanced striatal DIR and D2R expression and
emergence of PPI deficiency in adult offspring born to immune-
challenged mothers. This was achieved by investigating whether
acute treatment with the selective D1R antagonist SCH23390 (1
mg/kg, s.c.) or with the selective D2R receptor antagonist raclo-
pride (3 mg/kg, i.p.) before the testing would be effective in nor-
malizing the prenatal infection-induced PPI deficits. SCH23390
and raclopride at the selected doses have been shown previously
to be able to antagonize the PPI-disrupting effects of acute APO
treatment in C57BL/6 mice (Ralph-Williams et al., 2003) and to
normalize PPI deficits in DAT knock-out mice (Ralph et al.,
2001), respectively. In support of a causal relationship, both pre-
treatment with SCH23390 and raclopride significantly enhanced
PPI scores in adult prenatally Poly-1:C-treated offspring to levels
comparable to those measured in vehicle-treated control off-
spring (Fig. 11A). Neither SCH23390 nor raclopride treatment
significantly influenced PPI in adult offspring born to control
mothers. Hence, the beneficial effects of the two dopamine receptor
antagonists on PPI dysfunctions in prenatally immune-challenged
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pharmacological profiling of PPI in adult

[ Vehicle Poly-I:C and control subjects) are strik-
[ Poly-I:c ingly similar to the efficacy of pharmaco-
ik logical stimulation of D1R/D2R signaling

by acute APO treatment to enhance
prepulse-elicited startle reactivity (Yee et
al., 2004). In view of the significant in-
creases of striatal D1R and D2R densities
in adult Poly-I:C offspring (Figs. 5-7),
one implication would be that the en-
hancement of prepulse-elicited startle re-
activity following prenatal immune
activation may be also related to increased
signaling at striatal D1R and D2Rs. In
support of this hypothesis, acute admin-

o istration of SCH23390 or raclopride sig-
kLR nificantly reduced the prenatal Poly-I:
C-induced enhancement of prepulse-
elicited startle reactivity (Fig. 11B). At the
same time, however, pretreatment with
raclopride in control offspring signifi-
cantly increased prepulse-elicited startle
reactivity compared with the levels of
prepulse-elicited startle reactivity mea-

VitC APO

[ Vehicle
[ Poly-I:C

VitC APO

mune activation. Locomotor activity was assessed in peripubertal (PND35) and adult (PND70) Poly-I:C and control offspring
following acute treatment with a low dose of APO (0.75 mg/kg, s.c.) or vehicle (vitamin Csolution, VitC) in a sawdust embedded
wire-mesh cylinder. The line plots show horizontal locomotor activity as indexed by the total distance traveled in the test apparatus
across bins of 5 min; the bar plots represent the mean distance moved across the entire 60 min period. 4, APO treatment similarly
depressed horizontal locomotor activity in peripubertal (PND35) Poly-I:C and control offspring relative to corresponding vehicle
(VitC) treatment. **p << 0.01 represents the significant main effect of drug treatment in the 2 XX 2 X 12 (prenatal treatment X
drug treatment X bins) repeated-measures ANOVA of horizontal distance moved (F; ,o) = 8.82). The numbers of offspring
included were N(VitC-treated vehicle offspring) = 7, N(APO-treated vehicle offspring) = 10, N(VitC-treated Poly-I:C offspring) =
7, N(APO-treated Poly-I:C offspring) = 9. B, In contrast to the persistent decrease in locomotor activity revealed in adult control
(vehicle) offspring following acute APO treatment, horizontal locomotor activity in APO-treated adult Poly-I:C offspring was
characterized by an initial decrease and a subsequent increase. The secondary increase in locomotor activity observed in APO-
treated adult Poly-I:C offspring was most pronounced between 15 and 30 min following APO treatment and led to a significant
attenuation of the APO-induced depression of locomotor activity typically seen in APO-treated adult control offspring. **p << 0.01,
based on Fisher’s LSD post hoc group comparisons following the presence of a significant (F; 5;) = 6.25, p < 0.05) prenatal
treatment X drug treatment interaction in the initial 2 X 2 X 12 (prenatal treatment X drug treatment X bins) repeated-
measures ANOVA of horizontal distance moved. The numbers of offspring included were N(VitC-treated vehicle offspring) = 9,
N(APO-treated vehicle offspring) = 12, N(VitC-treated Poly-I:C offspring) = 8, N(APO-treated Poly-I:Coffspring) = 12. All values

sured in vehicle-treated offspring born to
control mothers. This indicated that
raclopride exerted opposing effects on
prepulse-elicited startle reactivity de-
pending on whether basal prepulse-
elicited startle reactivity is low (i.e., in
vehicle-treated offspring born to control
mothers) or high (i.e., in vehicle-treated
offspring born to Poly-I:C-exposed
mothers).

Discussion

The present study provides a systematic
ontogenetic assessment of the structural
and functional dopaminergic changes

inAand B are means = SEM.

offspring were not accounted for by a general enhancement of PPI,
but rather to selective effects in subjects predisposed to adult brain
pathology by the prenatal immunological insult.

In agreement with our previous results, prenatal Poly-1:C ex-
posure did not significantly influence the startle reactivity as
such, that is, there were no significant differences between
vehicle-treated offspring born to Poly-I:C-exposed and control
mothers (data not shown). Furthermore, pretreatment with
SCH23390 or raclopride did not significantly affect startle reac-
tivity (data not shown). However, a significant increase in
prepulse-elicited startle reactivity was noticed in vehicle-treated
offspring born to Poly-I:C-challenged mothers relative to
vehicle-treated offspring born to control mothers (Fig. 11B).
Given the equivocal effects of prenatal Poly-I:C exposure on
prepulse-elicited startle reactivity, it appears that the prenatal
immunological manipulation may not induce robust effects on
this measure. Rather, differences in prepulse-elicited startle reac-
tivity following prenatal immune activation may only be un-
masked by additional exposure to (mild) stress such as injections.
However, it should be noted that the effects of prenatal Poly-1:C
exposure on prepulse-elicited startle reactivity (as revealed in the

across early fetal to adult stages of devel-
opment following prenatal immune acti-
vation. Our findings demonstrate that
exposure to a viral-like acute phase re-
sponse during early/middle gestation in mice leads to a complex
pattern of age-dependent structural abnormalities in the mesoac-
cumbal and nigrostriatal dopamine systems. Importantly, we
show that maternal immune activation during pregnancy com-
promises the integrity of the developing fetal dopamine system,
suggesting that prenatal exposure to immunological insults in-
duces primary defects in dopaminergic development.

Our study also emphasizes the critical influence of the off-
spring’s precise developmental stage in the causal relationship
between prenatal immune activation and emergence of dopami-
nergic neuropathology. Indeed, the magnitude and/or direction
of the prenatal infection-induced neuropathological changes sig-
nificantly differ between distinct prenatal and postnatal develop-
mental stages. This suggests that prenatal immune activation
does not induce static effects on dopaminergic development.
Rather, the prenatal immunological insult induces early (fetal)
abnormalities in specific dopaminergic systems, which then may
interact with maturational processes to precipitate long-term do-
paminergic abnormalities that are dependent on the actual stage
of postnatal development. In agreement with this hypothesis,
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Figure 10.  Postpubertal emergence of sensorimotor gating deficits following prenatal im-

mune activation. The effects of prenatal Poly-I:C-induced immune challenge, relative to prena-
tal vehicle treatment, on sensorimotor gating in peripuberty (PND35) and adulthood (PND70)
were investigated using the paradigm of PPI of the acoustic startle reflex. The line plots show
9%PPI as a function of the three intensities of prepulse (71, 77, and 83 dB,, which corresponded
t06, 12, and 18 dB, above background white noise, respectively) and of the three intensities of
pulse (P-100, P-110, and P-120, which corresponded to pulse intensities of 100, 110, and 120
dB,, respectively). The bar plots depict mean %PPI across all prepulse and pulse levels used.
A, Nossignificant differences in PPl were apparent between peripubertal offspring born to Poly-
:.C- and vehicle-treated mothers. The numbers of offspring included were N(vehicle) = 14,
N(Poly-1:C) = 14. B, However, a significant overall reduction in %PPI emerged in prenatally
Poly-I:C-treated offspring at adult age relative to adult control offspring. The PPI-disrupting
effects of prenatal Poly-I:C exposure seemed most pronounced in conditions, in which the
highest pulse stimulus (P-120) was used. **p << 0.01 represents the significant main effect of
prenatal treatment in the 2 X 3 X 3 (prenatal treatment X prepulse level X pulse level)
ANOVA of %PPI (F; ,5) = 11.01). The numbers of offspring included were N(vehicle) = 15,
N(Poly-I:C) = 13. All values in A and B are means == SEM.

some of the effects of prenatal immune activation on dopaminer-
gic structures appear to be progressive in nature and only emerge
at the adult stage of development. One particular example of such
apathological progression is the increase in striatal D1R and D2R
density following prenatal immune activation. On the other
hand, some of the structural dopaminergic effects (e.g., altered
striatal DAT expression) appear to be transient, with abnormal-
ities existing only at specific stages of early (fetal and/or early
postnatal) development. Finally, prenatal immune activation can
also induce a biphasic pattern of dopaminergic abnormalities.
The most compelling evidence for such an effect was obtained in
the analyses of striatal TH density in fetal, peripubertal, and adult
brain samples. For example, prenatal immune activation led to an
initial decrease and final increase in accumbal TH density at
peripubertal and adult stages of life, respectively, relative to age-
matched control offspring. This biphasic effect is in full agree-

Vuillermot et al. @ Infection-Induced Dopaminergic Maldevelopment

ment with a recent neurochemical investigation of the effects of
prenatal immune challenge in rats: using a model of prenatal
immune activation by the bacterial endotoxin LPS, Romero et al.
(2008) have recently shown that striatal dopamine levels are sig-
nificantly decreased in LPS-exposed offspring at prepubertal age
relative to age-matched control offspring, while dopamine levels
are significantly enhanced in the striatum of LPS-treated off-
spring at adult age.

The development of the midbrain dopamine system is con-
trolled by multiple cellular and molecular mechanisms (Smidt
and Burbach, 2007). The transcription factor Nurrl is known to
be crucial for the induction and expression of the dopaminergic
cell phenotype particularly in midbrain regions (Smidt and Bur-
bach, 2007). For example, genetically induced Nurrl deficiency
leads to reduced TH expression in midbrain dopamine cells
(Zetterstrom et al., 1997), suggesting that the expression of TH is
critically controlled by Nurrl. Here, we found that for each spe-
cific developmental stage and midbrain region, the prenatal
infection-induced increases in TH-positive cells were accompa-
nied by a parallel enhancement of Nurr1 protein expression. This
highlights that infection-induced changes in Nurrl expression
may have significantly contributed to altered dopaminergic de-
velopment in general, and to enhanced expression of TH in mid-
brain regions in particular. However, the age-dependent nature
of altered Nurrl and TH expression suggests that additional factors
acting upstream of Nurrl may be involved in this association. Since
prenatal immune challenge led to significant alterations in Nurrl
and TH expression specifically at the fetal and adult, but not at the
peripubertal stage of development, such additional factors may
involve cellular and/or molecular mechanisms controlling
peripubertal maturation. Recent experimental evidence indicates
that the protein Kisspeptin (Kiss1) may be involved in the peripu-
bertal control of abnormal brain functions following prenatal
immune challenge (Cardon et al., 2009). Future studies will thus
be required to evaluate whether peripubertal alterations in Kiss1
may provide a satisfactory explanation for the age-dependent
changes in Nurrl and TH expression described here.

Even though some of the identified effects of prenatal Poly-I:
C-induced immune challenge on dopaminergic markers in fetal,
peripubertal, and adult offspring appear to be relatively small,
they are likely to have a direct impact on dopamine-related brain
functions. Indeed, the emergence of age-dependent alterations in
dopamine-related brain structures seems to critically influence
the ontogeny of specific dopamine-related behavioral and phar-
macological abnormalities. Consistent with this suggestion, we
found a striking developmental correspondence between the on-
set of enhanced striatal DIR/D2R expression and abnormalities
in the behavioral sensitivity to the mixed D1R/D2R agonist APO
as well as disruption of PPI in prenatally immune-challenged
offspring, with both the neuroanatomical and behavioral effects
emerging only in adult but not peripubertal subjects. The feasibility
of a causal relationship between the postpubertal onset of enhanced
D1R and D2R expression and PPI disruption was further supported
by our findings that the prenatal Poly-I:C-induced PPI deficits can
be normalized by acute treatment with the preferential D1R antag-
onist SCH23390 or the preferential D2R receptor antagonist raclo-
pride. These beneficial effects of SCH23390 and raclopride
corroborate previous studies in rats and mice showing that PPI de-
ficiency following prenatal exposure to influenza virus (Shi et al,,
2003) or the bacterial endotoxin LPS (Borrell et al., 2002) can be
normalized by acute treatment with both typical and atypical anti-
psychotic drugs. However, since the pharmacological profiles of typ-
ical and atypical antipsychotic drugs include antagonism of multiple
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Figure 11.  Effects of pharmacological dopamine D1 or D2 receptor blockade on prepulse inhibition and prepulse-induced
startle reactivity in adult offspring born to immune-challenged or control mothers. The line plots show %PPI as a function of the
three intensities of prepulse (71, 77, and 83 dB,, which corresponded to 6, 12, and 18 dB, above background white noise,
respectively) and of the three intensities of pulse (P-100, P-110, and P-120, which corresponded to pulse intensities of 100, 110,
and 120 dB,, respectively). The bar plots present mean %PPI across all prepulse and pulse levels used. A, The prenatal Poly-I:C-
induced impairmentin PPl was normalized by acute administration of the preferential dopamine D1 receptor antagonist SCH23390
(1 mgrkg, s.c.) or by the preferential dopamine D2 receptor antagonist raclopride (3 mg/kg, i.p.). *p << 0.05, based on Fisher's LSD
post hoc group comparisons following the presence of a significant (F, 55, = 4.55, p < 0.05) prenatal treatment X drug
treatmentinteractionin theinitial 2 X 3 X 3 X 3 (prenatal treatment X drug treatment X prepulse level X pulse level) ANOVA.
B, Vehicle-treated offspring born to Poly-I:C-exposed mothers displayed a significant enhancement in prepulse-induced startle
reactivity [in arbitrary units (AU)] compared with vehicle-treated offspring born to control mothers. This effect of the prenatal
Poly-I:C challenge was normalized by acute administration of SCH23390 (1 mg/kg, s.c.) or raclopride (3 mg/kg, i.p.). On the other
hand, acute raclopride treatment significantly increased prepulse-induced startle reactivity in offspring born to control mothers.
*p < 0.05 and **p << 0.01, based on Fisher's LSD post hoc group comparisons following the presence of a significant (F , ,;,) =
19.73, p < 0.001) prenatal treatment X drug treatment interaction in the initial 2 X 3 X 3 (prenatal treatment X drug
treatment X prepulse level) ANOVA. The numbers of offspring included were N(control offspring/vehicle) = 10, N(control
offspring/SCH23390) = 10, N(control offspring/raclopride) = 10, N(Poly-I:C offspring/vehicle) = 11, N(Poly-I:C offspring/
SCH23390) = 10, N(Poly-I:C offspring/raclopride) = 10. All values in A and B are means = SEM.

dopaminergic, serotonergic and noradrenergic receptors (Nes-
tler et al., 2001), the precise contribution of dopaminergic mech-
anisms to the beneficial effects of anti-psychotic drugs on
prenatal infection-induced PPI deficits remained elusive this far.
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The present results thus provide an im-
portant extension to these earlier find-
ings by highlighting that selective D1R
or D2R antagonism is sufficient for the
normalization of PPI deficits following
prenatal immune activation. A limita-
tion of the present study is that we did
not assess the potentials of selective do-
pamine receptor antagonists to correct
the prenatal infection-induced alter-
ations in APO sensitivity. This should be
addressed in future studies to further
consolidate the potential causal rela-
tionship between postpubertal onset of
enhanced striatal DIR/D2R expression
and abnormal behavioral sensitivity to
the mixed D1R/D2R agonist APO.

In contrast to the postpubertal emer-
gence of PPI impairment and altered loco-
motor response to systemic APO treatment,
enhanced sensitivity to the indirect dopa-
mine receptor agonist AMPH was manifest
in prenatally immune-challenged offspring
already at the peripubertal stage of develop-
ment and persisted into adulthood. This ef-
fect is in line with previous reports in rats
and mice showing that prenatal immune
challenge by Poly-I:C in early/middle gesta-
tion (Meyer et al., 2008b), but not middle to
late gestational periods (Zuckerman et al.,
2003; Ozawa et al., 2006), can lead to a
peripubertal AMPH hypersensitivity
that precedes the later emergence of
other behavioral, cognitive and phar-
macological abnormalities in adult life.
Together, these findings demonstrate
that prenatal immune challenge during
early fetal development can lead to the
emergence of specific dopamine-related
functional abnormalities during peri-
adolescent brain maturation long before
the onset of the full spectrum of func-
tional abnormalities in adulthood.

When focusing on the long-term dopa-
minergic effects emerging in adulthood, the
prenatal Poly-I:C-induced changes resem-
ble some of the critical dopamine-related
abnormalities implicated in schizophrenia,
including enhanced striatal TH (Toru et al.,
1988; Roberts et al., 2009) and D2R (Laru-
elle, 1998) densities, potentiated sensitivity
to acute treatment with AMPH (Laruelle et
al.,, 1999), and impairments in PPI (Braff et
al., 2001). Interestingly, the magnitude of
the observed dopaminergic changes in our
model system (10-20% difference to con-
trol levels) is consistent with the magnitude
of changes of striatal dopaminergic
markers in patients with schizophrenia

(Laruelle, 1998). The fact that only relatively modest (but significant)
changes are observed both in our model system and the clinical
condition in humans is not surprising because the relevant
neuropathological alterations most likely stem from neurode-
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velopmental but not ongoing neurodegenerative processes,
the latter of which may induce more prominent and progres-
sive neuropathology.

As reviewed previously (Meyer et al., 2007, 2009a,b; Patterson,
2009), additional long-term effects of prenatal infection and/or im-
mune activation have been described in numerous indepen-
dent experimental investigations in both rats and mice, providing
compelling evidence that prenatal immune activation models can
successfully capture a variety of brain and behavioral abnormalities
relevant to schizophrenia. It has been suggested that many of the
environmental risk factors of schizophrenia, including maternal in-
fection during pregnancy, may act by facilitating dopamine dysregu-
lations (Di Forti et al., 2007; Murray et al., 2008). Our experimental
data support this hypothesis by demonstrating that prenatal viral-
like immune activation induces schizophrenia-related structural
and functional abnormalities linked to dopaminergic changes in the
mesoaccumbal and nigrostriatal pathways. Future studies will be
needed to dissect the relative contribution of abnormal dopaminer-
gic development to specific symptoms or symptom clusters involved
in schizophrenia, and to explore the modulatory influences of envi-
ronmental factors such as prenatal infection on these associations.
This may open new avenues for the establishment of novel therapeu-
tic interventions that may attenuate or even prevent the emergence
of this disabling mental illness following early neurodevelopmental
disruption of dopamine functions.
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