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Prenatal Immune Activation Interacts with Genetic Nurrl
Deficiency in the Development of Attentional Impairments
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Prenatal exposure to infection has been linked to increased risk of neurodevelopmental brain disorders, and recent evidence implicates
altered dopaminergic development in this association. However, since the relative risk size of prenatal infection appears relatively small
with respect to long-term neuropsychiatric outcomes, it is likely that this prenatal insult interacts with other factors in shaping the risk of
postnatal brain dysfunctions. In the present study, we show that the neuropathological consequences of prenatal viral-like immune
activation are exacerbated in offspring with genetic predisposition to dopaminergic abnormalities induced by mutations in Nurrl, a
transcription factor highly essential for normal dopaminergic development. We combined a mouse model of heterozygous genetic
deletion of Nurr1 with a model of prenatal immune challenge by the viral mimetic poly(I:C) (polyriboinosinic polyribocytidilic acid). In
our gene- environment interaction model, we demonstrate that the combination of the genetic and environmental factors not only exerts
additive effects on locomotor hyperactivity and sensorimotor gating deficits, but further produces synergistic effects in the development
of impaired attentional shifting and sustained attention. We further demonstrate that the combination of the two factors is necessary to
trigger maldevelopment of prefrontal cortical and ventral striatal dopamine systems. Our findings provide evidence for specific gene-
environment interactions in the emergence of enduring attentional impairments and neuronal abnormalities pertinent to dopamine-
associated brain disorders such as schizophrenia and attention deficit/hyperactivity disorder, and further emphasize a critical role of

abnormal dopaminergic development in these etiopathological processes.

Introduction

Prenatal exposure to infection is an environmental risk factor for
neuropsychiatric disorders of developmental origin, especially
schizophrenia and autism (Brown and Derkits, 2010; Meyer et al.,
2011; Patterson, 2011). Converging evidence suggests that
cytokine-associated inflammatory events (Gilmore and Jarskog,
1997; Smith et al., 2007; Meyer et al., 2008b), together with down-
stream pathophysiological processes such as oxidative stress
(Lanté et al., 2008), hypoferremia (Aguilar-Valles et al., 2010),
and zinc deficiency (Coyle et al., 2009), are critical in mediating
the neurodevelopmental effects of prenatal infection. However,
even though maternal infection during pregnancy is relatively
common (Longman and Johnson, 2007), most offspring of in-
fected mothers do not seem to develop severe neurodevelopmen-
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tal brain disorders (Selten et al., 2010). This indicates that, if in
utero exposure to infection plays a role in the etiology of devel-
opmental neuropsychiatric disorders, then it probably does so by
interacting with other factors, including genetic factors (van Os et
al., 2008; Ayhan et al., 2009; Abazyan et al., 2010). In support of
this, the effect of prenatal infection on elevating risk of schizo-
phrenia is substantially increased in offspring with a positive fam-
ily history of psychotic disorders (Clarke et al., 2009).
Experimental work in animals shows that prenatal exposure
to infection and/or inflammation has enduring consequences on
dopaminergic structures and functions (Zuckerman et al., 2003;
Ozawa et al., 2006; Meyer et al., 2008a; Aguilar-Valles et al., 2010;
Bitanihirwe et al., 2010a,b; Romero et al., 2010; Vuillermot et al.,
2010). In addition to such environmental influences, dopaminer-
gic development is critically regulated by various genetic factors
(Smidt and Burbach, 2007). Nurrl (NR4A2) is a member of the
orphan steroid hormone receptor family with pivotal functions
in both the final differentiation, migration, and survival of ven-
tral mesencephalic dopaminergic neurons (Zetterstrom et al.,
1997; Saucedo-Cardenas et al., 1998; Kadkhodaei et al., 2009).
Together with other seminal transcription factors such as Pitx3
and Lmx1b, Nurr1 also exerts a number of functions in postmi-
totic and mature mesencephalic dopamine neurons, including
regulation of tyrosine hydroxylase (TH) and dopamine trans-
porter (DAT) (Saucedo-Cardenas et al., 1998; Kadkhodaei et al.,
2009). Nurr1 has also immunomodulatory roles by functioning
as transcriptional repressor of proinflammatory genes (Saijo et
al., 2009), and altered Nurrl expression has been implicated in
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dopamine-associated brain disorders, including Parkinson’s dis-
ease (Jankovic et al., 2005), attention deficit/hyperactivity disor-
der (ADHD) (Smith et al., 2005), and schizophrenia (Buervenich
et al., 2000; Xing et al., 2006).

In view of the known dopaminergic effects of prenatal infec-
tion (for review, see Meyer and Feldon, 2009), one intriguing
possibility is that genetic Nurrl deficiency may interact with such
early-life adversity to shape the severity and/or specificity of long-
term dopaminergic brain pathology and associated behavioral/
cognitive impairments. In the present study, we tested this
hypothesis by combining a mouse model of heterozygous genetic
deletion of Nurrl with a model of prenatal exposure to the viral
mimetic polyriboinosinic polyribocytidilic acid [poly(I:C)]. The
latter is a well established model of prenatal viral-like immune
activation that has been widely used to induce fetal brain inflam-
mation and long-term brain and behavioral dysfunctions (Meyer
et al., 2009).

Materials and Methods

Animals

Mice with a constitutive heterozygous deletion of the Nurrl gene
(Nurrl */7) and their wild-type (wt) littermates were used throughout
the study. In contrast to mice lacking both alleles of Nurr1 (i.e., Nurrl -7,
Nurrl ¥/~ mice survive postnatally (Zetterstrom et al., 1997). Therefore,
we only included Nurrl ¥/~ and wt mice because of our interest to study
the long-term effects on postnatal brain functions. The levels of Nurrl
protein in our Nurrl heterozygous mouse colony were previously as-
sessed (Vuillermot et al., 2011b,c), confirming that the expression of
Nurrl protein (and of downstream dopaminergic targets such as tyrosine
hydroxylase) is reduced by ~30-50% in midbrain regions of adult
Nurrl ¥/~ mice relative to wt littermates (Vuillermot et al., 2011b,c) (see
also Jiang et al., 2005).

The generation of the Nurrl-deficient mouse colony with a 129/Sv
genetic background has been fully described previously (Zetterstrom et
al., 1997). Nurrl ¥/~ mice were backcrossed for >15 generations to the
C57BL/6 strain before commencement of the experiments described
herein. Nurrl ¥/~ and wt mice were kept in our in-house specific
pathogen-free facility and used to generate a sufficient number of breed-
ers necessary for the present investigations. The genotype of each animal
was determined by PCR of tail DNA using specific probes for the Nurrl
gene as previously described (Zetterstrom et al., 1997). All animals were
kept in 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.), and they had ad libitum access to food (Kliba 3430; Kliba
Miihlen) and water unless specified otherwise.

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 immune activation during pregnancy

For the purpose of the maternal immunological manipulations during
pregnancy, female mice were subjected to a timed-mating procedure as
described previously (Meyer et al, 2005, 2009). Pregnant wt or
Nurrl ¥/~ dams on gestation day 17 (GD17) received either a single
injection of poly(I:C) (potassium salt; Sigma-Aldrich) at a dose of 2
mg/kg or vehicle (sterile pyrogen-free 0.9% NaCl) according to protocols
established previously (Meyer et al., 2006, 2008a,b,c). The late gestational
stage (i.e., GD17) was selected because of our previous findings showing
that GD17 poly(I:C) treatment is capable of inducing long-term abnor-
malities in multiple behavioral and cognitive domains and of causing
long-term dopaminergic abnormalities (Meyer et al., 2006, 2009; Bitani-
hirwe etal.,2010a,b). A low dose of poly(I:C) (i.e., 2 mg/kg, i.v.) was used
to facilitate the anticipated interactions between the immunological ma-
nipulation and the genetic background (Ayhan et al., 2009; Meyer et al.,
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Table 1. Group sizes and sequence of testing

wt, wt, Numd ™7, Nul T
Experiment SAL  POL  SAL POL Age
Cohortl 1. Cytokine assay 4f  4f  5f 5f P70
Cohortll  2.0pen field exploration ~ 14m 14m 14m 14m P70
3. Prepulse inhibition 14m 14m 14m 14m P75
4. Latent inhibition
Non-preexposed 7m 7m 7m 7m P85
Preexposed m 7m 7m 7m P85
Cohortlll 5. Visual discrimination” 7m 7m 7m 7m P70
6. Working memory m 7m 7m 7m P100
7.Immunohistochemistry  7m  7m  7m 7m P130

Animals from cohort | were used to ascertain the effects of poly(1:C) (POL) (2 mg/kg, i.v.) treatment, relative to saline
(SAL) treatment, on serum proinflammatory and antiinflammatory cytokine elevations in pregnant adult (P70)
wild-type (wt) and Nurr-deficient (Nurr1 */~) female (f) mice on gestation day 17 (Experiment 1). Experimental
subjectsin cohorts|land lllincluded adult offspring from SAL- or POL-exposed wtand Nurr1 ™/~ mothers. Offspring
from cohort I were tested sequentially in Experiments 2— 4 assessing open-field exploration, prepulse inhibition,
and latent inhibition in adulthood (P70 —P85). Experiments 2— 4 were separated by aintertest resting period of 3-5
d. Offspring from cohort Ill were first subjected to a two-choice visual discrimination test (Experiment 5) and spatial
working memory test (Experiment 6). These offspring were then given a resting period of 2 weeks before being
assigned to immunohistochemical analyses (Experiment 7). Only male (m) subjects were included in all behavioral,
cognitive, and immunohistochemical tests performed in animals from cohorts Il and Ill; offspring in each group
derived from multiple independent litters (7—10) in each of the four experimental conditions to avoid confounds
from litter effects.

“Two animals (1Nurr1 */~,SAL,and 1 Nurr1 */~, POL) did not reach criterion during the acquisition phase of the
two-choice visual discrimination task. The final number of animals included in the statistical analyses of the two-
choice visual discrimination task was therefore N(wt, SAL) = 7, N(wt, POL) = 7, N(Nurr1 ™/~ SAL) = 6,
N(Nurr1 +/~, POL) = 6.

2009). Poly(I:C) was dissolved in sterile pyrogen-free 0.9% NaCl (vehi-
cle) solution to yield a final concentration of 0.4 mg/ml and was admin-
istered via the intravenous route at the tail vein under mild physical
constraint. All solutions were freshly prepared at the day of administra-
tion and injected with a volume of 5 ml/kg.

Testing of offspring

All offspring in each of the four experimental conditions [i.e., wt, saline;
wt, poly(I:C); Nurrl /= saline; Nurrl ¥/, poly(I:C)] were raised by
their biological mothers (i.e., they were not cross-fostered to surrogate
mothers), and they were weaned and sexed at postnatal day 21 (P21).
Littermates of the same sex were caged separately and maintained in
groups of two to four animals per cage as described above. Behavioral and
cognitive testing was conducted when the offspring reached early adult-
hood (i.e., between P70 and P120) (Table 1). Only male subjects were
included in all behavioral and cognitive tests to circumvent avoid bias
arising from sexual dimorphism.

A variety of behavioral and cognitive tests were used to assess the single
and combined effects of heterozygous Nurrl ablation and prenatal im-
mune activation. This included tests measuring locomotor activity in a
novel environment (open field), sensorimotor gating [prepulse inhibi-
tion (PPI)], sustained attention [two-choice visual discrimination test
(2-CVDT)], attentional shifting [persistence of latent inhibition (LI)],
and working memory (match-to-position paradigm in the dry maze).
We focused on these behavioral and cognitive traits because they are
highly sensitive to dopaminergic imbalances and are known to be af-
fected by genetic Nurrl deficiency (Rojas et al., 2007; Vuillermot et al.,
2011a,c) and/or by prenatal poly(I:C) treatment (Meyer et al., 2008a;
Bitanihirwe et al., 2010a,b; Vuillermot et al., 2010). The precise test pro-
cedures are fully described below, and the number of subjects in each test
and the sequence of testing are given in Table 1.

Spontaneous locomotor activity in the open field

The apparatus consisted of four identical open-field arenas (40 X 40 X
35 cm high) made of wood and painted white as described previously
(Meyer et al., 2005). 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
tracking system (Noldus). For the purpose of data collection, the arena
was conceptually partitioned into two zones: a center zone (measuring
13.5 X 13.5 cm?) in the middle of the arena and a peripheral zone
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occupying the remaining area. Spontaneous locomotor activity was as-
sessed for 1 h and was indexed by the distance moved in the entire arena
and center zone, expressed as a function of successive 5 min bins.

Prepulse inhibition of the acoustic startle reflex

Sensorimotor gating was assessed using the paradigm of PPI of the acous-
tic startle reflex. PPI of the acoustic startle reflex refers to the reduction of
startle reaction in response to a startle-eliciting pulse stimulus when it is
shortly preceded by a weak prepulse stimulus. The apparatus consisted of
four startle chambers for mice (San Diego Instruments) as fully described
previously (Meyer et al., 2005). In the demonstration of PPI of the acous-
tic startle reflex, subjects were presented with a series of discrete trials
comprising a mixture of four trial types. These included pulse-alone
trials, prepulse-plus-pulse trials, prepulse-alone trials, and no-stimulus
trials in 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
corresponded 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). The PPI test
procedure strictly followed protocols established and fully described pre-
viously (Bitanihirwe et al., 2011). 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 ex-
pression: 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 and pulse intensities.

Persistence of latent inhibition in a conditioned freezing paradigm
The LI effect is known to be a window phenomenon, in which the
stimulus-no event association acquired in preexposure is only expressed
under a very specific balance between the behavioral impact of preexpo-
sure and conditioning (Weiner, 2003). Organisms that tend to show
impaired attentional shifting are expected to express the LI effect under
parametric conditions that are insufficient for control animals to display
LI (Weiner, 2003). Such attentional abnormalities are manifest in adult
mice following prenatal treatment with a high dose of poly(I1:C) (Bitani-
hirwe et al., 2010b), indicating that prenatal immune activation at high
intensity is capable of inducing deficits in this cognitive domain. Here, we
were interested to explore whether the combination of Nurrl deficiency
and mild prenatal immune activation may interact with each other to
produce such attentional abnormalities, and therefore, we used paramet-
ric conditions with low amount of stimulus preexposure to facilitate the
identification of potential LI persistence in Nurrl ™/~ offspring with
additional prenatal poly(I:C) exposure. The apparatus comprised two
sets of four test chambers as fully described previously (Meyer et al.,
2005). The test procedures of the LI test consisted of three phases: pre-
exposure, conditioning, and tone test as follows.

Preexposure phase. The animals were placed in the appropriate test
chamber: Subjects assigned to conditioned stimulus (CS) preexposure
(PE) condition received 30 presentations of a 30 s tone stimulus at a
variable interstimulus interval of 40 * 30 s; non-preexposed (NPE) sub-
jects were confined to the chamber for an equivalent period of time
without any stimulus presentation.

Conditioning. Conditioning commenced immediately at the end of the
preexposure phase without removing the animals from the chambers.
Conditioning comprised three discrete trials of paring between the CS
and an unconditioned stimulus (US): Each trial began with the 30 s tone
stimulus (identical to the one used during preexposure) followed imme-
diately by the delivery of a 1 s footshock set at 0.3 mA (US). Each trial was
preceded and followed by a 180 s interval.

Test. The test of conditioned responding to the tone CS was conducted
another 24 h later, when the animals were placed in the same test cham-
bers again. Following an initial period of 360 s acclimatization, the tone
CS was delivered and remained on for 360 s, in which the time of condi-
tioned freezing to the tone stimulus was evaluated. The test phase was
concluded with a final 360 s interval.
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The data on freezing behavior collected on the three phases (preexpo-
sure, conditioning, CS test) were separately analyzed.

Sustained attention in a two-choice visual discrimination task
Sustained attention was assessed using an operant-based two-choice vi-
sual discrimination tests as established previously in mice (Bitanihirwe et
al.,, 2011). Four operant chambers (model E10-10; Habitest System;
Coulbourn Instruments) were used, each placed inside a ventilated and
sound-attenuated box. The test chambers have been fully described pre-
viously (Bitanihirwe et al., 2011). The data were analyzed by the Graphic
State (version 1.013) tracking system. For this experiment, the animals
were food-deprived according to a gradual food deprivation regime, and
at each of the eventual test days, the animals received one pellet of food
5 h after the end of each trial.

The experimental procedures consisted of four stages: habituation and
magazine training, lever press shaping, visual discrimination, and test of
visual discrimination with variable signal duration. Detailed information
regarding the procedures used for the initial habituation and magazine
training, lever press shaping, and acquisition of visual discrimination
phases can be obtained elsewhere (Bitanihirwe et al., 2011). The animals
were trained on the attentional task for an average of 9 d before the
critical test was performed.

Once the animals had achieved high accuracy (=80% on 2 consecutive
days) in the acquisition of visual discrimination (for detailed informa-
tion, see Bitanihirwe et al., 2011), the duration of the visual signal was
reduced to 10, 2, 1, or 0.5 s. The animals were allowed a maximum of 30 s
to perform a nose poke response following the presentation of the visual
signal, before an omission would be recorded. Throughout the maxi-
mum number of 48 trials (i.e., 12 trials at each stimulus duration regard-
less of omission), every block of 4 trials randomly featured one of the four
possible signal durations. Testing was performed in one daily session that
lasted for a maximum of 50 min. Choice accuracy was taken to index
sustained attentional performance and was defined by the following for-
mula: correct responses/(correct responses + incorrect responses) X
100%.

Spatial working memory in the dry maze

The apparatus consisted of a wooden circular board (diameter, 1.1 m;
thickness, 3 cm) painted in gray as fully described previously (Bitani-
hirwe et al., 2010a; Llano Lopez et al., 2010). It was positioned in a well lit
room enriched with distal spatial cues. One surface of the board was
drilled with 32 holes (diameter, 3.1 cm; depth, 1.3 cm) arranged in radial
design. Each hole contained a Plexiglas bottle cap that could be equipped
with a visual cue (composed of a blue flag attached to a 15 cm stick)
and/or a reward in the form of 75 ul of freshly prepared condensed milk
(Alicommerce SAS) used in a 1:4 (milk/water) dilution. A digital camera
was mounted above the dry maze. Images were captured at a rate of 5 Hz
and transmitted to a PC running the Ethovision (Noldus Information
Technology) tracking system, which calculated the distance moved to
reach the reward on each trial.

All animals were progressively food deprived during the initial habit-
uation phase (days 1-5) until a minimal 90% free-feeding weight was
reached. The animals were first habituated to the dry maze for two daily
trials of 2 min each. To begin a trial, the animals were placed gently in the
center of the dry maze. The intertrial interval (ITI) was ~1 min. On days
6 and 7, the animals were then pretrained in the dry maze using the visual
cue for two consecutive trials. One random hole was cued with the flag
and rewarded with the milk solution. For both trials, each animal was left
on the maze for 2 min. If it failed to reach the rewarded hole during this
time, it was gently guided to the rewarded hole by the experimenter. All
animals consumed the reward within the allowed maximum time of 15 s.

Following the habituation (days 1-5) and pretesting (days 6 and 7)
phases, working memory testing was started and lasted for 7 testing days
(days 8—14). The working memory task was based on the matching-to-
position paradigm, in which the animals were required to learn the novel
position of a rewarded hole revealed to them on trial 1 of each day to
navigate effectively to the same location (i.e., matching) on the subse-
quent trial on the same day. Hence, each test day included two trials. For
both trials, each animal was left on the maze for 2 min. If it failed to reach
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the rewarded hole during this time, it was gently guided to the rewarded
hole by the experimenter as described above. The reward remained in the
same position across trials on a given test day, but took a new position on
each test day. The daily change of the reward location ensured that the
information acquired on a given day was irrelevant for the next day, thus
taxing the flexible use of working memory (Baddeley, 2003). To begin a
trial, the animals were placed gently in the center of the dry maze as
described previously. The allocation of the rewarded holes to a specific
spatial location was counterbalanced across the four experimental con-
ditions. An ITT of 1 min was used at each of 7 test days, corresponding to
the minimal amount of time needed to clean the dry maze surface with
water and dry it from the first to the second trial. Working memory was
indexed by the reduction in distance moved and time needed to find the
location of the reward in trial 2 relative to trial 1. The data were subjected
to logarithmic transformation (base ) to better conform to the assump-
tion of data homogeneity and normality by parametric ANOVA.

Immunohistochemistry

Adult (P130) offspring were deeply anesthetized with an overdose of
Nembutal (Abbott Laboratories) 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 over-
night incubation in citric acid buffer, pH 4.5, followed by a 90 s micro-
wave treatment at 480 W according to protocols established previously
(Meyer et al., 2008a; Vuillermot et al., 2010). The brains were then cryo-
protected using 30% sucrose in PBS, frozen with powdered dry ice, and
stored at —80°C until further processing.

Perfused brain samples were cut coronally at 30 wm thickness from
frozen blocks with a sliding microtome. Six series of sections were col-
lected, rinsed in PBS, and stored at —20°C in antifreeze solution until
further processing. For immunohistochemical staining, 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 fol-
lowing primary antibodies were used to study dopamine-related markers
in various brain areas according to protocols established previously
(Meyer et al., 2008a; Bitanihirwe et al., 2010a; Vuillermot et al., 2010):
rabbit anti-TH (Santa Cruz Biotechnology; diluted 1:500), rabbit anti-
dopamine D, receptor (D;R) (Millipore Bioscience Research Reagents;
diluted 1:250), rabbit anti-dopamine D, receptor (D,R) (Millipore Bio-
science Research Reagents; diluted 1:500), and rabbit anti-catechol-O-
methyltransferase (COMT) (SDI; diluted 1:5000). These dopaminergic
markers were selected because they are known to be modulated by pre-
natal immune activation and/or genetic Nurrl deficiency (Zetterstrom et
al., 1997; Saucedo-Cardenas et al., 1998; Kadkhodaei et al., 2009; Bitani-
hirwe et al., 2010a; Vuillermot et al., 2010, 2011c) and because they are
implicated in the dopaminergic neuropathology of schizophrenia and
related disorders (Akil et al., 1999; Chen et al., 2004; Howes et al., 2007).
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 sec-
tions were incubated for 1 h with the biotinylated secondary antibodies
diluted 1:500 in PBS containing 2% NGS and 0.3% Triton X-100. Sec-
tions 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 0.1 M Tris-HCI, pH 7.4, the sections were stained with
1.25% 3,3-diaminobenzidine and 0.08% H,O, for 10—15 min, rinsed
again four times in PBS, dehydrated, and coverslipped with Eukitt
(Kindler).

Stereological estimation of TH-positive dopaminergic

midbrain neurons

The numbers of midbrain TH-positive dopamine neurons were quanti-
fied in the two relevant midbrain areas, namely in the ventral tegmental
area (VTA) and substantia nigra (SN). For the latter region, TH-positive
cells in both the substantia nigra pars compacta (SNc) and substantia
nigra pars reticulata (SNr) were taken into account. The numbers of
midbrain TH-positive dopamine neurons in either the left or right brain
hemisphere were determined by unbiased stereological estimations using
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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 measured,
resulting in an average of six sections per brain sample as previously
described (Vuillermot et al., 2010). The following sampling parameters
were used: (1) a fixed counting frame with a width of 40 um and a length
of 40 um; and (2) a sampling grid size of 150 X 110 wm. 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 prefrontal
cortical and striatal regions

Quantification of the immunoreactivity for TH, COMT, D,R, and D,R
in prefrontal cortical and striatal regions was achieved by means of opti-
cal densitometry using NIH Image] software. Optical densitometry was
chosen because these dopaminergic markers are highly enriched at syn-
aptic sites in the areas of interest (Meyer et al., 2008a; Bitanihirwe et al.,
2010a; Vuillermot et al., 2010). Digital images were acquired at a magni-
fication 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 brightness was never saturated. Pixel brightness was mea-
sured in the respective areas of one randomly selected brain hemisphere.
In addition, pixel brightness was measured in the forceps minor corpus
callosum (for prefrontal cortical measures) and corpus callosum (for
striatal measures) as background area. The background-corrected opti-
cal densities were averaged per brain region and animal. Four to six
sections per animal were analyzed in the specimens. All immunohisto-
chemical preparations were quantified in the medial prefrontal cortex
(mPFC) [including anterior cingluate (aCG), prelimbic (PrL), and infra-
limbic (IL) cortices], dorsal striatum [caudate—putamen (CPu)], nucleus
accumbens core (NAc core), and nucleus accumbens shell (NAc shell)
(see below).

Delineation of brain regions

All brain areas of interest were delineated according to The Mouse Brain
in Stereotaxic Coordinates by Franklin and Paxinos (2008). The following
brain areas were included in the densitometric and stereological analyses:
mPFC (bregma +2.20 to +1.70 mm), CPu (bregma +1.34 to +0.14
mm), NAc core and shell (bregma +1.60 to +0.98 mm), SN (bregma
—2.80 to —3.64 mm), and VTA (bregma —2.92 to —3.64 mm). Sche-
matic coronal brain sections of the brain areas of interest with reference
to bregma are provided in corresponding figure legends.

Cytokine assay

A separate cohort of pregnant female wt and Nurrl ™/~ mice were used to
ascertain the effects of poly(I:C) treatment on serum proinflammatory
and antiinflammatory cytokine elevations. For this purpose, pregnant
dams were injected with either poly(I:C) (2 mg/kg, i.v.) or vehicle (sterile
pyrogen-free 0.9% NaCl, i.v.) as described above, and they were killed by
decapitation 2 h after treatment to collect trunk blood. The posttreat-
ment interval was chosen to capture peak inflammatory cytokine re-
sponses to intravenous poly(I:C) treatment (Meyer et al., 2006, 2008b).
Trunk blood was collected into Eppendorf tubes and was allowed to clot
at room temperature for 1 h before centrifugation at 10,000 rpm for 4
min at 4°C. The resulting serum from each animal was subdivided to
permit storage (—80°C) until the cytokine assays were performed. Cyto-
kine protein levels were measured using a multiplexed particle-based
flow cytometric cytokine assay as described previously (Meyer et al.,
2006). Fluorokine MAP (Multi Analyte Profiling) mouse kits for
interleukin-1 (IL-1B), IL-6, IL-10, and tumor necrosis factor a (TNF«)
were purchased from R&D Systems. The procedures closely followed the
manufacturer’s instructions. The analysis was conducted using a conven-
tional flow cytometer (LSR II; BD Biosciences). The detection limits were
0.3 pg/ml for IL-13, 0.2 pg/ml for IL-6, 1.0 pg/ml for IL-10, and 0.2 pg/ml
for TNFe.
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Statistical analyses

All data were analyzed using parametric
ANOVA. All cytokine data as well as TH,
COMT, D,R, and D,R immunoreactivities
measured in striatal and prefrontal cortical re-
gions were first subjected to logarithmic trans-
formation (base e) to better conform to the
assumption of data homogeneity and normal-
ity by parametric ANOVA, and were then ana-
lyzed using a 2 X 2 (genotype by prenatal
treatment) ANOVA. Locomotor activity in the
open field was indexed by the distance moved
in the entire arena and center zone and was
analyzed using 2 X 2 X 12 (genotype by prena-
tal treatment by 5 min bin) repeated-measure 04
ANOVAs. In the test of PPI, percentage PPI
was analyzed using a 2 X 2 X 3 X 3 (genotype
by prenatal treatment by pulse by prepulse)
ANOVA, and the reactivity to pulse-alone tri-
als and prepulse-alone trials was analyzed us-
ing 2 X 2 X 3 (genotype by prenatal treatment
by pulse) and (genotype by prenatal treatment
by prepulse) ANOVAs, respectively. In the test
of LI persistence, conditioned freezing toward
the tone-CS was assessed 24 h following condi-
tioning: Percentage time freezing during the 6
min period of the tone presentation was ex-
pressed as a function of 1 min bins and sub-
jectedtoa2 X 2 X 2 X 6 (genotype by prenatal
treatment by preexposure by 1 min bins)
repeated-measure ANOVA. Percentage time
freezing during the initial conditioning phase
was analyzed usinga 2 X 2 X 2 X 3 (genotype
by prenatal treatment by preexposure by trials)
repeated-measure ANOVA. Choice accuracy
in the 2-CVDT was indexed by percentage cor-
rect responses during the test day and was an-
alyzed using a 2 X 2 X 4 (genotype by prenatal
treatment by signal duration) ANOVA. In the
test of working memory in the dry maze
matching-to-position paradigm, the distance
moved to locate the reward served as the criti-
cal test readout and was analyzed using a 2 X
2 X 2 X 7 (genotype by prenatal treatment by
trial by day) repeated-measures ANOVA. Fol-
lowing these initial ANOV As, Fisher’s least sig-
nificant difference post hoc comparisons or restricted ANOVAS were
conducted whenever appropriate. Statistical significance 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.

pg/ml (In-transformed) >

Ratio

Figure 1.

Results

Nurrl modulates basal and

poly(I:C)-induced maternal cytokine responses

Systemic poly(I:C) treatment in pregnant mice is known to in-
duce cytokine levels in maternal and fetal compartments (Meyer
et al., 2006, 2008b; Smith et al., 2007). Here, we ascertained the
efficacy of systemic treatment with a low dose (2 mg/kg, i.v.) to
induce cytokine levels by measuring serum contents of prototyp-
ical proinflammatory (IL-1p, IL-6, and TNF«) and antiinflam-
matory (IL-10) cytokines in pregnant (GD17) wt and Nurrl ¥/~
mice using established multiplexed particle-based flow-
cytometric cytokine assays (Meyer et al.,, 2006). As expected
(Meyer et al., 2005, 2006, 2008b), administration of poly(I:C) led to
a relatively mild but significant increase in maternal serum levels of
proinflammatory and antiinflammatory cytokines in wt mice com-
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Heterozygous Nurr deficiency modulates peripheral maternal cytokine levels at basal conditions and following
viral-like immune activation. A, The bar plots show serum levels of the prototypical proinflammatory cytokines IL-6 and TNFce and
the antiinflammatory cytokine IL-10 in pregnant wt and Nurr1 */~ mice treated with vehicle [saline (SAL)] o the viral mimetic
poly(I:C) (POL) (2 mg/kg, i.v.) on gestation day 17. *p << 0.05 and **p << 0.01, based on post hoc group comparisons. Serum levels
of IL-1[3 were below detection limit (0.3 pg/ml) for each experimental condition. B, The bar plots depict the balance between
maternal proinflammatory versus antiinflammatory cytokines in terms of the IL-6/IL-10 and TNFo/IL-10 ratios in SAL- or POL-
treated wtand Nurr1 ™/~ dams. *p << 0.05, based on post hoc group comparisons. N(wt, SAL) = 4, N(wt, POL) = 4, N(Nurr1 ™/,
SAL) = 5, N(Nurr1 /=, POL) = 5. All values are means = SEM.

pared with levels measured in vehicle-treated wt dams (Fig. 1 A).
Interestingly, pregnant Nurrl ¥/~ mice displayed enhanced basal
levels of the proinflammatory cytokine IL-6, as evident in the
comparison between IL-6 levels in saline-treated wt and Nurrl-
deficient mice (Fig. 1 A). Poly(I:C) treatment in Nurrl "/~ mice
did not further elevate any of the cytokines of interest, but instead
significantly reduced serum IL-6 levels to control levels measured
in saline-treated wt mice (Fig. 1A). These patterns of changes led
to the presence of significant interactions between genotype and
prenatal treatment in the analysis of maternal cytokine levels
(IL-6: F(; 4y = 12.86, p < 0.01; TNFa: F, 1, = 6.50, p < 0.05;
IL-10: F(; 14y = 5.57; p < 0.05). Serum IL-13 levels were below
detection limit for all experimental groups.

Maternal serum ratios of IL-6/IL-10 and TNFa/IL-10 were
then analyzed to determine the relative proinflammatory versus
antiinflammatory cytokine responses to the poly(I:C) challenge
or vehicle treatment. As depicted in Figure 1 B, there was a signif-
icant synergistic interaction between genotype and immune
treatment (F(, ;5 = 4.68; p < 0.05) in the analysis of serum
IL-6/IL-10 ratios, with poly(I:C)-treated Nurrl "/~ mice display-
ing a significant reduction in the IL-6/IL-10 ratio compared with
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Figure2. Additive effects between prenatal immune activation and Nurr7 deficiency in the development of spontaneous locomotor hyperactivity. Pregnant wt and Nurrl ™/~ mice were treated
with the viral mimetic poly(l:C) (POL) (2 mg/kg, i.v.) or vehicle [saline (SAL)] on gestation day 17, and the resulting offspring were tested in early adulthood. 4, The line plot depicts the total distance
moved in the entire open field area as a function of 5 min bins, and the bar plot shows the mean distance moved across the 1 h test period. ***p << 0.001and *p << 0.01, signifying the main effects
of genotype and prenatal treatment, respectively. N = 14in each experimental group; all values are means == SEM. B, The line plot represents the distance moved in the center zone of the open field
asafunction of 5 min bins, and the bar plot depicts the mean center zone distance moved across the 1h test period. ***p << 0001 and %p < 0.01, signifying the main effects of genotype and prenatal

treatment, respectively. N = 14in each experimental group; all values are means == SEM. ¢, Computer-generated path drawings of representative SAL- or POL-exposed wt and Nurr

in the open-field test.

all other groups (all values of p < 0.05). No significant differences
emerged in the analysis of serum TNFa/IL-10 ratios (Fig. 1 B).

Additive effects between prenatal immune activation and
Nurrl deficiency in the development of spontaneous
locomotor hyperactivity and prepulse inhibition deficits

In a next step, we explored whether prenatal immune activation
may interact with genetic Nurrl deficiency in the development of
long-term behavioral dysfunctions. One of the abnormal be-
haviors previously identified in Nurrl-deficient mice is the
emergence of spontaneous locomotor hyperactivity in a novel
environment (Rojas et al., 2007; Vuillermot et al., 2011a). This
phenotype is critically driven by dopaminergic imbalances and
can be normalized by acute treatment with dopamine receptor
antagonists (Rojas et al., 2007). Here, we show that this hyperac-
tivity phenotype is significantly modulated by prenatal viral-like
immune challenge: As summarized in Figure 2, we found that
prenatal immune activation and Nurrl deficiency exerted addi-
tive effects on spontaneous locomotor hyperactivity in the open
field test. Hence, while the locomotor activity scores were in-
creased by 25-30% in saline-treated Nurrl */~ and poly(I:C)-
treated wt offspring relative to saline-exposed wt controls,
distance moved in the open field was increased by 55-60% in
poly(I:C)-exposed Nurrl ¥/~ mice. These additive effects be-
tween genetic Nurrl deficiency and prenatal immune activation
were evident both in terms of total distance moved in the entire
open field arena (main effect of genotype: F(, 5,y = 21.93, p <
0.001; main effect of prenatal treatment: F(, 5,y = 9.55, p < 0.01;
Fig. 2A) and distance moved in the center zone (main effect of
genotype: F(; s,y = 24.15, p < 0.001; main effect of prenatal treat-
ment: F(, 5, = 8.21, p < 0.01; Fig. 2B).

1/~ offspring

We were then interested to assess the single and combined
effects of prenatal immune activation and heterozygous Nurrl
ablation on sensorimotor gating using the paradigm of PPI of the
acoustic startle reflex. PPI deficiency has been linked to numer-
ous dopamine-associated neuropsychiatric disorders, including
schizophrenia, obsessive-compulsive disorder, and Huntington’s
disease (Braff et al., 2001). Deficits in PPI have also been docu-
mented in adult Nurrl ¥/~ mice (Vuillermot et al., 2011a,c), and
this phenotype has further been correlated with presynaptic do-
paminergic changes in striatal structures (Vuillermot et al.,
2011c). Here, we demonstrate that prenatal immune challenge
and genetic Nurrl deficiency induce additive effects on the dis-
ruption of PPI (as indexed by percentage PPI): While PPI scores
were highest in saline-exposed wt offspring and lowest in poly(:
C)-treated Nurrl ™/~ offspring, the two other groups [i.e., poly(I:
C)-exposed wt and saline-exposed Nurrl */~ offspring] displayed
intermediate levels of percentage PPI (Fig. 3A). ANOVA yielded
significant main effects of genotype (F, s,y = 4.48; p < 0.05) and
prenatal treatment (F, 5,y = 4.52; p < 0.05). In addition, we
found a significant (F, s,y = 4.42; p < 0.05) interaction between
genotype and prenatal treatment in the analysis of startle reactiv-
ity to pulse-alone trials, with poly(I:C)-exposed wt offspring dis-
playing a significant increase in startle reactivity compared with
all other groups (all values of p < 0.05, based on post hoc group
comparison; Fig. 3B). Since differences in general startle reactiv-
ity can readily confound the interpretation of percentage PPI
(Swerdlow et al., 2000), we further analyzed reactivity scores ob-
tained on pulse-alone and prepulse-plus-pulse trials. As shown in
Figure 3C, introduction of a prepulse preceding the pulse led
to the typical reduction in pulse reactivity toward the succeed-
ing pulse. This effect of PPI was markedly pronounced in
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saline- or poly(I:C)-exposed wt off- A
spring, but weakened in saline or 80
poly(I:C) Nurrl *'~ offspring (Fig. 3C).
This led to the presence of a significant
three-way interaction between geno-
type, prenatal treatment, and prepulse
levels (F; s¢) = 2.63, p < 0.05). Hence,
the extent to which presentation of a
prepulse preceding the pulse was effi- 20 1
cient in reducing pulse reactivity toward

the succeeding pulse did not seem to dif- 0
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fer between saline-exposed and poly(I:
C)-exposed wt offspring. It follows that
the attenuation of percentage PPI asso-
ciated with prenatal poly(I:C) treatment
in wt mice (Fig. 3A) is likely confounded
by the presence of increased startle reac-
tivity, whereas the reduction of percent-
age PPI in saline- or poly(I:C)-exposed
Nurrl ™/~ mice represents a genuine
disruption of sensorimotor gating
(Swerdlow et al., 2000). Neither heterozy-
gous Nurrl ablation nor prenatal
poly(I:C) administration significantly af-
fected prepulse-elicited reactivity (i.e., the Lk
reactivity to prepulse-alone trials) (data
not shown).
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deficiency in the development of
attentional impairments

In a next step, we explored the single and
combined effects of Nurrl deficiency and
prenatal immune challenge on attentional
shifting and sustained attention, both of
which are known to be highly regulated
by dopaminergic mechanisms especially
within mesocortical and frontostriatal
pathways (Robbins, 2002; Kehagia et al.,
2010; Cools and D’Esposito, 2011). Atten-
tional shifting was studied by assessing the
presence of LI persistence in a condi-
tioned freezing paradigm. Organisms that

Figure 3.  Additive effects between prenatal immune activation and Nurr1 deficiency in the development of sensorimotor
gating deficiency. Pregnant wt and Nurr1 ™/~ mice were treated with the viral mimetic poly(1:C) (POL) (2 mg/kg, i.v.) or vehicle
[saline (SAL)] on gestation day 17, and the resulting offspring were tested in early adulthood. Sensorimotor gating was assessed by
PPI of the acoustic startle reflex. A, The line plot shows percentage PPI as a function of three different pulse intensities (P-100,
P-110, and P-120, which correspond to 100, 110, and 120 dB,) and prepulse intensities (+6, +12, and +18 dB, above back-
ground of 65 dB,); the bar plot depicts the mean percentage PPl across all prepulse and pulse stimuli used. Percentage PPl was
calculated by the following expression: 100% X [1 — (mean reactivity on prepulse-plus-pulse trials/mean reactivity on pulse-
alonetrials)], for each subject, and at each of the three possible pulse and prepulse intensities. *p << 0.05 and 5p << 0.05, reflecting
the main effects of genotype and prenatal treatment, respectively. N = 14 in each experimental group; all values are means ==
SEM. B, The line plot shows startle reactivity (in arbitrary units) to pulse-alone trials as a function of the three different pulse
intensities (100, 110, and 120 dB,), and the bar plot depicts the mean startle reactivity across all pulse stimuli used. *p << 0.05,
signifying the significant difference between POL-exposed Nurr1 */~ mice and all other groups. N = 14 in each experimental
group; all values are means = SEM. C, Raw score analysis of PPI: The line plot shows the startle reactivity (in arbitrary units)
obtained on pulse-alone and prepulse-plus-pulse trials averaged across all three pulse stimuli used. N = 14 in each experimental
group; all values are means = SEM.

tend to show impaired attentional shifting

are expected to express the LI effect under parametric conditions
that are insufficient for control animals to display LI (Weiner,
2003). Such attentional abnormalities are manifest in adult mice
following prenatal treatment with a high dose of poly(I:C)
(Bitanihirwe et al., 2010b), indicating that prenatal immune ac-
tivation at high intensity is capable of inducing deficits in this
cognitive domain. Here, we show that mild prenatal immune
challenge can synergistically interact with a genetic predisposi-
tion factor in the development of LI persistence: Whereas poly(I:
C)-treated Nurrl ¥/~ offspring displayed a marked LI effect
(indexed by reduced conditioned freezing in PE subjects com-
pared with NPE subjects), all other groups showed no similar LI
effect during the critical tone-CS test phase of the LI paradigm (Fig.
4A). ANOVA vyielded a significant three-way interaction between
genotype, prenatal treatment, and stimulus preexposure (F, 45, =
4.15; p < 0.05), and additional restricted analyses confirmed the
significant (p < 0.01) preexposure effect in poly(I1:C)-treated
Nurrl *'~ offspring but not in the other groups (all values of F < 1).

No group differences were present during the initial acclimatiza-
tion period preceding the tone-CS test phase (Fig. 4A), indicating
that the presence of abnormally enhanced LI revealed in poly(I:
C)-treated Nurrl ™/~ offspring is not confounded by possible
differences in general activity and/or altered conditioned re-
sponses toward the context. Furthermore, the emergence of LI
persistence in poly(I:C)-treated Nurrl "/~ offspring could also
not be accounted for by selective effects in the conditioning phase
of the test. Indeed, even though NurrI-deficient mice displayed a
general reduction in percentage time freezing in the conditioning
phase of the test (main effect of genotype: F(, 44 = 12.63, p <
0.01), this effect of heterozygous Nurrl ablation emerged inde-
pendently of the prenatal treatment and stimulus preexposure
conditions. The mean = SEM percentage time freezing scores
across the three successive CS presentations during conditioning was
7.2 = 3.7 for Nurr1 ™/~ animals, and 18.6 = 3.5 for wt mice. To-
gether, our results show that the combination of prenatal immune
activation and Nurrl deficiency causes abnormally enhanced LI as
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01 we, SAL 01 wt, POL most consistent ﬁndings i.n dgpamine—
associated neuropsychiatric disorders,
especially schizophrenia (Nuechterlein et
al,, 2009) and ADHD (Del Campo et al.,
2011). Here, we used an operant-based
2-CVDT that depends on effortful atten-
tion to brief visual cues. This requires the
animals to learn to choose between two
magazines according to a visual discrimina-
tory signal, which can be progressively re-
duced to impose increasing demand on
———r—TT T T T — s sustained visual attention (Robbins, 2002;
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60 - 60 - the exception of two animals (Table 1), all
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acquisition phase. As expected, the choice
40 1 accuracy significantly increased as a func-
0] —— PE tion of .duration of the Vispal signal dl.lring
the critical test phase (main effect of signal
20 1 duration: F(; ¢, = 120.57, p < 0.001; Fig.
4 B). Most interestingly, choice accuracy was
significantly reduced specifically in poly(I:
Tone CS Tone CS —  C)-exposed Nurrl ¥/~ offspring at the
et ——rerr—t shortest signal duration condition (Fig. 4 B).
123456789101112 12345678 9101112 This led to a significant interaction between
1-min bins 1-min bins genotype, prenatal treatment, and signal
duration (F(; 46y = 7.64; p < 0.001). Subse-
B 0.5-sec quent post hoc group comparisons con-
signal duration ducted at the 0.5 s signal duration
100% 1 * confirmed the significant impairment in
90% A —x% poly(I:C)-exposed Nurrl ™/~ offspring
80% - ,*_]* relative to saline-treated wt offspring (p <
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mice. Working memory is a form of short-
Figure 4.  Synergistic effects between prenatal immune activation and Nurr1 deficiency in the development of attentional ~ (€Tm memory with a limited capacity that is
impairments. Pregnant wtand Nurrl /= mice were treated with the viral mimetic poly(1:C) (POL) (2 mg/kg, i.v.) or vehicle [saline used to hold relevant information active for
(SAL)] on gestation day 17, and the resulting offspring were tested in early adulthood. 4, Persistence of the Ll effect during the test ~ ongoing behavior, including comprehen-
of conditioned tone-freezing: The line plots show percentage time freezing as function of T min bins for the initial 6 min pretone  sion, reasoning, and problem solving (Bad-
period and for the subsequent 6 min tone period separately for NPE and PE subjects, and the bar plots depict the corresponding deley, 2003). Deficits in working memory
mean freezing response over the entire period of tone presentation. **p << 0.0, signifying the significant main effect of preex-
posure (i.e., Ll effect) in ROL—exPosed Nurr1‘ *’. offspring. N(.NPE). =7 a.nd .N(F"E) = 7ineach ex.perlmental group; a.II values are conditions with presume d dopaminergic
means = SEM. B, Sustained visual attention in the two-choice visual discrimination test: The line plot depicts choice accuracy . . . .
(indexed by the percentage correct responses to the cued magazine) for each of the four stimulus-duration trial types (0.5, 1,2, and pathology, 1n.c1ud1ng . schizophrenia,
105), and the bar plot shows the choice accuracy at the shortest signal duration (0.5 condition. *p < 0.05 and **p < 0.01;4(Wt, ADHD, and major depression (Goldman-

Independent effect of prenatal
immune activation on spatial working

Choice accuracy
Choice accuracy
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are common to several neuropsychiatric

SAL) = 7, N(Wt, POL) = 7, N(Nurr1 */~, SAL) = 6, and N(Nurr1 */~, POL) = 6. All values are means = SEM. Rakic, 1994; Nuechterlein et al., 2009; Del
Campo et al., 2011). Here, spatial working

manifest specifically during the critical tone-CS test phase of the LI memory was studied using a matching-to-
paradigm (Fig. 4A). position paradigm in the dry maze as established in mice before
We were also interested in evaluating the single and combined ~ (Bitanihirwe etal., 2010a; Llano Lopez etal., 2010). The critical mea-
effects of Nurrl deficiency and prenatal immune activation on sus-  sure of working memory in this task is the reduction in distance

tained attention. Deficits in this cognitive domain are one of the =~ moved and time needed (latency) to find the location of the re-
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Table 2. Performance during lever press shaping and acquisition of visual
discrimination in the training phase of the two-choice visual discrimination test

Phase Criterion Group Mean =+ SEM

Shaping 19 of 24 trials (80%) on last day wt, SAL 240 = 0.0
wt, POL 240 £0.0
Nurrl /=, SAL 240 = 0.0
Nurr1 /=, POL 240 + 0.0

Acquisition 38 of 48 trials (80%) on last 2 d wt, SAL 475+03
wt, POL 47.6 = 0.1
Nurr1 /=, SAL 47.7 02
Nurrl /=,POL  47.8 0.2

The table summarizes the mean == SEM of correct responses during the initial lever press shaping and subsequent
acquisition of visual discrimination processes for each of the four experimental groups, and further outlines the
criterion to be reached in each phase. Neither genetic Nurr1 deficiency nor prenatal poly(l:C) exposure affected
training performance, so that the four groups were highly comparable in the measure of correct responses during
shaping and acquisition phases of the training phase. N(wt, SAL) = 7, N(wt, POL) = 7, N(Nurr1 */—, SAL) = 6,and
N(Nurr1 */~, POL) = 6. SAL, Saline; POL, poly(1:C); wt, wild type; Nurr1 */~, heterozygous Nurr1 ablation.

warded hole from trial 1 (when the location of the reward is
essentially unknown to the subjects) to trial 2.

There was an overall change in test performance as a function
of successive test days, as indicated by the presence of a significant
main effect of days (distance moved: F4 144 = 4.43, p < 0.001;
latency: Fg 144y = 19.61, p < 0.001), with animals generally per-
forming faster at the end of the 7 d test procedure compared with
the first days of testing. Most importantly, we found that prenatal
poly(I:C) exposure disrupted working memory regardless of the
Nurrl genotype (Fig. 5): Both wt and Nurrl */~ offspring prena-
tally treated with saline solution displayed a clear reduction in the
distance moved and time needed to find the rewarded hole in
trial 2 relative to trial 1. In contrast, poly(I:C)-exposed wt or
Nurrl "/~ offspring displayed no similar improvement from trial
1 to 2 (Fig. 5). ANOVA yielded a significant interaction between
prenatal treatment and trials (distance moved: F; ,,) = 5.08, p <
0.05; latency: F, 4y = 4.78, p < 0.05), and subsequent analyses
restricted to the two prenatal treatment conditions confirmed a
significant trial effect in prenatally saline-exposed offspring (dis-
tance moved: F, ;) = 17.41, p < 0.01; latency: F, ,,, = 24.77,
p <0.001), but not in poly(I:C)-exposed offspring (values of F <
1). Prenatally saline- and poly(I:C)-treated animals also signifi-
cantly differed with respect to performance in the second trial
(significant main effect of prenatal treatment in trail 2 for
distance: F(, 54y = 7.97, p < 0.01; and for latency: F(, ,,) =
4.81,p < 0.05).

Independent effects of prenatal immune activation and Nurrl
deficiency on midbrain dopamine cells
Subsequent to the behavioral and cognitive phenotyping, we at-
tempted to explore the single and combined effects of Nurrl
deficiency and prenatal immune challenge on long-term changes
at the neuroanatomical level. Previous studies have shown that
both the genetic (i.e., Nurrl deficiency) and environmental (pre-
natal viral-like immune activation) manipulations can interfere
with the normal development of the central dopamine system
(Zetterstrom et al., 1997; Meyer et al., 2008a,c; Vuillermot et al.,
2010, 2011b,c¢), indicating that at least parts of the detrimental
neurodevelopmental effects of these manipulations may con-
verge on the dopamine system. Here, we tested this hypothesis by
analyzing the expression of various dopaminergic markers in the
major dopaminergic pathways, namely the nigrostriatal, mesoac-
cumbal, and mesocortical pathways.

In a first step, we quantified the number of TH-positive do-
pamine neurons using stereological estimations on serial coronal
brain sections in the two major midbrain areas containing dopa-
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mine cells, namely the VTA and SN. Consistent with previous
investigations (Vuillermot et al., 2011c), we found that heterozy-
gous constitutive deletion of Nurrl significantly decreased TH-
positive cells in the SN, and this effect emerged independently of
the prenatal immune treatment history (main effect of genotype:
F 54 =9.97,p <0.01; Fig. 6). However, prenatal treatment with
poly(I:C) led to a small but significant reduction in the number of
TH-positive dopamine cells in the VTA regardless of the genetic
background (main effect of prenatal treatment: F; ,,) = 4.25,p <
0.05; Fig. 6). There were no significant interactions between the
two manipulations on TH-positive cell numbers in the SN or
VTA. Together, these findings highlight independent effects in-
duced by Nurrl deficiency and prenatal immune challenge on
dopaminergic midbrain structures: The former markedly re-
duces SN dopamine cell numbers, whereas the latter leads to
decreased TH-positive cells in the VTA (Fig. 6).

Independent and synergistic dopaminergic effects of Nurrl
deficiency and prenatal immune activation in striatal and
prefrontal cortical regions

We were then interested in assessing the single and combined
effects of Nurrl deficiency and prenatal immune activation on
the expression of dopaminergic markers in ventral (NAc core and
shell) and dorsal (CPu) striatal regions. In mice, dopaminergic
cell bodies located in the SN project primarily to dorsal parts of
the striatum (CPu), forming the nigrostriatal dopaminergic
pathway. However, ventral parts of the striatum (NAc shell and
core) receive prominent projections from dopaminergic cell bod-
ies of the VT, forming parts of the mesolimbic dopamine system
(Van den Heuvel and Pasterkamp, 2008).

Consistent with our previous findings (Vuillermot et al.,
2011c), Nurrl ™/~ mice displayed a significant reduction in TH
immunoreactivity specifically in the NAc shell but not other stri-
atal areas (Fig. 7). This effect was similarly observed in saline- and
poly(I:C)-exposed Nurrl ™'~ offspring, suggesting that prenatal
immune activation did not significantly influence this aspect of
accumbal dopamine pathology in Nurrl-deficient animals.
ANOVA of this measure only yielded a significant main effect of
genotype (F(, 54y = 17.76; p < 0.01). Most interestingly, however,
we revealed a synergistic interaction between Nurrl deficiency
and prenatal immune activation in the disruption of D,R expres-
sion in the NAc core and shell subregions: As shown in Figure 7,
a significant reduction of accumbal D,R immunoreactivity
emerged selectively in poly(I:C)-exposed Nurrl *'~ offspring.
ANOVA yielded a significant interaction between prenatal treat-
ment and genotype in the analysis of D,R density in the NAC core
(F(1.24) = 4.03; p <0.05) and NAc shell (F(, ,,) = 12.75; p <0.01),
and subsequent post hoc group comparisons verified the signifi-
cant difference between poly(I:C)-exposed Nurrl ¥/~ offspring
and all other groups (NAc core: all values of p < 0.05; NAc shell:
all values of p < 0.01). The genetic and/or environmental manip-
ulations did not significantly affect dorsal or ventral striatal ex-
pression of the two other markers investigated (i.e., COMT and
D,R; Table 3).

Finally, we also analyzed the expression of TH, COMT, D,R,
and D,R in the mPFC, which receives dense dopaminergic pro-
jections from the ventral midbrain (Van den Heuvel and Pas-
terkamp, 2008). Our analyses of these dopaminergic markers in
the mPFC revealed a remarkable synergism between Nurrl defi-
ciency and prenatal immune activation in the measures of rela-
tive TH and COMT densities: The combined effects of Nurrl
ablation and prenatal poly(I:C) treatment resulted in a significant
decrease and increase in mPFC TH and COMT density, re-
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Figure5. Independent effect of prenatal immune activation on spatial working memory deficits. Pregnant wt and Nurr1 */~ mice were treated with the viral mimetic poly(1:C) (POL)
(2 mg/kg, i.v.) or vehicle [saline (SAL)] on gestation day 17, and the resulting offspring were tested in early adulthood. A, Spatial working memory was assessed using a dry maze
containing 32 holes arranged in a radial design as schematically illustrated. The working memory task was based on the matching-to-position paradigm, in which the animals were
required to learn the novel position of a rewarded hole revealed to them on trial T of each day to navigate effectively to the same location (i.e., matching) on the subsequent trial on the
same day. B, The line plots show the distance moved and latency to find the rewarded hole in trial 2 relative to trial 1. **p << 0.01 (distance) and ***p << 0.001 (latency), reflecting the
significant main effects of trials in offspring subjected to prenatal SAL treatment; °p << 0.01and *p < 0.05, reflecting the significant difference between prenatally SAL- and POL-treated
offspring in trial 2 with respect to distance moved and latency, respectively. N = 7 in each experimental group; all values are means = SEM. ¢, Computer-generated search path of
representative SAL- or POL-exposed wtand Nurr1 ™/~ offspring in trial 1 (T1) and trial 2 (T2) of the working memory test. S, Starting position; R, location of the rewarded hole. Note that
there was a delay of ~1sbetween placing the animal in the center of the maze and starting the video tracking system, so that the seemingly discrepant starting positions are attributable
to this 1 delay, during which some animals already moved away from the center.

spectively, compared with levels measured in all other groups
(Fig. 8). ANOVA yielded a significant interaction between
prenatal treatment and genotype for both markers (TH: F(, ,4, =
4.30, p < 0.05; COMT: F,,,, = 4.51, p < 0.05). Additional
post hoc group comparisons confirmed the significant differ-
ence between poly(I:C)-exposed Nurrl ¥/~ offspring and all
other groups with regards to TH relative density in the mPFC
(all values of p < 0.01), and between saline- and poly(I:C)-
exposed Nurrl "/~ offspring (p < 0.05) in the measure of

Discussion

There has been increasing interested in and evidence for an im-
portant contribution of prenatal exposure to infection and/or
inflammation in the etiology of developmental brain disorders
(Brown and Derkits, 2010; Meyer et al., 2011; Patterson, 2011).
Human epidemiological studies have further indicated that the
relative effects of such prenatal adversities may be magnified by
additional genetic and/or environmental risk factors (van Os et

COMT density. D;R and D,R IRs in the mPFC were generally
low and largely indistinguishable from background staining.
They were therefore not subjected to quantification and sta-
tistical analyses (data not shown).

al., 2008; Clarke et al., 2009; Selten et al., 2010). The findings from
the present gene—environment interaction model are consistent
with these interpretations and provide a novel set of data showing
that the brain and behavioral consequences of prenatal viral-like
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Independent effects of prenatal immune activation and genetic Nurr1 deficiency on midbrain dopamine cell numbers. A, Schematic coronal brain sections delineating the ventral

midbrain areas investigated with reference to bregma [adapted from The Mouse Brain in Stereotaxic Coordinates by Franklin and Paxinos (2008)]. Dopaminergic midbrain cells were quantified in
sections ranging from bregma —2.92 to —3.64 mm. 1, VTA; 2a, SNc; 2b, SNr. B, Stereological estimates of TH-positive cells in the SN and VTA of adult wt and Nurr1 */ offspring subjected to
prenatal poly(1:C) (POL) (2mg/kg, i.v.) or vehicle [saline (SAL)] on gestation day 17. Stereological estimatesin the SN took nto account TH-positive cells in both the SNcand SNr. *%p < 0.01and 5p <
0.05, signifying the main effects of genotype and prenatal treatment, respectively. N = 7 males in each experimental group; all values are means == SEM. C, Coronal brain sections of representative
SAL- or POL-exposed wtand Nurr1 */ offspring stained with anti-TH antibody. The sections highlight the SN and VTA regions as indicated by the dashed lines. Note the decrease of TH-positive cell
bodies in the SN of SAL- or POL-exposed Nurr1 /" offspring (indicated by the arrowheads), and the reduction of TH-positive cells in the VTA of POL-treated wt or Nurr1 */~ offspring (indicated

by the white stars).

immune activation are exacerbated in offspring with genetic pre-
disposition to dopaminergic abnormalities induced by heterozy-
gous Nurrl ablation. Not only did we find additive effects of
Nurrl deficiency and prenatal immune activation (as for example
seen in the induction of spontaneous locomotor hyperactivity),
but even more strikingly, we found numerous synergisms be-
tween the two factors at both the cognitive and neuroanatomical
levels.

A major finding of the present study was the identification of
synergistic effects between genetic Nurrl deficiency and prenatal
immune activation in the development of attentional impair-
ments. First, we found that the combination of the two factors led
to abnormally enhanced LI, which is also referred to as LI persis-
tence (Weiner, 2003). LI persistence reflects retarded switching
between associations and can be seen as a failure to re-deploy
attention when previously irrelevant stimuli become relevant
(Weiner, 2003; Weiner and Arad, 2009). Abnormally enhanced
LI can therefore be taken to index impaired attentional shifting
(Weiner, 2003; Weiner and Arad, 2009). Here, we went on to
show that the combination of genetic Nurrl deficiency and pre-
natal immune activation also caused impaired performance in
the 2-CVDT, a translational paradigm that allows the assessment
of sustained attention in mice (Robbins, 2002; Llano Lopez et al.,
2010). The presence of impaired sustained attention has been

taken as index of a failure to continuously allocate processing
resources for the detection of rare events for prolonged periods of
time (Robbins, 2002). Impairments in attentional shifting and
sustained attention are core dysfunctions in several dopamine-
associated neuropsychiatric disorders, especially schizophrenia
(Floresco and Magyar, 2006; Nuechterlein et al., 2009) and
ADHD (Robbins, 2002; Del Campo et al., 2011).

Imaging studies in humans and experimental work in animals
have repeatedly associated abnormal dopaminergic mechanisms
especially within mesocortical and frontostriatal pathways in the
precipitation of impairments in attentional shifting and sus-
tained attention (Floresco and Magyar, 2006; Kehagia et al., 2010;
Cools and D’Esposito, 2011; Del Campo et al., 2011), and dopa-
minergic imbalances in these pathways have also long been recog-
nized to contribute to the neuropathology of both schizophrenia
(Knable and Weinberger, 1997; Howes et al., 2007) and ADHD (Del
Campo et al., 2011). Here, we identified a number of neuropatho-
logical deficits that are suggestive of dopaminergic imbalances in the
mesocortical and frontostriatal pathways. Although our study does
not causally link distinct neuroanatomical changes with specific
neurocognitive deficits, we consider it important to draw attention
to some potential structural-functional relationships. In view of the
known contribution of (dopaminergic) prefrontal deficits in the
precipitation of attentional dysfunctions (Robbins, 2002; Kehagia et
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Figure 7.  Independent and synergistic effects of prenatal immune activation and genetic Nurr7 deficiency on dopaminergic markers in the striatum. A, Schematic coronal brain sections
delineating the striatal areas investigated with reference to bregma [adapted from The Mouse Brain in Stereotaxic Coordinates by Franklin and Paxinos (2008)]. Relative optical densities of
dopaminergic markers in the NAc core (1a) and NAc shell (1b) were assessed in sections ranging from bregma +1.60 to -+0.98 mm; relative optical densities of dopaminergic markers in the CPu (2)
were assessed in sections ranging from bregma +1.34to -+0.14mm. B, Mean + SEM relative optical density of THin the CPu, NAc core and NAc shell of adult wt and Nurr1 ™/~ offspring subjected
to prenatal poly(1:C) (POL) (2 mg/kg, i.v.) or vehicle [saline (SAL)] on gestation day 17. **p << 0.01, signifying the main effect of genotype. N = 7 males in each experimental group. ¢, Mean + SEM
relative optical density of D,R in the CPu, NAc core, and NAc shell of SAL- or POL-exposed wt and Nurr1 /7 offspring. *p << 0.05 and **p < 0.01, reflecting the significant difference between
POL-exposed Nurr1 ™/~ offspring andall other groups. N = 7 malesin each experimental group. D, Coronal brain sections of representative SAL- or POL-exposed wtand Nurr1 */~ offspring stained
with anti-TH antibody. The sections were taken at the level of the ventral striatum highlighting NAc core (1a) and NAcshell (1b) as indicated by the dashed lines. Note the reduction (indicated by the
arrowheads) of TH immunoreactivity specifically in the NAc shell region of SAL- or POL-exposed Nurr1 ™/~ offspring. E, Coronal brain sections of representative SAL- or POL-exposed wt and
Nurr1 /= offspring stained with anti-D,R antibody. The sections were taken at the level of the ventral striatum highlighting NAc core (1a) and NAc shell (1b) as indicated by the dashed lines. Note
the decrease (indicated by the arrowheads) of D,R immunoreactivity in the NAc core and shell regions emerging selectively in POL-exposed Nurr1 */~ offspring.
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Table 3. Summary of the relative optical densities of COMT and D, R in the dorsal
and ventral striatum
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al., 2010; Cools and D’Esposito, 2011), one clear possibility would be
that the neurocognitive deficits present in prenatally immune-

Nurrl /=, Num ™77, challenged Nurr1-deficient mice may be linked to the apparent pre-

Marker  Area wt, SAL wt, POL SAL poL frontal dopaminergic abnormalities. In the context of
COMT CPu 246036  235+027 232+018 241032  schizophrenia, it is interesting to note that enhanced COMT activity
NAccore  229*021  207=027 211%016 223%=02  in homozygote valine—valine (Val-Val) allele carriers is associated

NAcshell 206020  1.98+031 2012021  210*=034  with impaired neurocognitive functions, including deficient execu-

DiR CPu 3.86 f 010 379 f 015 382 f 018 378 :—: 022 tive functioning, processing speed, and sustained attention (Diaz-
mz:ﬁgﬁ ;3; N g}? ;;3 N g;g ;g} i g}; ;?g i 85(3) Asper et al,, 2006; Tan et al., 2009). However, it needs to be

emphasized that most studies implicating COMT in schizophrenia
have focused on genetic COMT variation rather than actual mRNA
or protein expression (Weinberger et al., 2001; Chen et al., 2004).
One could therefore argue that our findings of enhanced COMT

The table summarizes the In-transformed measures obtained in the CPu, NAc core, and NAc shell subregions of the
striatum for wt and Nurr1 ™/~ offspring subjected to prenatal saline (SAL) or poly(1:C) (POL) treatment. All values
are means = SEM; N = 7 in each experimental group and for each measure.
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Figure 8.  Synergistic effects of genetic Nurr1 deficiency and prenatal immune activation on the prefrontal cortical dopamine system. 4, Schematic coronal brain sections delineating the
prefrontal cortical areas investigated with reference to bregma [adapted from The Mouse Brain in Stereotaxic Coordinates by Franklin and Paxinos (2008)]. Assessment of the relative optical densities
of dopaminergic markers in the mPFCincluded measurements in the aCG, PrL, and IL cortices and was performed on coronal sections ranging from bregma +2.30 to +1.70 mm. B, Mean + SEM
relative optical density of THin the mPFC of adult wt and Nurr1 ™/~ offspring prenatally treated with poly(1:) (POL) (2 mg/kg, i.v.) or vehicle [saline (SAL)] solution on gestation day 17.**p < 0.01;
N = 7 males in each experimental group. C, Mean + SEM relative optical density of COMT in the mPFC of SAL- or POL-exposed wt and Nurr1 ™/~ offspring. *p << 0.05; N = 7 males in each
experimental group. D, Coronal brain sections of representative SAL- or POL-exposed wt and Nurr1 */ offspring stained with anti-TH antibody. The sections were taken at the level of the mPFC
highlighting TH-positive fibers in the aCG and PrL cortices. Note the marked decrease (indicated by the arrowheads) of TH-positive fibers emerging selectively in POL-exposed Nurr1 */~ offspring.
E, Coronal brain sections of representative SAL- or POL-exposed wt and Nurr1 /™ offspring stained with anti-COMT antibody. The sections were taken at the level of the mPFC highlighting COMT
protein expression in the aCG and PrL cortices. The sections were color-coded for the purpose of facilitating the visualization of differential COMT protein expression; strongest staining intensities are
shown in yellow, while the background is represented in dark purple (bar inset). fmi, Forceps minor corpus callosum.
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protein expression in poly(I:C)-exposed offspring with additional
Nurrl ablation cannot be directly compared with the clinical condi-
tion, in which enhanced COMT activity resulting from homozygos-
ity in the valine-valine (Val-Val) allele has been correlated with
schizophrenia-relevant brain and behavioral abnormalities (Wein-
berger et al, 2001). Even so, functional analyses of genetic
COMT variation has confirmed that the Val-Val allele is
linked to significant increases in prefrontal COMT protein
and mRNA levels compared with Val-Met (methionine) or
Met—Met carriers (Chen et al., 2004). Against this back-
ground, our findings highlight that schizophrenia-relevant al-
terations in prefrontal COMT protein expression can readily
be induced by specific gene—environment interactions that by
themselves are unrelated to genetic COMT variation.

The neuronal substrates for deficient sustained attention in
prenatally immune-challenged Nurrl-deficient offspring may
further include downregulation of D,R in the ventral striatum,
based on previous observations that intra-NAc infusion of the
D,R antagonist sulpiride impairs response accuracy in the rat
five-choice serial reaction time test (Pezze et al., 2007). With
respect to LI persistence, it has been shown that D,R antagonists
are efficient in increasing the LI effect under parametric condi-
tions, in which control rats do not show LI (Weiner et al., 1997).
It thus seems feasible that reduced D,R-mediated signaling may
further provide a relevant neurochemical substrate contributing
to the development of abnormally enhanced LI in poly(L:C)-
exposed Nurrl */~ offspring.

In addition to the relevance of increased prefrontal COMT
density/activity to schizophrenia (Weinberger et al., 2001; Chen
et al., 2004; Tan et al., 2009), our findings of reduced TH fiber
density in the mPFC of poly(I:C)-exposed Nurrl *'~ offspring
match postmortem investigations in schizophrenic patients
showing reduced densities of TH-immunoreactive axons in spe-
cific areas of the PFC (Akil et al., 1999). However, our gene—
environment model falls short in mimicking postmortem and
imaging findings implicating a mild but significant elevation of
D,R densities in striatal structures of schizophrenic patients
(Laruelle, 1998; Howes et al., 2007). Furthermore, our study does
not reveal a direct relationship between prefrontal dopamine pa-
thology (in the form of reduced and increased TH and COMT
density, respectively) and disruption of working memory, the
latter of which is presumably dependent on prefrontal dopamine
activity (Floresco and Magyar, 2006). Indeed, whereas the prefrontal
dopamine makers of interest were found to be reduced specifically in
Nurrl ¥/~ animals with additional prenatal poly(I:C) treatment,
working memory was impaired by prenatal immune activation in-
dependently of the genetic background. This suggest that alterations
in prefrontal TH and COMT protein densities are unlikely to be the
prime mechanisms for abnormal working memory performance in
our gene—environment model, so that imbalances in other neuro-
chemical systems and/or brain areas such as the hippocampus need
to be considered in this association.

In addition to its impact on normal dopaminergic develop-
ment and functions (Zetterstrom et al., 1997; Saucedo-Cardenas
et al., 1998; Kadkhodaei et al., 2009), Nurrl has immunomodu-
latory roles by functioning as transcriptional repressor of proin-
flammatory genes (Saijo et al., 2009). Consistent with this, we
found that pregnant Nurrl ¥/~ mice displayed enhanced basal
levels of the proinflammatory cytokine IL-6. However, poly(I1:C)
treatment in Nurrl ¥/~ mice did not further elevate any of the
proinflammatory cytokines of interest, but instead significantly
reduced serum IL-6 levels to control levels measured in saline-
treated wt mice. It is therefore unlikely that the development of
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additive and synergistic pathological long-term effects between
prenatal immune activation and genetic Nurrl deficiency simply
results from exacerbated proinflammatory immune responses in
Nurrl-deficient mice. Furthermore, the synergistic brain and
behavioral effects between prenatal immune activation and
heterozygous Nurrl ablation cannot simply be explained by the
recent hypothesis that IL-6 is most critical in altering fetal brain
development and in causing long-term brain abnormalities fol-
lowing prenatal infection (Smith et al., 2007). If this were the case,
one would have expected the IL-6 response to poly(l:C) in
Nurrl "/~ mice to be more pronounced compared with wt mice.
Notably, this was not the case. Interestingly, however, we found a
synergistic effect of maternal poly(I:C) treatment and Nurrl de-
ficiency in terms of shifting the relative balance between IL-6/
IL-10 expression toward enhanced IL-10 signaling. Consistent
with recent theoretical accounts emphasizing the importance of
relative rather than absolute imbalances in maternal/fetal cyto-
kine imbalances (Meyer et al., 2008b), our cytokine data suggest
that relative shifts toward enhanced antiinflammatory cytokine
signaling may be more directly relevant to the development of
synergistic pathological interactions between genetic Nurrl defi-
ciency and prenatal immune activation.

In conclusion, the present experimental data implicate spe-
cific gene—environment interactions in the emergence of endur-
ing attentional impairments pertinent to dopamine-associated
neuropsychiatric disorders. Prenatal maternal infection and ge-
netically driven Nurrl deficiency have each been implicated as
risk factors for neurodevelopmental brain disorders, including
schizophrenia (Buervenich et al., 2000; Brown and Derkits, 2010)
and ADHD (Smith et al., 2005; Pineda et al., 2007), but the rela-
tive effect size of each individual factor appears relatively small.
Our experimental approach here highlights that the combination
of these two risk factors can induce far more pronounced dopa-
minergic pathology and neurocognitive deficits pertinent to
these disorders than does one factor alone, and therefore it em-
phasizes the importance of interacting effects between these two
factors in the disruption of such brain dysfunctions. Against this
background, the present model system may be helpful for future
attempts to further explore how specific gene—environment in-
teractions can shape the vulnerability for distinct neuronal and
neurocognitive abnormalities pertinent to multifactorial and
dopamine-associated brain disorders of developmental origin.
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