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Abstract

Rationale—Addiction is a disease of learning and memory, as learning processes underlying
acquisition, extinction, and reinstatement of drug-paired associations play central roles in
addiction. Early developmental stress enhances risk for drug problems in adulthood.
Environmental factors influencing learning and memory processes relevant to addiction remain
incompletely characterized.

Objectives—To determine effects of prenatal immune activation and developmental stress on
conditioned place preference to amphetamine, and reversal learning.

Methods—Pregnant Sprague Dawley rats were injected with polyinosinic:polycytidylic acid
(poly I:C) or vehicle on gestational day 14. Half of the male offspring received two hours of
restraint stress at postnatal day 35. Behavioral testing was performed in adulthood.

Results—Restraint stress inhibited acquisition of place preference to low dose amphetamine (0.5
mg/kg), while poly I:C treatment had no measurable effect on place preference acquisition. In
contrast, drug-induced reinstatement of preference for drug-paired chamber was enhanced in
offspring of poly I:C-treated dams [F(1,25) = 5.31, p = 0.03]. Performance on a Morris water maze
reversal learning task was impaired in poly I:C offspring. Reversal learning performance was
correlated with place preference reinstatement in non-stressed (r2 = 0.42, p = 0.0095), but not
stressed rats (r2 =0.04, p = 0.49).

Conclusions—Prenatal immune activation enhances drug-induced reinstatement of conditioned
place preference. These data demonstrate longstanding impact on behaviors with potential
influence on risk for drug relapse as a consequence of prenatal immune activation. Further study is
needed to determine clinical and epidemiological consequences of similar exposures in human
populations.
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Introduction

Addiction has been described as a disease of learning and memory, as the learning processes
underlying acquisition, extinction, and reinstatement of drug-paired associations play a
central role in addictive disorders (Kelley2004;Hyman2005). The risk for addictions is
determined by environmental and genetic factors acting in concert (Enoch2010;Goldman et
al.2005), and epidemiological studies estimate early developmental stress accounts for more
than half of the attributable risk for serious drug problems in adulthood (Dube et al.2003).
Relapse to drug use is considered the major unmet need in the treatment of drug dependence
(O'Brien2005). Despite this widespread recognition of their central importance to clinical
outcome, identification of specific environmental factors influencing drug—associated
learning and memory deficits of relevance to drug relapse remains incomplete.

Prenatal infection stimulates maternal cytokines, soluble polypeptides mediating the innate
inflammatory response. Consequences to the offspring of maternal cytokine elevation have
been studied in prenatal immune activation animal models using immunogens including the
synthetic nucleic acid polyinosinic:polycytidylic acid (poly I:C), which activates Toll-like
receptor TLR3, stimulating cytokine expression (Suh et al.2009). Maternal poly I:C
injection alters dopamine function in offspring within nucleus accumbens core (Vuillermot
et al.2010), the site of integration of drug-associated memories (Kalivas and O'Brien2008).
Cognitive impairments resulting from prenatal immune activation include deficits in
prefrontal cortically-mediated function (Bitanihirwe et al.2010), impaired reversal learning
(Meyer et al.2006;Han et al.2011;lto et al.2010;Lee et al.2007) and impaired extinction of a
learned conditioned eye-blink response (Lee et al.2007). Repetitive drug use also impairs
frontal cortical function, enhancing relapse to drug use (Everitt and
Robbins2005;Kalivas2008;Kalivas and O'Brien2008). Prenatal immune activation and
repetitive drug use may therefore exert similar adverse effects upon drug-associated learning
and memory.

When combined with appropriate host genetic background (Clarke et al.2009), prenatal
immune activation is a suspected environmental risk factor for schizophrenia
(Patterson2009), an illness with 50% comorbidity for drug and alcohol dependence
(Buckley2006). Based on estimates from studies of other disorders [(Brown and
Derkits2010), Table 6], it is conceivable that as many as 1/3 of drug dependent patients have
had relevant /n utero exposures from maternal conditions inducing prenatal immune
activation including pelvic inflammatory disease, influenza, or venereal disease. In order to
determine whether prenatal immune activation alters drug-associated learning and memory,
we tested the effects of poly I:C injection in conditioned place preference, a classical
conditioning paradigm, which measures learned associations linking a drug experience and
its environment. Because developmental stress is associated with elevated risk for drug
dependence (Dube et al.2003; Andersen and Teicher2009), we also examined the combined
effect of prenatal immune activation and a single peri-adolescent restraint stress exposure
upon conditioned place preference. Finally, in order to determine if prenatal immune
activation effects upon conditioned place preference and reversal learning (Meyer et al.
2006;Han et al.2011;1to et al.2010;Lee et al.2007) share common substrates, a Morris water
maze reversal learning paradigm was used to identify relationships between the two
measures. We hypothesized prenatal immune activation combined with peri-adolescent
stress would enhance place preference conditioning, and would be correlated with reversal
learning deficits.

Here we report a single peri-adolescent restraint stress exposure inhibited acquisition of
place preference to a low dose of amphetamine (0.5 mg/kg), while poly I:C treatment had no
measurable effect on place preference acquisition. In contrast, prenatal immune activation
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enhances drug-induced reinstatement of place preference. Reversal learning deficits were
also observed following prenatal immune activation. These data demonstrate a longstanding
impact on behaviors with potential impact on risk for drug dependence following /n utero
exposure to immune activation. Potential public policy implications of these findings for
drug prevention and treatment programs are discussed.

Research Design and Methods

An experimental design summary is shown in Figure 1. Eight-week old male and
nulliparous female Sprague-Dawley rats used as breeders were obtained from Harlan
Laboratories (Indianapolis, IN). Following a minimum two week acclimatization, males and
females were co-housed overnight, with the following morning defined as gestational day 0
(Taylor1986). Pregnant rats (identified by weight gain of = 40 g) were injected with the
synthetic nucleic acid analogue poly I:C (Sigma, St. Louis, MO, P1530; 8 mg/kg, i.p.) or
vehicle (saline, 1 ml/kg) on gestational day 14 to stimulate a maternal inflammatory
response. The timing of poly I:C injection was based upon the work of Zuckerman and
colleagues describing outcomes following poly I:C injection on varying gestational dates in
rats [(Zuckerman et al.2003). [Note gestational day 15 in Zuckerman's study is defined as
gestational day 14 in some widely-referenced text books (Taylor1986); in our study we use
the (Taylor1986) definitions]. The poly I:C dosage was based upon dosage ranges used by
other investigators for rat intraperitoneal injection [reported dose range 0.75 to 20 mg/kg;
mean dose 10 mg/kg (Fortier et al.2004b;Gilmore et al.2005)]. Based upon a study
describing anorexia and weight loss associated with maternal immune activation (Fortier et
al.2004b), weight change was determined in the pregnant dams over the 24 hour period
following poly I:C injection. Offspring from 3 poly I:C-treated dams without weight loss
were excluded from study. Poly I:C-injected dams included in the study lost 4.4 + 0.67
grams, while vehicle-injected dams gained 5.2 + 0.89 grams. There was no effect of prenatal
treatment on miscarriage rate, litter size or offspring mortality. We have previously
determined that offspring from poly I:C-injected dams without weight loss exhibit similar
amphetamine-stimulated locomotion to offspring of saline-injected dams using this injection
regimen (Bronson et al.2011).

On postnatal day 1, litters were culled to 8 with no significant difference in number of male
offspring retained (vehicle = 6.3 £ 0.8; poly I:C = 7.2 + 0.5 SEM). Male pups were assigned
to eight treatment groups (n=8 rats/group) with variables of Pre-treatment (poly I:C vs.
vehicle); Post-treatment (stress vs. no stress); and drug dose (amphetamine 0.5 vs. 2.0 mg/
kg). In order to guard against litter effect confounds, treatment groups were balanced across
breeding cohorts. Each treatment group comprised offspring from 5-6 different dams, with
no more than two offspring from a single dam assigned to the same treatment group. Rats
were weaned on postnatal day 21 and housed 2/cage with same sex siblings.

Restraint stress

Half of the rats received 2 hours of restraint stress in Plexiglas restrainers as previously
described (Ostrander et al.2003) at 10 am on postnatal day 35. The restraint stress regimen
was based upon the prior observation that dopamine release in nucleus accumbens core is
enhanced eight days following two hours of restraint stress (Pacchioni et al.2007). Rats were
maintained on a 12-hour light:dark cycle (0500 on; 1700 off) and remained undisturbed in
their home cages, except for routine cage changes, following restraint stress until adulthood.

All animal procedures were conducted in agreement with the Guide for the Care and Use of
Laboratory Animals in accordance with NIH guidelines, and were approved by the
University of Cincinnati and Cincinnati Veterans Affairs Medical Center Institutional
Animal Care and Use Committees.
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Drug treatment

D-amphetamine sulfate (Sigma, St. Louis, MO) was dissolved in 0.9% saline. Amphetamine
concentration is described as free base. All injections were in a final volume of 1 ml/kg.

Conditioned Place Preference

Acquisition of conditioned place preference was begun at 3 months of age. Rats were singly
housed in the testing room throughout the conditioning and testing phase of the study. The
conditioned place preference chambers were separated from the housed rats by a plastic
curtain to minimize disruptions. Testing occurred in the animals' light phase between
10am-12pm. Each conditioned place preference apparatus (Med Associates, St. Albans, VT)
contains 2 large visually distinct compartments separated by a third smaller visually distinct
connecting compartment. White and black compartments (each 28cm L) with either steel
mesh or steel rod flooring were separated by a smaller gray compartment (12cm L) with
Poly Vinyl Carbonate flooring. Dividing doors could be opened to allow exploration of
other compartments. A video tracking system (CleverSys, Reston, VA) monitored the
animals' position throughout each session. For initial habituation to the apparatus, rats were
placed in the center compartment and allowed free exploration of all chambers for 20
minutes. The first 15 minutes of video were scored for time in each of the two large
compartments for subsequent analysis, as previously described (Davis et al.2011). During
the following 6 days, animals received alternating daily injections of amphetamine (0.5 or 2
mg/Kg, subcutaneous) and saline and were immediately confined to the assigned
compartment for 30 min. Each animal therefore received 3 amphetamine injections (0.5 or
2.0 mg/kg) in a visually distinct drug-paired compartment, and 3 saline injections in a
visually distinct saline-paired compartment. An unbiased design was used to minimize
potential for false-positive findings (Tzschentke1998), with animals balanced across drug-
paired compartment, dam, and treatment. Each treatment group comprised 4 rats conditioned
to the black compartment and 4 rats conditioned to the white compartment. When two
offspring from a single dam were assigned to the same treatment group, one litter mate was
conditioned to the black compartment and the other to the white compartment. Three
animals randomized to the amphetamine 2.0 mg/kg group and two animals randomized to
the amphetamine 0.5 mg/kg group had a strong preference (>70% total time) during the
initial habituation session to the compartment to which they were subsequently drug-paired
and were therefore excluded from data analysis. Twenty four hours following the last
conditioning injection, place preference was determined by placing the rat in the center
compartment and allowing free exploration of all chambers for 15 min. After test day,
animals were returned to the animal colony paired with their original cage mate.

Animals conditioned to amphetamine 2.0 mg/kg were also analyzed for retention, extinction
and reinstatement of conditioned place preference. Retention of the drug-associated
preference was determined by place preference testing 2—3 months following conditioning
(time interval equally balanced across treatments). Extinction training began 3 weeks after
retention testing. Extinction of the conditioned preference for drug-paired chamber was
achieved over 6 days in both groups by giving saline injections, followed by placement in
the apparatus with full access to all compartments for 15 min. Drug-induced reinstatement
was performed 24 hours following the last extinction training session by injecting a low
amphetamine dose priming injection (0.2 mg/kg), followed by placement in the apparatus
with full access to all compartments. Exploration was recorded for 15 min.

Morris Water Maze

Rats in the amphetamine 2.0 mg/kg conditioned place preference groups began Morris water
maze training and testing 3 days after conditioned place preference retention testing. Rats
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were moved to the Morris water maze room for acclimation 48 hours before testing and
remained housed in that location until the end of all Morris water maze procedures. The
water maze pool was enclosed by plastic curtains on two sides and white walls on the
opposing sides. Extra-maze visual cues (42 cm x 76 cm posters printed with contrasting
shapes and patterns) were placed at N, S, E, and W positions around the pool. The water
maze was a circular, fiberglass pool (122 cm in diameter, 75 cm height) filled with room
temperature tap water to 43 cm deep. A clear glass platform (10.5 x 10.5 cm square) was
submerged 1.0 cm below the water surface in the SE pool quadrant. Food coloring was used
to reduce visibility of the hidden platform. For each learning trial, the rat was placed into the
water at one of four possible starting points with similar path lengths to the platform (e.g.,
SW, W, N, NE) (Vorhees et al.2009). The starting location for each trial was varied and all
locations were used once before repeating. A trial was terminated and latency recorded
when the rat found and climbed onto the platform for 5 sec. If the rat did not reach the
platform within 90 sec., the trial was terminated and the rat placed upon the platform for 5
sec. Each rat received two trials per day, separated by at least one hour, for four consecutive
days. On the fifth and final day of testing, a 90 sec. probe trial was performed with the rats
started from a novel position (NW) and the escape platform removed from the pool.

The reversal learning phase of the Morris water maze was begun three days following the
probe trial test. For this procedure the platform was moved to a novel location in the NW
pool quadrant, with all procedures otherwise identical to the acquisition phase (2 trials/ day
for 4 days). The starting points were shifted to SW, S, E, and NE. On the fifth day, 24 hours
after the last learning trial, a reversal phase probe trial was performed with the rats started
from a novel position (SE) with the platform again removed from the pool. Trials were
digitally recorded using CleverSys TopScan software.

Statistical analysis

Conditioned place preference

Acquisition, retention, extinction (averaged over 6 training sessions) and reinstatement data
were analyzed individually by two-way ANOVA using SAS ® System for Windows
Version 9.2, (SAS Institute, Cary, NC) with experiment-wise error rate set at p < 0.05. The
outcome measure for conditioned place preference data was analysis of between-group
differences using the “difference score”, defined as the difference in preference for the drug-
paired chamber on test day compared to the same chamber on habituation day (Navarro et
al.2001). A positive difference score indicates a conditioned place preference for the drug-
paired chamber. Pre-treatment (Poly I:C vs. Vehicle) and Post-treatment (Stress vs. No
stress) were used as main factors and difference score as the dependent measure.

Morris water maze

Data for learning trials were analyzed by three-way repeated measures ANOVA, with Pre-
treatment (Poly I:C vs. Vehicle) and Post-treatment (Stress vs. No stress) as main factors,
individual day as the repeated measure and change in latency to platform from trial 1 to trial
2 on each of four individual days of training as the dependent measure. Subsequent multiple
comparisons were conducted by post-hoc analysis using the Tukey-Kramer test. Treatment
differences were considered statistically significant at p < 0.05. Probe trials were analyzed
by Student's t-test with latency to former platform location; direct hits on platform location;
percent time in a target area centered around the platform location; and number of entries
into a target area centered around the platform location as outcome measures.
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Conditioned Place Preference / Morris Water Maze Correlations

Results

Data were analyzed by Pearson correlation to test for correlations between Morris water
maze reversal learning performance and acquisition, retention, extinction, and reinstatement
of conditioned place preference. Correlations were determined between decrease in latency
from trial 1 to trial 2 averaged over the first three days of reversal learning, and the
difference score on each day of testing for conditioned place preference.

Conditioned place preference

In order to determine the effect of prenatal immune activation on drug-associated learning
and memory, conditioned place preference to amphetamine was tested at two amphetamine
dosages (0.5 and 2.0 mg/kg) in offspring of vehicle- and poly I:C-injected dams. Because
developmental stress may exert longstanding effects upon conditioned place preference to
stimulant drugs (Mathews et al.2008;Campbell and Spear1999), half of the animals received
two hours of restraint stress at postnatal day 35 in order to test for potential interactions
between developmental stress and prenatal immune activation on outcome. During the initial
habituation to the place preference apparatus prior to conditioning, ANOVA did not identify
significant main effects or interactions between treatment groups (data not shown). The
acquisition of conditioned place preference following amphetamine (0.5 mg/kg) exposure is
shown in Figure 2A. Two-way ANOVA identified a significant effect of Post-treatment
[F(1,26) = 4.38, p = 0.046], a trend for Pre-treatment which did not achieve statistical
significance [F(1,26) = 3.87, p = 0.06], and no significant interaction [F(1,26) = 0.08, p =
0.78]. Post-treatment stress decreased place preference acquisition in both Vehicle/Stress
and Poly I:C/Stress groups. Of interest, the negative difference score in the VVehicle/Stress
group demonstrates lack of a conditioned response to the drug-paired compartment.
Acquisition of conditioned place preference was also tested following exposure to a higher
amphetamine dose (2.0 mg/kg). As shown in Figure 2B all groups demonstrated place
preference conditioning, and there were no significant group differences identified by two-
way ANOVA at the higher dose.

Retention, extinction and reinstatement of conditioned place preference

Animals conditioned to amphetamine 2.0 mg/kg were also analyzed for retention, extinction
and reinstatement of conditioned place preference. Retention of the drug-associated
preference was determined by place preference testing 2—3 months following conditioning
(time interval equally balanced across the four Pre-treatment x post-treatment groups). As
illustrated in Figure 3A, two-way ANOVA did not identify statistically significant group
differences in difference scores at retention testing. Extinction of the conditioned preference
for drug-paired compartment was achieved over 6 days in all groups by giving saline
injections, followed by placement in the apparatus with full access to all compartments for
15 min. Two-way ANOVA did not identify statistically significant group differences in
difference scores after extinction training. As seen in Figure 3B, negative difference scores
in all groups evidences extinction of place preference following this regimen. Drug-induced
reinstatement was performed by injecting a low dose of amphetamine priming injection (0.2
mg/kg), followed by placement in the apparatus with full access to all compartments. As
shown in Figure 4, two-way ANOVA of reinstatement difference scores identified a
significant main effect of Pre-treatment [F(1,25) = 5.31, p = 0.03], demonstrating a long-
lasting effect of poly I:C treatment on reinstatement of preference for drug-paired
compartment. ANOVA did not identify a significant Post-treatment effect [F(1,25) = 0.78, p
= 0.39], or a Pre-treatment x Post-treatment interaction [F(1,25) = 0.79, p = 0.38]. Of
interest, the Poly 1:C/Stress group spent 2.5-fold more time in the drug-paired compartment
compared to the Poly I:C/No Stress animals (PIC/No Stress = 36.4 + 28.1 s, PIC/Stress =
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93.2 + 35.3 s SEM). Further study will be needed to determine if the trend towards enhanced
reinstatement combining stress with prenatal immune activation achieves statistical
significance with a larger sample size.

Morris Water Maze

In order to determine if cognitive deficits in reversal learning were observed in offspring of
poly I:C-injected dams, animals were tested for performance in a Morris water maze
reversal learning paradigm. Rats were trained in a Morris water maze hidden platform task
at 5-6 months of age as described in Methods above. Learning trials data were analyzed by
three-way repeated measures ANOVA, with Pre-treatment (Poly I:C vs. Vehicle) and Post-
treatment (Stress vs. No stress) as main factors, day as repeated measure and improvement
in latency to platform between trial 1 and trial 2 each day as dependent measure. ANOVA
identified a significant main effect of day [F(1,28) = 4.22, p =0.049]. Pre-treatment, Post-
treatment, and Pre-treatment x Post-treatment interactions were not significant. Because
Post-treatment and Pre-treatment x Post-treatment interactions were not significant, data
were collapsed across Stress Post-treatment groups for further analyses of poly 1:C effects.
As seen in Figure 5A, offspring of vehicle- and poly I:C- injected dams learned the hidden
platform location at similar rates and evidenced comparable improvements from trial 1 to
trial 2 over the 4 training days. When the hidden platform was removed for probe trial
testing, there were no significant group differences in latency to the former platform location
[F(30) = 0.56, p = 0.58], hits on the platform location [F(30) = 0.00, p = 1.00], percent time
in target area centered around hidden platform [F(30) = 0.33, p = 0.75] or entries into target
area [F(30) =0.36, p=0.72].

Following completion of the initial platform training and probe trial, the hidden platform
location was changed, and animals were trained and tested on learning a new platform
location in a reversal learning paradigm. ANOVA of reversal learning data identified a
significant main effect of Pre-treatment [F(1,28) = 7.21, p =0.012] and Pre-treatment x day
interaction [F(1,28) = 5.33, p =0.029], but no effect of day, Post-treatment, or Pre-treatment
x Post-treatment interactions. Because ANOVA did not identify significant effects of Post-
treatment or Pre-treatment x Post-treatment interaction, data were collapsed across Stress
Post-treatment groups for further analyses (Figure 5B). Post hoc analysis corrected for
multiple comparisons identified a significant difference between poly I:C and vehicle
offspring in improvement in latency to the hidden platform between trials 1 and 2 (p=0.041).
The hidden platform was removed for probe trial testing after the fourth day of reversal
learning. There were no significant group differences in latency to the new platform location
[F(30) = 0.56, p = 0.54], hits on the platform location [F(30) = 1.24, p = 0.23], percent time
in target area centered around hidden platform [F(30) = 0.06, p = 0.95], or entries into target
area [F(30) = 0.10, p = 0.92]. Thus, while offspring of poly I.C-treated dams exhibit normal
learning and retention of spatial object information as evidenced by normal Morris water
maze acquisition and probe trial performance (5A), in the reversal learning paradigm poly
I:C offspring demonstrate a delay in learning the new platform location (5B).

Conditioned Place Preference/ Morris Water Maze Correlations

Data were analyzed to test for correlations between Morris water maze reversal learning
performance and acquisition, retention, extinction, and reinstatement of conditioned place
preference. No statistically significant correlations were identified analyzing the four
different poly I:C vs. vehicle and stress vs. non-stress groups individually (Table I, Groups |
—1V). Trends in correlation were observed in both non-stress groups between reversal
learning performance and reinstatement of place preference [poly 1:C/No-stress (p = 0.059);
Vehicle/No-stress (p = 0.13)]. Collapsing the data across Stress/No-stress Post-treatment
groups for analysis of poly I:C and vehicle effects failed to demonstrate any significant
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correlations between reversal learning and place preference performance (Table 1, Groups
VII- VIII). In contrast, as seen in Table 1 (Group V) and Figure 6, collapsing the data across
poly I:C/vehicle Pre-treatment groups identified a strong correlation in non-stressed animals
between Morris water maze reversal learning performance and reinstatement of conditioned
place preference (r2 = 0.42, p = 0.0095). Of interest, there was no correlation between
reversal learning and reinstatement of conditioned place preference in restraint stressed
animals (r2 =0.04, p = 0.49).

Discussion

Because learning processes underlying the acquisition, extinction, and reinstatement of
drug-paired associations play such a key role in human addictions, it has been suggested that
drug dependence is best considered a disease of learning and memory
(Kelley2004;Hyman2005). Drug dependence results from a combination of genetic and
environmental influences, and it is therefore of interest to identify specific environmental
factors impacting drug-related learning and memory. Here we report the effects of prenatal
immune activation, a relatively common in utero occurrence (Brown and Derkits2010), on
drug-associated learning and memory using the conditioned place preference classical
conditioning paradigm. Because early stress exposure elevates adult vulnerability to drug
dependence (Dube et al.2003; Andersen and Teicher2009), we also determined the influence
of developmental stress on outcome measures. The data presented suggest four areas of
potential relevance to human drug addiction. First, prenatal immune activation exerts a
strong and lasting enhancement on drug-induced reinstatement of drug-associated memory
(Figure 4), a finding which suggests this environmental exposure might potentially increase
risk for relapse to drug dependence. Second, in agreement with some (Meyer et al.2006;Han
et al.2011;Ito et al.2010;Lee et al.2007) [but not all (Zuckerman and Weiner2005;Meyer et
al.2005)] studies, we identified deficits in reversal learning following prenatal immune
activation (Figure 5), suggesting the potential for this domain of impaired cognition to
contribute to enhanced reinstatement of conditioned place preference. Third, we identified
an unexpected effect of stress on the relationship between reversal learning deficits and
reinstatement of conditioned place preference (Figure 6). In non-stressed animals there is a
direct and lasting relationship, suggesting a “trait” effect, between individual differences in
reversal learning in the Morris water maze task and individual differences in reinstatement
of conditioned place preference to amphetamine. In animals receiving postnatal day 35
restraint stress, this relationship is no longer apparent. Finally, in offspring of vehicle-treated
dams a single episode of peri-adolescent restraint stress inhibited acquisition of place
preference to a low dose of amphetamine (0.5 mg/kg, Figure 2A).

Study limitations

The data do not identify an influence of prenatal immune activation on acquisition of place
preference for amphetamine (Figure 2). It is possible that effects of prenatal immune
activation on acquisition of conditioned place preference may be identified using a lower
amphetamine dose, shorter acquisition training regimen, or larger sample size, since a trend
towards enhanced acquisition following prenatal immune activation was observed in low
dose amphetamine groups [Figure 2A, Pre-treatment effect (p = 0.06)]. We also did not
observe a statistically significant effect of poly I:C injection or stress on extinction of the
conditioned response to amphetamine. Because formal extinction training was performed
several months following conditioning, the active learning process of extinction was likely
occurring throughout the interval between acquisition and retention testing. Further study is
needed to more adequately assess the extinction process following prenatal immune
activation. Finally, training and testing were performed in the light phase of the circadian
cycle, in order to assess animals in the same phase as prior studies demonstrating altered
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locomotor response to stimulant drugs following prenatal immune activation (Bronson et al.
2011;0zawa et al.2006;Richtand et al.2011). Since rats are a nocturnal species, it will be of
great interest to determine drug-related learning and memory during the night phase of their
light/dark cycle.

Potential interactions between stress and prenatal immune activation are also not fully
addressed by the data presented above. While a single peri-adolescent stress exposure
elevated the effect of prenatal immune activation by 2.5-fold (Figure 4.), this enhancement
was not statistically significant with the sample size studied. The ANOVA did not identify
statistically significant effects of stress (p = 0.39), or a poly I:C x stress interaction (p =
0.38). Further study with a larger sample size and stronger stress paradigms will be needed
to adequately address potential effects of stress in this model.

Of interest, restraint stress inhibited acquisition of place preference for a low dose of
amphetamine (Figure 2A). In offspring of vehicle-treated dams, the effect of stress resulted
in a negative difference score, suggesting the restraint-stressed vehicle animals did not
develop a conditioned place preference to the drug-paired chamber. While this outcome was
unexpected, a prior study examining the effect of social stress on conditioned place
preference to amphetamine observed a similar outcome: conditioned place preference to a
low (0.5 mg /kg) amphetamine dose was decreased in rats exposed to a social stressor (1 hr
of isolation, followed by housing with a new cage partner) throughout postnatal days 30-45
(Mathews et al.2008). While the two studies examined different rat strains (Long-Evans vs.
Sprague-Dawley), stress paradigms, and stress timing, the findings in both studies are
similar. Both restraint stress (Serrano et al.1989) and amphetamine 0.5 mg/kg (Kuczenski
and Segal1989) elevate dopamine release in nucleus accumbens. It is unclear how restraint
stress might decrease the sensitivity to subsequent acquisition of a conditioned association to
injection of a low dose of amphetamine. Additional study will be needed to further define
the inhibitory effects of stressors on acquisition of drug associated conditioning, identify
underlying mechanism(s), and determine if this might have clinically meaningful correlates
in human populations.

Conditioned place preference limitations

The conditioned place preference paradigm has inherent limitations which must be
recognized in interpretation of this data. Conditioned place preference is a classical learning
paradigm which measures the learned association linking a drug experience and its
environment. The learned place preference induced by drugs of abuse can be extinguished,
and then reinstated by drug or stress priming. Additionally, while conditioned place
preference studies provide a measure of the reinforcing property of a learned association and
have contributed to the current understanding of mechanisms underlying drug relapse
(Epstein et al.2006;Liu et al.2008;Shaham et al.2003), as well as development of potential
treatments (Tzschentke2007), conditioned place preference data does not provide a direct
index of drug self-administration. The conditioned place preference data presented here
therefore suggest it will be of great interest to determine the effects of prenatal immune
activation on drug self-administration.

Future directions

The circuits and cellular mechanisms mediating drug-associated learning and memory have
been well-described by research which has also identified the consequences of repetitive
drug use upon these processes. These studies demonstrate important roles for glutamatergic
excitatory neurotransmission, and dopaminergic modulation, in the acquisition and
extinction as well as reinstatement of drug-associated memories, suggesting potential
mechanisms mediating the behavioral effects identified above. Extinction of drug-associated
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memories is an active process, engaging circuits which include dopamine projections from
ventral tegmentum to prefrontal cortex, and glutamate projections from prefrontal cortex to
nucleus accumbens shell (McFarland et al.2004;McFarland and Kalivas2001;See2002).
Reinstatement of drug use in addiction also results in part from impaired frontal cortical
function as a consequence of repetitive drug exposure, resulting in a subsequent loss of
inhibitory control. When coupled with enhancement of the incentive motivational properties
of both drugs and stimuli associated with drug use, these adaptations act in concert to
enhance relapse to drug addiction. Dopaminergic projections from ventral tegmentum to
prefrontal cortex and nucleus accumbens, glutamatergic projections from prefrontal cortex
to accumbens, and projections from basolateral amygdale to prefrontal cortex and
accumbens have been identified as critically important components of the neural circuitry
mediating drug relapse (Everitt and Robbins2005;Goldstein and VVolkow2002;Jentsch and
Taylor1999;Kalivas and O'Brien2008). Thus, potential neural mechanisms mediating the
behavioral effects observed in our study have been previously described.

Of particular relevance to potential mechanisms of enhanced reinstatement, prior studies
suggest prenatal immune activation alters function in circuits playing an important role in
drug-associated learning and memory described above. Altered dopamine function within
nucleus accumbens core, the site of integration of drug-associated memories (Kalivas and
O'Brien2008), has been identified in offspring of poly I:C-injected mice (Vuillermot et al.
2010), and abnormalities have been consistently observed in indices of dopamine system
function following prenatal immune activation (Bakos et al.2004;Borrell et al.2002;Ling et
al.2002;0zawa et al.2006;Romero et al.2010;Zuckerman et al.2003). Additionally,
abnormalities in glutamatergic systems required for extinction of drug-associated memories
have been identified following prenatal immune activation including elevated basal
extracellular glutamate in prefrontal cortex (Richtand et al.2010) and hippocampus (Ibi et al.
2009), as well as decreased NMDA receptor-dependent synaptic current and plasticity
(Lante et al.2007;Escobar et al.2011). Behavioral abnormalities of potential relevance to
conditioned place preference to amphetamine have also been observed in offspring
following maternal poly I:C injection, including reversal learning deficits (Meyer et al.
2006;Lee et al.2007) and altered locomotor response to amphetamine and methamphetamine
(Ozawa et al.2006;Fortier et al.2004a;Bakos et al.2004;Meyer et al.2005;Meyer et al.
2008a;Meyer et al.2008b;Zuckerman et al.2003). It will be of particular interest to identify
mechanistic linkages between these observations and long-standing alterations in glial cell
function following prenatal immune activation (Bilbo and Schwarz2009;Bland et al.
2010;Meyer et al.2011). Drugs of abuse stimulate cytokine production by glial cells within
the nucleus accumbens, and the effect of early developmental environment upon this glial
activation influences reinstatement of conditioned place preference to morphine (Schwarz et
al.2011). These observations suggest changes in neuroimmune function following prenatal
immune activation may play a critical role in altered function of the limbic pathways
regulating reinstatement of conditioned place preference.

Public health implications

Drug policy focuses in part upon intervening in younger populations prior to the onset of
drug abuse, thereby lowering relapse risk by preventing consequences of repetitive drug use.
Our data suggest an alternative possibility, that relapse risk might be elevated in individuals
with a history of prenatal immune activation independent of repetitive drug exposure. That
is consistent with reports from some drug-addicted patients of being “hooked” on their first
drug exposure. Our findings may also represent an initial step in establishing maternal
inflammatory pathways in learning effects associated with drug use in the offspring, which
will inform gene x environment interaction studies needed to identify genetic contributions
to complex diseases (Clarke et al.2009) such as drug dependence. The data presented may
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also suggest a potential link to underlying mechanisms for research implicating prenatal
stress as a risk factor for drug dependence (Thomas et al.2009;Campbell et al.2009;Kippin et
al.2008). And finally, mechanisms contributing to enhanced relapse may differ in
individuals with a history of prenatal immune activation compared to other addicted
patients. It will be of particular interest to determine the potential for new specific
prevention and treatment interventions for individuals with this environmental exposure.
These exposures impart long-lasting effects upon the offspring identifiable through altered
immunological and inflammatory response (Surriga et al.2009), neuroimaging (Piontkewitz
et al.2009;Piontkewitz et al.2010), and neuropsychological function (Bitanihirwe et al.
2010). Thus, biological markers to identify individuals with a history of prenatal
inflammatory exposures might potentially be utilized to improve prevention, treatment, and
understanding of prognosis for drug addictions.

The results presented also suggest unaddressed questions. First, further study with a larger
sample size is needed to determine if peri-adolescent stress enhances the effect of prenatal
immune activation in elevating reinstatement of conditioned place preference. It will also be
of interest to determine whether other types of stress, such as physiological stress, or stress
during other developmental windows, interact with prenatal immune activation to influence
drug associated learning and memory. Second, drug and stress-induced reinstatement of
conditioned place preference may be mediated by different pathways (Aguilar et al.2009),
with the prefrontal cortical — nucleus accumbens pathway mediating stimulant-induced
reinstatement, while stress-induced reinstatement requires an intact prefrontal cortex —
ventral tegmentum - nucleus accumbens pathway (Sanchez et al.2003). Because stress plays
an important role in relapse to drug addiction (Sinha2001;Lu et al.2003), identifying the
influence of prenatal immune activation on stress-induced reinstatement would further
extend the relevance of this finding to human drug addiction. Finally, further study will be
needed to extend the public health application of these findings by determining if similar
outcomes occur with exposure during different pregnancy stages; with lower poly I:C
dosages; in response to different cytokines; and can be blocked by blocking maternal
inflammatory pathways.
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Prenatal Immune Activation:
Experimental Design

MWM Reinstatement

I Extinction

Gestational
Day 14

Figurel.

5 -6 months 7 - 8 months

Experimental design summary. Animals received Restraint Stress or No Stress at postnatal
day 35, and were tested for conditioned place preference to amphetamine at 3 months of age.
Retention of place preference was tested at 5-6 months of age, followed by Morris water
maze training. Extinction training preceded examination of drug-induced reinstatement at 7

— 8 months of age.
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Figure2.
Acquisition of chamber preference following six days of conditioning to amphetamine 0.5
(A) or 2.0 mg/kg (B). Difference score represents difference in preference for drug-paired
chamber on test day compared to the same chamber on habituation day. Positive values
indicate preference for drug-paired chamber. A): Restraint stress reduced acquisition of
conditioned place preference. *(p<0.05 No Stress vs. Stress). The effect of Pre-treatment
(Poly I:C) did not reach statistical significance [F(1,26) = 3.87, p = 0.06]. B): Two-way
ANOVA did not identify significant group differences in acquisition of place preference to
amphetamine 2.0 mg/kg. PIC: poly I:C.
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(A): Retention of chamber preference. Testing for place preference was performed 2—3
months following conditioning to amphetamine 2.0 mg/kg. ANOVA did not identify group
differences in Difference score (difference in preference for drug-paired chamber on test day
compared to the same chamber on habituation day). (B). Chamber preference following
extinction regimen delivered over 6 days by giving saline injections, followed by placement
in the apparatus with full access to all compartments. Negative values indicate lack of
preference for drug-paired chamber. ANOVA did not identify group differences. PIC: poly

I:C

Psychopharmacology (Berl). Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Richtand et al.

Page 19

150 Reinstatement *

100

[3)]
o
1

o

Difference Score (sec)

én
<
|
|

100~ Veh-No Stress Veh-Stress PIC- No Stress PIC- Stress

Figure 4. Poly |:C enhancesreinstatement of drug-paired place preference

All groups received a priming amphetamine injection (0.2 mg/kg) prior to placement in
testing chambers. Positive values indicate a preference for drug-paired chamber. ANOVA
demonstrates significantly greater difference score in poly 1:C compared to vehicle groups
*(p <0.05).
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Figure5. Morriswater maze hidden platform task learning (A) and reversal learning (B)
Latency to hidden platform location is shown for first and second learning trials. A): Vehicle
and poly I:C offspring did not differ in change in latency from trial 1 to trial 2 during initial
task learning. B): Poly I:C offspring demonstrate impaired improvement between daily trials
1 and 2 in learning the new platform location compared to vehicle offspring *(p<0.05).
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Figure 6. Correlations between reinstatement of conditioned place preference and Morriswater

maze reversal lear ning performance

Morris water maze reversal learning performance is calculated as decrease in latency to
platform location between first and second learning trials averaged over training days 1 — 3.
Reinstatement of conditioned place preference is measured as difference score for drug-

paired compartment. Left: No stress animals. Right: Stress animals
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