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Abstract
Aim—Studies characterizing treatment interventions in a naturalistic setting suggest
antidepressant and antipsychotic medications may be equally effective in improving clinical
outcome in individuals at high risk for first-episode psychosis. Of interest, both beneficial as well
as potentially adverse effects have been observed following fluoxetine treatment in a mouse
prenatal immune activation model of relevance to psychosis prevention. We sought to extend
those findings by examining the effects of fluoxetine, as well as the antipsychotic medication
aripiprazole, in a rat prenatal immune activation model.

Methods—Pregnant Sprague-Dawley rats were injected with poly I:C or saline on gestational
day 14. Offspring of poly I:C and saline-treated dams received fluoxetine (10.0 mg/kg/d),
aripiprazole (0.66 mg/kg/d), or vehicle from postnatal days 35 to 70. Locomotor responses to
novelty, saline injection, and amphetamine (1 and 5 mg/kg) were determined at three months, i.e.,
21 days following drug discontinuation.

Results—Both fluoxetine and aripiprazole had beneficial effects on behavioral response to
amphetamine (1 mg/kg) at 3 months, ameliorating the impact of prenatal immune activation on
offspring of poly I:C-treated dams. Significantly, both drugs also exerted effects in offspring of
control (saline-treated) dams on locomotor response to injection.

Conclusions—Fluoxetine and aripiprazole pretreatment of poly I:C offspring from postnatal
days 35 to 70 stabilized response to amphetamine exposure persisting through 3 months of age,
similar to earlier findings in mice that fluoxetine treatment following prenatal immune activation
prevented altered locomotor response to amphetamine. The current data also confirm earlier
findings of potential adverse behavioral effects in offspring of control dams following treatment
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with fluoxetine and antipsychotic medications, highlighting the potential for both therapeutic as
well as safety concerns with exposure to preventive pharmacological treatments over the course of
adolescent development. Further study is needed to determine clinical and epidemiological
consequences of these pre-clinical findings.
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1. Introduction
While the majority of pharmacological treatments for patients with established psychotic
illness focus on the dopaminergic system, an evolving literature suggests a potential role for
other neurotransmitter systems, including the serotonergic system. Cornblatt et al. developed
a comprehensive assessment program for adolescents and young adults at risk for
schizophrenia, including a naturalistic treatment model which showed success with
antidepressant medications, predominantly selective serotonin reuptake inhibitors, in
delaying psychosis onset [1, 2]. While limited sample size and high non-compliance rates
suggest caution in generalizing those promising results, a recent study also observed
decreased cortical 5-HT2A receptor density associated with first-episode psychosis risk in
prodromal schizophrenia patients [3], further implicating opportunities for serotonergic
targets for early intervention. Additionally, evidence suggests a protective effect mediated
through actions at serotonin 5-HT2A receptors against abnormal locomotor response to
amphetamine following neonatal hippocampal lesion, an animal model of relevance to
schizophrenia [4]. In combination, these observations suggest the potential for serotonergic
agents as a target for primary prevention, as they may also offer superior side effect, drug
safety, and patient compliance profiles compared to antipsychotic medications.

Because of the tremendous human and economic burden of schizophrenia, primary
prevention modalities of even modest impact would likely have significant public health
consequence, and a growing number of studies have examined preventive treatment for
individuals at high risk of developing first-episode psychosis [1, 2, 5-14]. In combination,
these studies suggest that for many prodromal patients clinical need provides a rationale for
early intervention, and that effective preventive intervention appears to be a feasible goal.
Because side effects including weight gain/metabolic issues associated with atypical
antipsychotic medications negatively impact medication compliance, the selective serotonin
reuptake inhibitor fluoxetine and partial agonist atypical antipsychotic medication
aripiprazole are frequently prescribed to adolescent patients. Both medications exert effects
on serotonergic systems (fluoxetine through serotonin transporter inhibition, and
aripiprazole through serotonin 5-HT1A, 5-HT2A, and 5-HT2C receptor interactions). Here we
tested the long-term effects of fluoxetine and aripiprazole on behavioral outcomes following
prenatal immune activation.

Prenatal immune activation provides a well-studied developmental model of relevance to
schizophrenia, based upon elevated schizophrenia risk following prenatal infection [15].
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 poly I:C, which stimulates cytokine expression through Toll-like
receptor TLR3 activation [16]. When combined with the appropriate host genetic
background [17], prenatal immune activation is a suspected environmental risk factor for
schizophrenia [18]. Studies in multiple laboratories have identified cellular, neurochemical,
structural, behavioral, and cognitive alterations of relevance to schizophrenia following
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prenatal immune activation with poly I:C, the bacterial endotoxin lipopolysaccharide (LPS),
and with direct injection of pro-inflammatory cytokines [recently reviewed in [18-22]]. We
and others [23-26] have previously observed protective effects of clozapine, haloperidol,
risperidone, paliperidone and fluoxetine against the emergence of behavioral and structural
abnormalities following prenatal immune activation. Persistent, potentially adverse effects
of pharmacological treatment have also been observed in adult offspring of control animals.
Here we sought to extend those findings by 1.) determining if treatment with fluoxetine in a
rat prenatal immune activation model resulted in similar outcomes to those identified in a
mouse prenatal immune activation model [24], and 2.) determining the long-term effects of
treatment with the high affinity dopamine D2/D3 receptor partial antagonist aripiprazole
following prenatal immune activation. We hypothesized treatment with fluoxetine or
aripiprazole across adolescence and young adulthood would provide longstanding protection
following prenatal immune activation against abnormal behavioral response to the indirect
dopamine agonist amphetamine. We also sought to determine whether these treatments
would result in long-standing behavioral effects in offspring of control dams.

2. Materials and Methods
2.1. Animals

A summary of the experimental design is shown in Figure 1. Nulliparous female Sprague-
Dawley rats for use as breeders were obtained from Harlan Laboratories (Indianapolis, IN)
and male breeders were generated within our facility. Following a minimum two week
acclimatization, males and females were co-housed overnight, with the following morning
defined as gestational day 0 [27]. Pregnant rats, identified by weight gain of ≥ 40 g, were
injected with the synthetic nucleic acid analogue poly I:C (Sigma 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 [28]. (Note gestational day 15 in Zuckerman’s study [28] is defined as gestational day
14 in some widely-referenced text books [27]; in our study we use the [27] 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 [[29,
30]]. Based upon a study describing anorexia and weight loss associated with maternal
immune activation [29], weight change was determined in the pregnant dams over the 24
hour period following poly I:C injection. Offspring of poly I:C-injected dams without
weight loss were excluded from study. Poly I:C-treated dams included in the study
experienced weight loss of 3 or more grams. 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 [31]. Offspring
from two poly I:C-treated dams and one saline-treated dam were excluded based on these
weight change criteria. All experimental animals were born within a six-week period.

Offspring were weaned on postnatal day 21 and housed 2-3 /cage with same sex siblings.
Animals were maintained at all times on the same 12-hour light:dark cycle (0600 on; 1800
off). 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
Cincinnati Department of Veterans Affairs Medical Center Institutional Animal Care and
Use Committee.

2.2. Drug treatment
Male and female rat pups were randomly assigned at birth to treatment with fluoxetine (10.0
mg/kg/day), aripiprazole (0.66 mg/kg/day) or vehicle via drinking water from postnatal days
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(PD) 35 to 70. Groups were balanced by birth cohort, and group sizes were balanced for sex.
Group sample sizes were Poly I:C/Veh: n=13, Poly I:C/Fluox: n=13, Poly I:C/Arip: n=15;
Sal/Veh: n=31, Sal/Fluox: n=10, Sal/Arip: n=10. The fluoxetine dose was chosen to be
roughly comparable to a dosage range of 40 mg in humans, based on published values for
oral dosages achieving comparable plasma fluoxetine levels in humans and rats [32]. The
aripiprazole dose chosen for study has been previously identified as the oral ED50 dose in
rat for effects upon prolactin release [33], and is also within a dose range exhibiting effects
on neurotransmitter release in hippocampus, cortex, and nucleus accumbens when
administered via a single i.p. injection [34]. The treatment period was selected in order to
mirror the developmental exposure experienced by many patients who begin these
medications in adolescence and continue into adulthood. In the rat, postnatal days 23
through approximately 42 are the period of pre-puberty, and postnatal days ~ 45 through
postnatal day 60 represent the pubertal period of sexual maturation [35-38]. By convention,
rats are considered adults at postnatal day 60, as reproductive behavior has matured by that
time point [39, 40], while brain development continues beyond postnatal day 60. Animals
received drug treatment administered in drinking water as previously described [41-43] in
order to avoid the stress of repeated subcutaneous injections, or stress associated with the
surgical implantation of minipumps. Drug administration in drinking water mimics oral
administration in human patients. In more detail, following the general method of Parikh and
colleagues [41], fluoxetine oral solution (20 mg/ 5 ml) and aripiprazole stock solution (7.5
mg/ml) were diluted to working solutions with deionized water. Water consumption and
weight were measured daily for each animal, and the necessary volume of drug or vehicle
stock solution was provided in the animal’s water bottle to supply the appropriate drug
dosage.

Fluoxetine was supplied by Mallinckrodt, Inc. and aripiprazole supplied by Bristol-Myers
Squibb. Both were supplied as liquid formulations, and were diluted with deionized water.
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.

2.3. Behavioral Testing
Behavioral testing was performed in Residential Activity Chambers as we have previously
described [44]. Locomotion was monitored with a 16 x16 photo beam array (San Diego
Instruments, San Diego, CA) and is expressed as “crossovers”, defined as entry into any of
the active zones of the chamber, as we and others have previously described [44-46]. Data
were collected in ten-minute bins for behavioral analyses. Animals were maintained
throughout behavioral testing on the same 12-hour light/dark cycle (0600 on; 1800 off) with
ad lib access to food and water. Testing began at 3 months of age, i.e., 21 days following
antipsychotic discontinuation. On Day 1 of testing between 0900 and 1000, animals were
placed into the Residential Activity Chambers and locomotor response during the first hour
in the novel environment was determined. Animals were then injected with saline (1.0 ml/kg
subcutaneous), and locomotion response to injection was monitored for one hour. Animals
were then injected with amphetamine (1.0 mg/kg subcutaneous), and locomotion recorded
for one hour. They remained in the testing chambers overnight. The following day (Day 2)
between 0900 and 1000, animals were injected with a higher amphetamine dose (5 mg/kg
subcutaneous), and locomotion recorded for 7 hours. Two different amphetamine dosages
were selected for study in order to observe both direct locomotion (1 mg/kg amphetamine),
as well as stereotypy and post–stereotypy locomotion (5 mg/kg) effects [47, 48]. The rodent
locomotor response to high dose amphetamine involves simultaneous expression of two
competing behaviors, locomotion and stereotypy. Monitoring the period of elevated
stereotypy, evidenced by decreased locomotion, as well as the post-stereotypy period of
elevated locomotion therefore provides an additional opportunity to characterize changes in
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systems regulating behavioral response to dopamine transporter blockade by amphetamine
[47, 48].

2.4. Statistical analysis
Locomotor data were log-transformed and analyzed by three-way ANOVA with repeated
measures, with Pre-treatment (Poly I:C vs. Saline), Post-treatment (Fluoxetine vs.
Aripiprazole vs. Vehicle) and Sex as main factors, Time (10-minute interval) as the repeated
measure, and locomotion as dependent measure using the MIXED procedure of SAS System
for Windows, (SAS Institute, Cary, NC) with statistical significance set at p < .05. Where
significant interactions with Time were identified, further analyses of simple effects were
conducted (slice ANOVA) using the MIXED procedure and slice option. Treatment effects
within each 10-minute interval were subsequently adjusted together for multiple planned
comparisons by False Discovery Rate (error rate = 0.05). Tukey-Kramer was used for post
hoc analysis of significant ANOVA effects; the method takes into account the fact that
several comparisons are performed simultaneously. For all analyses, treatment differences
were considered statistically significant at p <0.05.

3. Results
Locomotor response to novelty

Similar to previous observations by other investigators [28, 49], ANOVA did not identify a
significant Sex interaction with Pre-treatment or Post-treatment effects on novelty-
stimulated locomotion, and therefore behavioral response of both sexes was combined in
analysis of group effects. ANOVA identified significant effects of time [F(1,86) = 677.27, P
< .0001], Pre-treatment × time interaction [F(1,86) = 5.37, P< .05] and a trend towards Post-
treatment × time interaction [F (2,86) =2.84, P = .064]. Planned comparisons at each time
interval did not identify any significant differences between groups, as seen in Figures 2 and
3, left panels.

Locomotor response to saline injection
ANOVA did not identify a significant Sex interaction with Pre-treatment or Post-treatment
effects on saline injection-stimulated locomotion, and therefore behavioral response of both
sexes was combined in analysis of group effects. ANOVA identified a significant effect of
time [F (1,86) = 318.55, P < .0001], Post-treatment × time interaction [F (2,86) = 10.19, P
< .0001], and Pre-treatment × post-treatment × time interactions [F (2,86) = 4.62, P< .05].

Fluoxetine—Locomotor response to saline injection at 3 months of age is illustrated in
Figure 2 (middle panel). Sal/Fluox rats exhibited elevated locomotion compared to the Sal/
Veh group at the 30 and 60 minute time points following injection (intervals 9 and 12). In
contrast, Poly I:C/Fluox rats did not differ from the Poly I:C/Veh or Sal/Veh treatment
groups. Poly I:C/ Vehicle and Saline/ Vehicle rats did not differ in their response to a saline
injection.

Aripiprazole—The effect of aripiprazole pretreatment on locomotor response to a saline
injection is shown in Figure 3, middle panel. Similar to the effects of fluoxetine, Sal/Arip
rats exhibited elevated locomotion compared to the Sal/Veh group at the 30 and 60 minute
time points following injection (intervals 9 and 12). Poly I:C/Arip did not differ from Poly
I:C/Veh or Sal/Veh groups.

Richtand et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2013 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Locomotor response to amphetamine (1 mg/kg)
ANOVA identified a significant Sex interaction with Pre-treatment effects on amphetamine-
stimulated locomotion [F (1,80) = 6.47, P< .05], however Post-hoc Tukey-Kramer tests
demonstrated no differences in comparisons between relevant groups and therefore
behavioral response of both sexes was combined in analysis of group effects. ANOVA
identified a significant effect of time [F (1,86) = 44.46, P <.0001], and Pre-treatment × post-
treatment × time interaction [F (2,86) = 3.42, P < .05].

Fluoxetine—Post-hoc tests identified significant effects of 1.) prenatal immune activation
on behavior, and 2.) fluoxetine ameliorating the impact of prenatal immune activation on
behavioral outcome. As shown in Figure 2 (right panel), locomotor response of Poly I:C/
Veh and Sal/Veh treatment groups differed significantly, with attenuated amphetamine-
stimulated locomotion in Poly I:C/Veh rats over intervals 15-18 (30-60 minutes following
amphetamine injection). The effect of poly I:C on locomotor response was ameliorated by
fluoxetine post-treatment during postnatal days 35-70. Locomotor response of Poly I:C/
Fluox and Poly I:C/Veh groups differed significantly from intervals 15-18 (30-60 mins
following amphetamine injection). Locomotor response of Poly I:C/Fluox rats did not differ
from Sal/Fluox or Sal/Veh groups. Sal/Fluox and Sal/Veh groups were also not significantly
different.

Aripiprazole—As shown in Figure 3 (right panel), the reduction in amphetamine-
stimulated locomotion resulting from prenatal immune activation was attenuated by
aripiprazole post-treatment during postnatal days 35-70. Locomotor response of Poly I:C/
Arip and Poly I:C/Veh groups differed significantly at intervals 15 and 18, 30 and 60
minutes following injection, and their was a trend towards statistical significant differences
between the two groups over the intervening intervals 16 (P = .055) and 17 (P = .051). The
locomotor response of the Poly I:C/Arip group did not differ from Sal/Arip or Sal/Veh
groups, and there was no difference in amphetamine-stimulated locomotor response of Sal/
Arip and Sal/Veh groups.

Locomotor response to amphetamine (5 mg/kg)
The rat behavioral response to high-dose amphetamine (5 mg/kg) is complicated by the
simultaneous expression of two competing behaviors, locomotion and stereotypy, with an
initial period of elevated locomotion followed by a period of elevated stereotypy, evidenced
as decreased locomotion. The period of stereotyped behavior is then followed by a post-
stereotypy period of elevated locomotion [47, 48]. In order to analyze the periods of
predominantly stereotyped behavior and predominantly elevated locomotion separately,
behavioral data were analyzed by ANOVA separately for intervals 0 through 20, and 21
through 40. ANOVA did not identify a significant interaction of Sex with the Pre-treatment
effect on amphetamine-stimulated locomotion, and therefore behavioral response of both
sexes was combined in analysis of group effects. For intervals 0 through 20 ANOVA
identified significant effects of time [F (1,86) = 62.03, P < .0001] and Pre-treatment [F
(1,80.2) = 16.45, P < .0001]. Tukey-Kramer post hoc comparisons identified significant
differences between poly I:C and saline pre-treatment groups (P < .05). For intervals 21
through 40, ANOVA identified a significant effect of time [F (1,86) = 1349.51.44, P < .
0001]. Neither fluoxetine nor aripiprazole had a significant effect on locomotor response to
amphetamine (5 mg/kg) injection in poly I:C or saline pre-treatment groups (data not
shown).
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4. Discussion
Prenatal immune activation resulted in a blunted locomotor response to low dose (1 mg/kg)
amphetamine, and also altered the locomotor response (crossovers) to a higher amphetamine
dosage (5 mg/kg). While alterations in both locomotion and more complex stereotyped
behavioral response to amphetamine following prenatal immune activation are suggested,
effects upon behavioral sensitization, or an interaction with acclimation to multiple
amphetamine exposures can’t be excluded since the higher amphetamine dose was the
second stimulant drug exposure. The data above provide evidence for longstanding
consequences of developmental exposure to the selective serotonin reuptake inhibitor
fluoxetine, and the partial agonist atypical antipsychotic medication aripiprazole in offspring
of both Poly I:C and saline-treated dams. The altered behavioral response following
fluoxetine or aripiprazole exposure was observed in early adulthood, well beyond the
cessation of the medication. Both fluoxetine and aripiprazole treatment also resulted in
augmentation of the locomotor response to a saline injection in offspring of control (Saline –
treated) dams. In contrast, in offspring of poly I:C– treated dams the blunted locomotor
response to low dose amphetamine (1 mg/kg) following prenatal immune activation was
normalized by prior fluoxetine and aripiprazole treatment (Figures 2-3), while the locomotor
response to a saline injection was unaffected in offspring of poly I:C– treated dams.

An important contrast between our study and previously published findings is that prenatal
immune activation blunted the locomotor response to amphetamine in our protocol, while
adult rodents display enhanced locomotor response to amphetamine following prenatal
immune activation in other published studies [reviewed in [18, 19, 21, 22]]. While the
mechanisms underlying these different directions in response– elevated vs. depressed – are
not known, the progression of dopamine system development following prenatal immune
activation provides potential candidates. Similar to the development of mesolimbic
abnormalities in schizophrenia, alterations in the mesolimbic dopamine system following
prenatal immune activation exhibit a developmental progression. Indices of dopamine
function are decreased early in development, with a transition to elevated dopamine function
in adulthood in most but not all conditions [50]. For example, tyrosine hydroxylase and
dopamine transporter immunoreactivity are decreased in caudate putamen, nucleus
accumbens core, and nucleus accumbens shell in offspring of poly I:C injected dams relative
to control mice at PD 35. In contrast, tyrosine hydroxylase immunoreactivity was increased
at PD 70 in nucleus accumbens core and shell subregions [50]. In similar fashion, dopamine
levels were decreased at postnatal day 40 following prenatal immune activation, while
dopamine and DOPAC levels were similar in offspring of prenatal immune-activated and
control rats in early adulthood (PD 70) [51]. Dopamine levels were elevated later in
adulthood (beyond PD 170) following prenatal immune activation in one study [52], while
nucleus accumbens dopamine levels remained reduced in adult offspring of rats following
prenatal immune activation in a second study [53]. The locomotor response to stimulant
drugs blocking dopamine transport follows a similar developmental progression. Locomotor
response to amphetamine or methamphetamine was similar during the peripubertal period in
offspring of prenatal immune-activated and control dams [28, 49], while in adult rodents
elevated locomotor response to amphetamine and methamphetamine has been observed
following prenatal immune activation [24, 28, 49, 54]. In combination, these observations
suggest an adaptive interaction between a hypo-functional mesolimbic dopamine system
following prenatal immune activation and developmental triggers leading to the capacity for
elevated mesoaccumbens dopamine function in adulthood. The blunted response observed
both in our data, and by Bakos et al. [53], may therefore result from a failure to trigger a
developmental transition to elevated striatal dopamine function observed by others.
Importantly, our data add to a growing literature demonstrating both hyper-responsive and
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hypo-responsive mesolimbic dopamine system function can be stabilized by developmental
exposure to medication administration following prenatal immune activation [24-26, 55].

Because mechanism(s) underlying transition from hypo-function to elevated mesolimbic
dopamine function are directly relevant to the etiology of convergence to psychosis, it will
be of interest to identify methodological differences between the present study and previous
investigations contributing to these differences. Experimental variables which differ
between prenatal immune activation studies include agent used for induction of prenatal
immune activation; dose; route of administration; use of anesthesia; timing of prenatal
immune activation during gestational phase; animal species and strain; and monitoring of
maternal immune activation. While the dose of poly I:C used in the current study is higher
than doses administered in some other studies, drug absorption differences between
intravenous drug administration in other studies compared to i.p. administration in our
animals makes it difficult to directly compare the placental drug exposure achieved in these
different studies. Future studies dissecting the distinct components of dopamine synthesis,
release, reuptake, and individual dopamine receptor subtype contributions to the behavioral
response in this model may also be of interest.

The findings presented are relevant both to pharmacological strategies for prevention of
prodromal psychosis, as well as safety issues in children at-risk but not yet ill. Similar to our
findings, in a prior study treatment of mice with fluoxetine or the antipsychotic medication
haloperidol during postnatal days 35 through 65 following prenatal immune activation
prevented altered locomotor response to amphetamine (2.5 mg/kg) in adulthood. Treatment
with fluoxetine and clozapine also prevented the emergence of abnormalities in prepulse
inhibition of startle [24]. Of particular interest in the context of safety concerns for
preventive treatments administered to individuals at-risk, but not yet diagnosed with a
disease, behavioral abnormalities were observed in control mice treated with drugs
compared to control placebo-treated mice. Offspring of control mice treated with fluoxetine
did not exhibit the normally observed latent inhibition effect, and also exhibited elevated
locomotor response to MK-801 (0.15 mg/kg) injection. Additionally, while offspring of
control mice treated with haloperidol exhibited an elevated locomotor response following
saline injection, offspring of control mice treated with fluoxetine did not exhibit a
comparable elevation in locomotor response to saline injection [24].

Protective effects following prenatal immune activation have also been observed in rats
using clozapine [25] and risperidone [26], targeting the emergence of ventricular
enlargement and reduced hippocampal volume in adulthood. Pretreatment with clozapine,
risperidone and paliperidone also prevented emergence of altered locomotor response to
amphetamine in adult offspring of poly I:C treated dams [25, 26, 55]. In summary, the
current data provide support for earlier findings by confirming a protective effect of
fluoxetine against altered locomotor response to amphetamine in adulthood, and identifying
a similar protective effect for aripiprazole. Additionally, these data extend earlier findings
by identifying adverse effects for both fluoxetine and aripiprazole in offspring of control
dams through elevation of the locomotor response to a saline injection. In combination, this
literature highlights the potential for both therapeutic as well as safety concerns with
exposure to preventive pharmacological treatments over the course of adolescent and early
adult development. Further study is needed to determine clinical and epidemiological
consequences of these pre-clinical findings.

Both aripiprazole and fluoxetine reversed the locomotor response abnormality elicited by
low dose amphetamine, while neither corrected the behavioral abnormality observed at
higher amphetamine dose. The mesolimbic dopamine system plays a key role in modulation
of the locomotor response to low dose amphetamine [56, 57], while the nigrostriatal
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dopamine system is required for modulating stereotyped behavioral responses to high dose
amphetamine [58-60]. Additional studies are needed to determine if differing effects on
stabilization of mesolimbic vs. nigrostriatal circuits underlie the differences in correction of
the two behaviors.

Both aripiprazole and fluoxetine exert effects on serotonergic systems. Fluoxetine is a
serotonin transport inhibitor, and by increasing synaptic serotonin concentrations is an
indirect serotonin receptor agonist. Aripiprazole is a partial agonist at serotonin 5-HT1A and
5-HT2C receptors, and is a functional serotonin 5-HT2A receptor antagonist [34, 61]. While
the mechanism(s) underlying the protective effects of fluoxetine and aripiprazole are not
known, shared effects on serotonin 5-HT1A receptor stimulation, which indirectly elevate
medial prefrontal cortex dopamine release [34, 62], provides one potential mechanism. The
developmental period of drug administration overlaps a time period of dramatic synaptic
remodeling within prefrontal cortex. Excess synapse formation occurs during early puberty
in cortical brain regions, followed later in adolescence by prominent pruning of synaptic
connections [37, 63, 64]. Fluoxetine and aripiprazole might exert protective effects through
a shared modulation of this remodeling. Such an influence on synaptic remodeling could
therefore normalize aberrant connectivity following prenatal immune activation, but result in
abnormal synaptic pruning when control rats are exposed to these drugs. NMDA glutamate
receptor signaling is a central component of this synaptic remodeling [64], suggesting
fluoxetine and aripiprazole might modulate synaptic remodeling via influences on glutamate
system function. Glutamate system abnormalities have previously been identified following
early developmental immune activation [31, 65-67]. As functional and physical connections
between glutamate mGluR2 receptors and serotonin 5-HT2A receptors have previously been
described [68], serotonergic effects of fluoxetine and aripiprazole may contribute to the
observed outcome. Further study will be needed to determine the accuracy of this
speculative model.
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Highlights

• Fluoxetine and aripiprazole treatment normalized locomotor response to
amphetamine (1 mg/kg) in poly I:C offspring

• Fluoxetine and aripiprazole treatment cause abnormal locomotor response to
saline injection in control offspring

• These findings highlight potential for both therapeutic and safety concerns with
exposure to preventive pharmacological treatments over the course of
adolescent development
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Figure 1. Experimental design summary
Pregnant dams received poly I:C or saline injection on gestational day 14. Male and female
offspring received drug or vehicle treatment in drinking water on postnatal days 35-70.
Behavioral testing was performed at 3 months of age.
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Figure 2. Effect of fluoxetine on locomotor response to novelty, saline injection, and low dose
amphetamine (1 mg/kg) following prenatal immune activation
Statistically significant effects identified by slice ANOVA with False Discovery Rate
adjustment are indicated. + P < .05, + +P < .01 between poly I:C/Veh and Poly I:C/Fluox; # P
< .05, ## P < .01 between Sal/Veh and Sal/Fluox; * P < .05, ** P < .01 between poly I:C/Veh
and Sal/Veh.
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Figure 3. Effect of aripiprazole on locomotor response to novelty, saline injection, and low dose
amphetamine (1 mg/kg) following prenatal immune activation
Statistically significant effects identified by slice ANOVA with False Discovery Rate
adjustment are indicated. + P < .05 between poly I:C/Veh and Poly I:C/Arip; # P < .05, ### P
< .001 between Sal/Veh and Sal/Arip; * P < .05, ** P < .01 between poly I:C/Veh and Sal/
Veh.
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