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Abstract
Maternal infection during pregnancy elevates risk for schizophrenia and related disorders in
offspring. Converging evidence suggests the maternal inflammatory response mediates the
interaction between maternal infection, altered brain development, and behavioral outcome. The
extent to which individual differences in the maternal response to immune challenge influence the
development of these abnormalities is unknown. The present study investigated the impact of
individual differences in maternal response to the viral mimic polyinosinic:polycytidylic acid
(poly I:C) on offspring behavior. We observed significant variability in body weight alterations of
pregnant rats induced by administration of poly I:C on gestational day 14. Furthermore, the
presence or absence of maternal weight loss predicted MK-801 and amphetamine stimulated
locomotor abnormalities in offspring. MK-801 stimulated locomotion was altered in offspring of
all poly I:C treated dams; however, the presence or absence of maternal weight loss resulted in
decreased and modestly increased locomotion, respectively. Adult offspring of poly I:C treated
dams that lost weight exhibited significantly decreased amphetamine stimulated locomotion, while
offspring of poly I:C treated dams without weight loss performed similarly to vehicle controls.
Social isolation and increased maternal age predicted weight loss in response to poly I:C but not
vehicle injection. In combination, these data identify environmental factors associated with the
maternal response to immune challenge and functional outcome of offspring exposed to maternal
immune activation.

*Corresponding Author: Stefanie L. Bronson, B.A., University of Cincinnati College of Medicine, 231 Albert Sabin Way, ML0583,
Cincinnati, OH 45267. Telephone: (513) 558-0238; Fax: (513) 558-0877; bronsose@mail.uc.edu.
DISCLOSURES: N. Richtand has the following disclosures: Speaker's Bureau: Bristol-Meyers Squibb, Schering-Plough
Corporation, Novartis Pharmaceuticals, Sunovion Pharmaceuticals. Consultant: Bristol-Meyers Squibb, Sunovion Pharmaceuticals,
Gerson Lehrman Group. Grant/Research Support: Ortho-McNeil Janssen Scientific Affairs, LLC, AstraZeneca Pharmaceuticals,
Department of Veterans Affairs Medical Research Service, and National Institutes of Health.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Behav Brain Res. Author manuscript; available in PMC 2012 June 20.

Published in final edited form as:
Behav Brain Res. 2011 June 20; 220(1): 55–64. doi:10.1016/j.bbr.2010.12.040.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
poly IC; body weight; prenatal immune activation; inflammation; schizophrenia; psychosocial
stress

1. Introduction
Prenatal exposure to maternal infection is a suspected etiological risk factor for
neurodevelopmental disorders including schizophrenia and autism [1,2]. Epidemiological
investigations have reported increased incidence of schizophrenia spectrum disorders in
adult offspring after maternal viral and bacterial infections during pregnancy [3-10]. While
the mechanisms underlying elevated schizophrenia risk following these gestational
exposures are unknown, the involvement of multiple infectious pathogens suggests that the
maternal immune response, rather than the specific pathogen, adversely impacts
neurodevelopment [11]. Several processes common to the acute phase immune reaction are
known to disrupt fetal brain development including pro-inflammatory cytokine induction
[11,12], glucocorticoid elevation [13-15], hyperthermia [16-18], and decreased food intake
[19]. These factors are not only common to the immune response, but to other
environmental insults implicated in schizophrenia etiology such as psychosocial stress, fetal
hypoxia, obstetric complications and famine [20]. Therefore, converging evidence suggests
that maternal inflammatory processes mediate elevated schizophrenia risk after diverse
prenatal insults.

Animal models of maternal immune activation support a causal relationship between the
maternal immune response and the development of behavioral, neurochemical and
neuroanatomical abnormalities in adult offspring. Specific pathogens including human
influenza virus [21,22], pathogen-free inflammatory agents such as the bacterial endotoxin
lipopolysaccharide [23-28] and the viral mimic polyinosinc:polycytidylic acid [11,29-31], as
well as pro-inflammatory cytokines [11,32] have been administered systemically to
stimulate or mimic immune activation in pregnant rodents. These models have proven useful
in elucidating the consequences of maternal immune activation and the mechanisms
underlying altered neurodevelopment. As reviewed extensively [1,2,33,34], offspring of
immune-challenged dams exhibit alterations in multiple neurotransmitter systems and
behavioral abnormalities that are relevant to symptoms of schizophrenia.

The synthetic double-stranded RNA polyinosinic:polycytidylic acid (poly I:C) activates
Toll-like receptor (TLR) 3, stimulating cytokine expression [35] to stimulate the innate
immune response and mimic acute phase viral infection. Systemic poly I:C administration
increases plasma levels of the pro-inflammatory cytokines interleukin (IL)-6, tumor necrosis
factor (TNF)-α [36,37], and IL-1β [36] within 2 hours of injection. poly I:C-induced fever
peaks within 3 hours of injection in rats and declines to baseline by 8 hours. Sickness
behaviors following poly I:C administration include decreased locomotor activity and
decreased food intake resulting in weight loss for a duration of approximately 24 hours [37].
Evidence suggests maternal pro-inflammatory cytokine induction in response to poly I:C
mediates the development of behavioral abnormalities in offspring [11].

In monitoring maternal weight alterations following poly I:C injection we observed
significant individual differences in maternal response to immune challenge. We
hypothesized that individual differences in maternal weight loss following poly I:C
administration would predict the behavioral outcome of offspring, and sought to identify
environmental factors contributing to these individual differences. Here we describe
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identification of two environmental factors associated with the maternal response, as well as
the behavioral outcome of offspring, following maternal immune activation.

2. Materials & Methods
2.1. Animals

Nulliparous female Sprague-Dawley rats for use as breeders were obtained in multiple
shipments from Harlan Laboratories (Indianapolis, IN) at 8 weeks of age and housed under
controlled temperature and humidity on a 12:12 hour light-dark cycle (lights on at 06:00)
with ad libitum food and water. All procedures were performed during the light phase. Male
breeders were generated within the facility and were housed in cages of 2-3. Female
breeders were housed individually or in pairs in standard shoebox cages upon arrival to the
facility and remained undisturbed with the exception of regular cage changes until day of
mating. 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. Maternal immune activation
Following a minimum of two weeks acclimatization to the housing facility, males and
females were co-housed overnight. Males were removed the following morning, defined as
gestational day (GD) 0. On GD 14 dams were weighed and pregnant dams (weight gain ≥
40 grams) received a single intraperitoneal injection of either 8 mg/kg
polyinosinic:polycytidylic acid (poly I:C; Sigma P1530 sodium salt) dissolved in saline or
saline (1 ml/kg). Assignment of pregnant dams to poly I:C or vehicle treatment was
randomized across all breeder shipment cohorts. The poly I:C dosage was chosen based
upon dosage ranges used by other investigators for rat intraperitoneal injection (range of
dosages reported 0.75 mg/kg to 20 mg/kg; mean dose 10 mg/kg [37-39]). Injections were
performed between 10:00 and 12:00 hours to limit variability associated with diurnal
rhythms. Based on a previous study describing anorexia and weight loss associated with
immune response to poly I:C [37], pregnant dams were weighed 24 hours following poly I:C
or vehicle administration to determine presence or absence of weight loss. Injected dams
were between 10 and 31 weeks of age. All dams were housed individually following
injection and left undisturbed with the exception of regular cage changes until weaning. Day
of birth was defined as postnatal day (PD) 0. Pups were weaned on PD 21 and housed 2-3
per cage by sex and litter. Due to the infrequent occurrence of weight loss in vehicle-treated
dams, there were insufficient offspring from vehicle-treated dams with weight loss available
for inclusion in behavioral studies.

2.3. Behavioral testing equipment
Behavioral testing was performed in 30 Residential Activity Chambers as previously
described [40]. Each chamber comprises a lighted, ventilated, sound-attenuated cabinet
housing a 16″ × 16″ × 15″ Plexiglas enclosure. Locomotion was monitored with a 16 × 16
photo beam array (San Diego Instruments, San Diego, CA) located 0.5 inches above the
floor of the enclosure. Locomotion was expressed as crossovers, defined as entry into any of
the active zones of the chamber, as previously described [40]. Data were collected in ten-
minute intervals for behavioral analyses. Behavioral testing was conducted during the lights-
on portion of the light cycle as described below.
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2.4. Experiment 1: Locomotor response to MK-801
Experimentally naïve male offspring of poly I:C with weight loss (n = 15, 5 litters), poly I:C
with weight gain (n = 23, 5 litters), and vehicle treated (n = 27, 9 litters) dams were used to
evaluate the locomotor response to MK-801 on PD 56. This postnatal age represents late
adolescence/young adulthood in the rat (see [41]). Offspring were left undisturbed in the
home cage from weaning until the day of behavioral testing. Testing was limited to male
offspring in the current study because of previous observations of sex differences in
behavioral response to MK-801 [42,43]. On PD 56 offspring were placed into the
Residential Activity Chambers between 09:00 and 10:00, and the locomotor response during
the first hour in the novel environment was determined. Animals were then injected
subcutaneously (s.c.) with 0.2 mg/kg MK-801 (Sigma, St. Louis, MO) dissolved in 0.9%
saline, and locomotion monitored for an additional 3 hours. The MK-801 dose was chosen
because of data in our lab and others [44] demonstrating locomotor stimulant effects of this
MK-801 dosage.

2.5. Experiment 2: Locomotor response to amphetamine
A separate cohort of offspring derived from poly I:C with weight loss (n = 13: 7 males, 6
females from 3 litters), poly I:C with weight gain (n = 13: 6 males, 7 females from 3 litters),
and vehicle treated (n = 29, 12 males, 17 females from 4 litters) dams was used to evaluate
the locomotor response to amphetamine in adulthood. Male and female offspring were
weighed at regular intervals from PD 35-70, but were otherwise experimentally-naive. On
PD 90 offspring were placed into the Residential Activity Chambers as described above.
The locomotor response to novelty was determined for 1 hour prior to subcutaneous
injection with 1.0 mg/kg D-amphetamine sulfate (Sigma, St. Louis, MO) dissolved in 0.9%
saline. Animals were monitored for an additional 3 hours after amphetamine injection.
Amphetamine concentration is described as free base and was injected in a final volume of 1
ml/kg. The amphetamine dose was selected based on data from our lab and others
demonstrating induction of locomotor activity without the emergence of a distinct stereotypy
phase [45].

2.6. Statistical analyses
Statistical analyses were performed using the statistical software package SAS System for
Windows (SAS Institute, Cary, NC). Statistical significance was set at p < 0.05. Data are
shown as mean ± SEM. The difference between the means of maternal body weight change
was compared between treatment groups (poly I:C and Vehicle) by Satterthwaite's
approximate t test, as significant unequal variance was identified by F-test [F(202/114) =
1.41, p = 0.042]. Significant differences between the variances in maternal body weight
change between treatment groups were further verified by Brown and Forsythe's Test. Group
differences in offspring body weight were analyzed by one-way ANOVA and post hoc
Tukey-Kramer test.

Locomotor data were log transformed in order to reduce the heavy right-skewness observed
as previously described [46]. Data from experiment 1 were analyzed by two-way ANOVA
with repeated measures, with treatment (poly I:C with Weight Loss; poly I:C with Weight
Gain; and Vehicle) and time as the main factors and the number of zone crossovers per
interval as the dependent measure. Data from experiment 2 were analyzed by three-way
ANOVA with repeated measures, with treatment (poly I:C with Weight Loss; poly I:C with
Weight Gain; and Vehicle), time, and sex as the main factors and crossovers as the
dependent measure using the MIXED procedure. Subsequent multiple comparisons of main
effects between treatment groups were conducted by post hoc analysis with Tukey-Kramer
test. Total crossovers, defined as the sum of zone crossovers in all intervals following
MK-801 or amphetamine administration, were analyzed by one-way ANOVA and post hoc
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Tukey-Kramer test. Where indicated, further analyses were conducted using the slice
ANOVA procedure with False Discovery Rate adjustment for multiple planned comparisons
(error rate = 0.05).

Retrospective analyses of factors contributing to individual differences in the maternal
response to poly I:C were performed. The contributions of the environmental factors of
maternal age and ambient room temperature were analyzed by multiple linear regression
with change in weight as the dependent measure. The influence of housing condition (Single
vs. Double) on the occurrence of weight loss in poly I:C and vehicle treated dams was
analyzed by one-sided Fisher's Exact test. A one-sided test was selected based on our a-
priori hypothesis that weight loss would occur more frequently in single-housed dams. This
prediction was formulated based on the observations of Gandhi et al. [47] that poly I:C-
induced sickness behavior, cytokine induction, and corticosterone elevation were
significantly enhanced in socially stressed mice; and isolation housing of rats increases
stress [48-51]. In order to rule out potential contributions of batch-specific effects on the
maternal response to immune challenge, the relationship between batch (defined by
treatment date) and the experimental factors of maternal age and housing condition was
examined using Pearson's correlation, multiple linear regression, and Chi Square tests where
indicated.

3. Results
3.1. Change in maternal weight

Intraperitoneal injection of 8 mg/kg poly I:C on GD 14 significantly impacted change in
maternal body weight at 24 hours post-injection relative to vehicle controls [t(271.47) =
7.31, p < 0.0001]. As shown in Figure 1a, poly I:C treated dams lost an average of 0.71 ±
0.46 g over the 24-hour period after injection, whereas vehicle treated dams gained an
average 4.32 ± 0.51 g. Of interest, change in maternal body weight in response to poly I:C
injection was markedly variable, and Figure 1b illustrates an apparent bimodal distribution
of responses in poly I:C injected dams. Fifty-one percent of dams lost weight in response to
poly I:C injection, whereas weight loss occurred in only 16% of vehicle treated dams. The
variance in body weight change induced by poly I:C was significantly higher than that
induced by vehicle injection as identified by Brown & Forsythe's Test [F(1, 316) = 4.78, p =
0.029], thus indicating significant individual differences in the maternal response to poly
I:C.

3.2. Offspring postnatal weights
No obvious malformations or sensorimotor deficits were found in the offspring of poly I:C
or vehicle treated dams. Of interest, body weight of adult female offspring of poly I:C
treated dams with weight loss was significantly decreased (Table 1, [F(2, 27) = 10.91, p =
0.0003; poly I:C with Weight Loss vs. Vehicle p = 0.0003; poly I:C with Weight Loss vs.
poly I:C with Weight Gain p = 0.0021]. Of note, the body weights of offspring of poly I:C
dams with weight gain did not differ from vehicle offspring [p = 0.99]. Prenatal treatment
with poly I:C did not have a significant effect on body weight in pubertal and adult male
offspring [Table 1, PD 56: F(2, 62) = 2.95, p = 0.06; PD 90: F(2, 22) = 0.01, p = 0.99].

3.3. Locomotor response to MK-801
To determine whether changes in maternal weight in response to poly I:C differentially
impact offspring behavior, male offspring of poly I:C treated dams with weight loss (poly
I:C with Weight Loss; weight change < 0 g), poly I:C treated dams with weight gain (poly
I:C with Weight Gain; weight change > 0 g), and vehicle treated dams (Vehicle; weight
change > 0 g) were evaluated for sensitivity to the locomotor-activating effects of the
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noncompetitive NMDA receptor antagonist MK-801. Only offspring of vehicle treated dams
that gained weight were used in behavioral analyses due to the low frequency of maternal
weight loss in response to vehicle. Following 1 hour of habituation during which novelty-
induced locomotion was recorded, the behavioral response to systemic MK-801 (0.2 mg/kg,
s.c.) was tested.

As shown in Figure 2A, maternal immune activation did not significantly effect novelty-
stimulated locomotion regardless of maternal weight change [Intervals 1-6: F(2, 62) = 0.70,
p = 0.50]. Systemic administration of MK-801 (0.2 mg/kg, s.c.) resulted in an increase in
locomotor activity of control animals that peaked at approximately 60 minutes post-injection
(Figure 2). The presence or absence of weight loss in response to poly I:C administration
dissociated the locomotor behavioral response induced by NMDA receptor antagonism.
While MK-801-stimulated locomotion was markedly decreased in offspring of poly I:C
treated dams that lost weight relative to control animals, offspring of poly I:C treated dams
with weight gain exhibited elevated locomotion relative to controls.

Repeated measures ANOVA identified a main effect of treatment [F(2, 62) = 5.20, p =
0.0082], time [F(1, 62) = 332.35, p < 0.0001], and a treatment by time interaction [F(2, 62)
= 36.61, p < 0.0001]. Post hoc analyses of main effects verified that offspring of poly I:C
with Weight Loss were significantly different from both Vehicle (p < 0.0001) and poly I:C
with Weight Gain (p < 0.0001). In addition, poly I:C with Weight Gain significantly differed
from Vehicle offspring (p = 0.018). One-way ANOVA revealed a significant effect of
treatment on the total crossovers for the three-hour period following MK-801 administration
[Figure 3b: F(2,62) = 8.35, p = 0.0006]. Post hoc Tukey-Kramer analyses confirmed that
offspring of poly I:C with Weight Loss significantly differed from Vehicle (p = 0.029) and
poly I:C with Weight Gain (p = 0.0004). In contrast to the repeated measures ANOVA, the
total crossovers of poly I:C with Weight Gain did not detect a difference from Vehicle (p =
0.18). Based on these outcomes and the observed significant treatment by time interaction
described above, further analyses of simple effects were conducted using the slice ANOVA
procedure with False Discovery Rate adjustment for multiple planned comparisons. Slice
ANOVA identified a significant effect of treatment [F(2, 1116) = 95.80, p < 0.0001], time
[F(17, 1116) = 84.49, p < 0.0001], and a significant treatment by time interaction [F(34,
1116) = 2.34, p < 0.0001]. As described in Table 2, group differences in crossovers per 10-
minute interval were identified in intervals 11-24. The majority of these differences were
due to decreased MK-801-stimulated locomotion in offspring of poly I:C with Weight Loss
relative to poly I:C with Weight Gain and Vehicle. Significant increases in MK-801-
stimulated locomotion in poly I:C with Weight Gain relative to Vehicle were identified in
intervals 20, 22, 23, and 24.

3.4. Locomotor response to amphetamine
Adult male and female offspring were evaluated for sensitivity to the locomotor-activating
effects of the indirect dopamine receptor agonist amphetamine. Testing was conducted in
adult offspring based on reports of the post-pubertal emergence of amphetamine
hypersensitivity after maternal immune activation [31]. The behavioral response to systemic
low-dose amphetamine (1 mg/kg, s.c.) was recorded following 1 hour of habituation.

Consistent with Experiment 1, maternal poly I:C had no measurable effect on novelty-
stimulated locomotion of adult offspring regardless of maternal weight change [Figure 3,
Intervals 1-6: F(2, 51) = 2.10, p = 0.13]. Amphetamine administration resulted in a general
increase in locomotor activity in all animals that peaked at approximately 40 minutes post-
injection. Amphetamine-stimulated locomotion was decreased in male and female offspring
of poly I:C treated dams that lost weight relative to offspring of both vehicle treated dams
and poly I:C treated dams with weight gain. Notably, offspring of poly I:C treated dams with
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weight gain did not differ from offspring of vehicle controls. ANOVA did not identify a
significant effect of sex [F(1, 51) = 2.84, p = 0.10], or a significant interaction [F(2,51) =
0.62, p = 0.54] of sex with treatment effects on amphetamine-stimulated locomotion, and
therefore behavioral responses of both sexes were combined for analysis of group effects.
ANOVA identified a main effect of treatment [F(2, 43.8) = 4.06, p = 0.024], and a
significant treatment by time interaction [F(2, 54) = 4.52, p = 0.015]. Post-hoc Tukey-
Kramer tests confirmed that the decreased amphetamine-induced locomotion was
significantly different between offspring of poly I:C with Weight Loss and poly I:C with
Weight Gain (p = 0.001) as well as Vehicle (p < 0.0001), while offspring of poly I:C with
Weight Gain did not differ from Vehicle (p = 0.99). Post-hoc comparison between males
and females by Tukey-Kramer test did not reach statistical significance (p = 0.098). Two-
way ANOVA analysis of total crossovers for the 2-hour period following amphetamine
administration was consistent with the repeated measures ANOVA. Two-way ANOVA
identified a significant effect of treatment [F(2, 55) = 5.52, p = 0.0068] and sex [F(1, 56)
5.92, p = 0.019]. Because ANOVA did not identify a significant interaction between
treatment and sex [F(2, 55) = 0.07, p = 0.94], data from males and females were combined
for post hoc Tukey-Kramer analyses of the main effect of treatment (Figure 3B).

3.5. Factors predictive of maternal weight change
Retrospective analyses of environmental factors were conducted to identify the relative
contributions of these variables to individual differences in maternal weight change. The
influence of maternal age and injection day room temperature on maternal weight change
following poly I:C or vehicle injection were analyzed by multiple linear regression.
Regression identified a significant treatment (poly I:C vs. Vehicle) by maternal age
interaction [F(1, 296) = 11.92, p = 0.0006] on change in maternal weight. Subsequent
analyses identified a significant effect of maternal age on weight change in response to poly
I:C [F(1, 200) = 13.54, p = 0.0003] but not vehicle administration [F(1, 112) = 2.12, p =
0.15]. Body weight gain after poly I:C injection decreased with increasing maternal age by
approximately 0.05 grams for each day of age (SEM = 0.014, p = 0.0003). As depicted in
Figure 4, the incidence and magnitude of poly I:C-induced weight loss increased as pregnant
dams age. Pearson's correlation did not identify a statistically significant relationship
between batch and maternal age (r(316) = 0.08, p = 0.16). Furthermore, no significant
interactions between maternal age and season of treatment administration were identified by
multiple linear regression [F(3, 310) = 0.62, p = 0.60]. Thus, the influence of batch on the
observed effect of age in response to immune challenge is unlikely. Regression did not
identify a significant effect of injection day room temperature [F(1, 296) = 0.04, p = 0.84] or
a treatment by temperature interaction [F(1, 296) = 2.75, p = 0.10] on change in maternal
weight.

Based on the reported moderation of responsiveness to poly I:C by social stressors [47], the
change in maternal weight was compared between dams housed individually or in pairs
upon arrival to the facility until 24 hours following poly I:C or vehicle injection. As shown
in Figure 5, single housing was associated with a mean decrease in maternal body weight in
response to poly I:C injection. poly I:C induced weight loss in 54% of single-housed dams
and 38% of double-housed dams. Fisher's Exact test (one-tailed) confirmed that weight loss
occurred more frequently in single-housed dams (p = 0.042). The occurrence of weight loss
in vehicle treated dams did not differ between single- and double-housed dams (20% versus
12% respectively, p = 0.89). Because experimental housing conditions were not equally
distributed across seasons in our study [Chi Square (3, N = 323) = 132.39, p < 0.0001], the
frequency of weight loss was compared between housing conditions for each season
separately. Fisher's Exact test did not identify differences in the frequency of weight loss in
single-housed versus pair-housed dams in any season. Regression did not identify a
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significant effect of season [F(1, 246) = 0.11, p = 0.74] or a season by prenatal treatment
interaction [F(1, 246) = 1.66, p = 0.20] on change in weight in single-housed dams. Together
these data suggest that season alone does not account for the increased weight loss in
isolated dams.

4. Discussion
The present study investigated the impact of individual differences in maternal response to
acute immune challenge on offspring behavior. First, it identified marked variability in the
body weight alterations induced by poly I:C administration. Second, it demonstrates that
maternal body weight change differentiates offspring behavioral response to pharmacologic
challenge. Finally, it suggests that individual differences in maternal response to poly I:C are
moderated in part by environmental conditions. These findings demonstrate that the
maternal response to immune challenge is a critical determinant of the behavioral outcome
of offspring.

4.1. Effect of poly I:C administration on body weight of pregnant dams
Consistent with previous investigations [31,36,37], systemic poly I:C administration induced
significant weight loss over the 24 hours following treatment. These findings are in contrast
to a recent study by Wolff and Bilkey [52] in which there was no measurable impact of poly
I:C administration on maternal weight. It is possible that these conflicting outcomes may be
due in part to differences in poly I:C dose and/or injection route; however, poly I:C-induced
weight loss has been reported to occur following intravenous doses of 4 mg/kg [31] as well
as intraperitoneal doses ranging from 0.75 – 12 mg/kg [36,37]. Decreased body weight
within 24 hours of poly I:C administration has been previously associated with reduced food
intake, and occurred together with body temperature fluctuation and transient elevation of
pro-inflammatory cytokines [37]. Weight loss and cytokine induction have not been
observed in control animals administered equivalent volumes of vehicle. Thus, weight
change may serve as a non-invasive indicator of poly I:C responsiveness.

While poly I:C induced significant weight loss relative to vehicle treated controls, the effect
of poly I:C on body weight was unexpectedly variable. To our knowledge, significant
variability in response to poly I:C has not been previously reported in pregnant female, non-
pregnant female, or male rodents. Cunningham and colleagues [36] reported weight loss in
all poly I:C challenged non-pregnant female mice at all doses tested. Body weight loss in
pregnant dams after poly I:C administration was also observed in rats [31]; however, the
range of weight change and impact on offspring behavior were not discussed. Ozawa and
colleagues [30] reported a general decrease in body weight gain of pregnant mice, and
significant weight loss in dams that miscarried after subchronic poly I:C administration.
Miscarriage did not contribute significantly to the variability observed in the present study,
as the poly I:C dose administered produced a 6.4% miscarriage rate (13 of 203 dams).
Furthermore, the effects of housing status and maternal age on likelihood of maternal weight
loss suggest that variability in body weight response was not likely a result of injection
differences impacting bioavailability.

In the present study, we analyzed body weight change as a non-invasive measure of the
maternal response to poly I:C injection. Other indicators of immune activation capable of
revealing individual differences include cytokine induction, febrile responses, and sickness
behavior [36,37,53-55]. The relationship between variability in body weight change in the
present study and the potential involvement of circulating cytokines is of great interest. In
general, pro-inflammatory cytokines suppress food intake [56-58]; however, the direct
involvement of cytokines and other mediators of inflammation in poly I:C induced anorexia
and subsequent weight loss is unknown. Evidence suggests weight loss occurs
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independently of IL-1 [37]. The relative contributions of IL-6 and TNF-α, as well as
hyperthermia and corticosterone alterations have not been examined.

4.2. Differences in offspring body weight
We observed significantly decreased body weight in adult female offspring of poly I:C
treated dams with weight loss. These data suggest further analyses of metabolic function in
offspring exposed to maternal immune activation. Of interest, metabolic abnormalities have
been identified in patients with schizophrenia [59-61].

4.3. Locomotor response to MK-801
Prenatal exposure to maternal immune activation results in abnormalities in NMDA type
glutamate receptor expression and NMDA receptor-mediated behavior [21,32,62-64].
Specifically, sensitivity to the locomotor-activating effects of NMDA receptor antagonism
in prenatally immune challenged-offspring is dependent on both the gestational age at
prenatal exposure (potentiated after GD 17 exposure, but not GD 9 [62]), as well as the age
of offspring at testing (potentiated at PD 100-110, but not PD 35 [63]). We hypothesized
that abnormalities in NMDA receptor-mediated behavior would emerge in prenatally
immune-challenged offspring during late adolescence/young adulthood. This hypothesis was
based on the NMDA receptor hypofunction model of schizophrenia, which posits that
decreased NMDA-subtype glutamate receptor activity may lead to secondary mesolimbic
dopaminergic hyperfunction [65-67], which emerges in adulthood following prenatal
immune activation [30,31]. Here, we examined the impact of individual differences in
maternal response to poly I:C on sensitivity to NMDA receptor antagonism on PD 56.
Systemic administration of the non-competitive NMDA receptor antagonist MK-801
elevates locomotor activity at low doses [42], and similar elevation was observed here in
control offspring. The present study identified a dissociation of the behavioral consequences
of systemic MK-801 challenge by the maternal body weight response to poly I:C. Although
offspring of poly I:C treated dams exhibited abnormal behavior regardless of change in
maternal weight, the presence or absence of weight loss determined the direction and
magnitude of the behavioral deficit. Specifically, rats born to poly I:C treated dams with
weight loss exhibited markedly attenuated MK-801 sensitivity. In contrast, offspring of poly
I:C treated dams with weight gain exhibited modestly elevated MK-801-stimulated
locomotion that reached statistical significance in the third hour following drug
administration, thereby suggesting alterations in the duration of MK-801 response in these
animals. Our data indicate that maternal body weight change in response to poly I:C
injection predicts the nature of NMDA receptor-mediated behavior dysfunction.

Previous investigations have reported enhanced sensitivity in adult rodents to the locomotor-
activating effects of NMDA receptor antagonism after gestational exposure to maternal
immune challenge [62-64]. Such elevated locomotor responses to NMDA receptor blockade
have been attributed to mesolimbic dopaminergic hyperactivity based on the ability of
MK-801 to activate dopamine neurotransmission; however, the involvement of mesolimbic
dopamine in the locomotor-stimulating effects of NMDA receptor antagonism is unclear
[68,69]. Additionally, poly I:C-induced abnormalities in MK-801 sensitivity and NMDA
receptor subunit 1 expression are dependent on the gestational timing of poly I:C exposure
[62]. In the present study, offspring of poly I:C dams with weight loss exhibited markedly
attenuated MK-801 sensitivity during adolescence/young adulthood. We hypothesize that
the neurochemical mechanism(s) underlying this decreased behavioral sensitivity to NMDA
receptor antagonism may be related to hypofunction of the NMDA receptor. This hypothesis
is further supported by in vivo microdialysis data demonstrating attenuated MK-801
stimulated prefrontal cortical extracellular glutamate in these offspring [70]. These findings
are directly relevant to the NMDA receptor hypofunction model of schizophrenia
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pathogenesis [67,71,72] and therefore link a known schizophrenia risk factor, prenatal
immune activation, with alterations in NMDA receptor function.

4.4. Locomotor response to amphetamine
In addition to disruptions in NMDA receptor-mediated behavior, prenatal exposure to
maternal immune activation results in abnormal dopaminergic development and dopamine-
mediated behavior [25,29-31,73-76]. We therefore sought to determine whether maternal
body weight alterations in response to immune challenge also predict dopamine-mediated
behavior of offspring. Rodents respond behaviorally to low-dose amphetamine with an
increase in locomotor activity [77], a response that is mediated by mesoaccumbens
dopaminergic projections [78]. Consistent with our results for MK-801-stimulated behavior,
the maternal body weight response to poly I:C predicted the behavioral response to
amphetamine in male and female offspring. Specifically, male and female offspring of poly
I:C treated dams that lost weight exhibited significantly attenuated amphetamine-stimulated
locomotion, whereas offspring of poly I:C treated dams with weight gain did not differ from
vehicle offspring.

The present study identified decreased sensitivity to the locomotor-activating effects of
amphetamine in adult offspring following maternal immune activation with weight loss. In
contrast, several previous investigations of poly I:C induced maternal immune activation
have identified enhanced sensitivity to amphetamine in adult rodents [29,31,62]. Notably,
dopamine abnormalities after prenatal immune challenge are highly dependent on the
developmental stage of offspring. While dopamine hyperfunction has been demonstrated in
adult offspring, decreased dopamine function has been observed in developing rodents
following maternal immune activation [27]. A detailed analysis of dopamine system
development identifies the presence of cellular mechanisms which would be expected to
underlie decreased locomotor response to amphetamine in offspring of poly I:C injected
dams in periadolescence. These studies identified decreased immunoreactivity for both
tyrosine hydroxylase and dopamine transporter 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, at PD 70 tyrosine hydroxylase immunoreactivity was increased
in the core and shell subregions of the nucleus accumbens [75]. The processes mediating the
transition from dopamine hypofunction early in development to hyperfunction in adult poly
I:C offspring are unknown. The enduring decrease in amphetamine sensitivity observed in
the present study is therefore of interest because it provides an opportunity to identify the
processes underlying the transition to hyperdopaminergic function. Moreover, the locomotor
response to amphetamine is an indirect measure of dopamine function. While our findings
suggest alterations in dopamine neurotransmission, the specific nature of the disruption
remains unclear. Indeed, Bakos and colleagues [73] demonstrated reduced nucleus
accumbens dopamine levels in adult offspring of rats administered a subchronic regimen of
lipopolysaccharide during late pregnancy, a finding similar to our observation. Further
studies are needed to determine 1) the nature of the observed dopamine dysfunction; and 2)
the degree to which primary or compensatory changes in dopamine transporter and
dopamine receptor expression and/or function, as well as in dopamine synthesis (tyrosine
hydroxylase) and release may underlie the behavioral abnormalities identified here.

Together these findings indicate that the presence or absence of maternal weight loss
following poly I:C administration predicts offspring behavioral response to both MK-801
and amphetamine. In contrast, Wolff and Bilkey [52] found no relationship between
maternal weight change and pre-pulse inhibition of startle following immune challenge. As
noted above, the poly I:C regimen utilized in the previous study did not induce maternal
weight loss, and is thus an important difference that may account for the contrasting impact
of maternal weight on offspring behavior. It is also possible that the neural circuits
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mediating psychostimulant-induced locomotion and pre-pulse inhibition have differing
vulnerabilities to developmental insult. Therefore, the effect of maternal weight change on
pre-pulse inhibition following prenatal immune challenge with the poly I:C regimen
reported here is of great interest.

4.5. Factors contributing to the maternal response to poly I:C
In addition to methodological relevance to investigations of the neurodevelopmental
consequences of maternal immune activation, the observed individual differences in
maternal response present an opportunity to identify environmental factors that may
contribute to increased vulnerability. Here, we identified maternal age as a factor
contributing to the response to immune challenge. While maternal age had no influence on
the body weight alterations in vehicle treated animals, increased maternal age predicted
greater reduction in body weight gain after poly I:C administration. Notably, we did not
identify significant relationships between maternal age and breeder batch. Thus, the effect of
maternal age on poly I:C response is unlikely to be accounted for by batch effects. Because
season has been shown to be a factor in immune response [79], we also verified that there
was no impact of season, or a season by maternal age interaction on treatment-induced
change in weight in the present study. To our knowledge, the impact of maturation/aging on
the acute-phase reaction to poly I:C has not been examined. Our findings suggest that
maturation is related to greater response to immune challenge and warrant further
investigation using prospective experimental paradigms.

Our data also suggest that social housing conditions may contribute to the maternal response
to immune challenge. Specifically, individually-housed dams exhibited greater incidence of
weight loss following poly I:C treatment. The mechanisms underlying this relationship
between poly I:C challenge and isolation housing are uncertain. Social isolation of rodents is
stressful, and alters basal and stress-induced activity of the hypothalamic-pituitary-adrenal
axis [49,51]. As discussed by Gandhi and colleagues [47], it is possible that poly I:C-
induced immune activation and social stressors may act synergistically. Our findings are
consistent with the enhanced sickness behavior and pro-inflammatory cytokine induction
observed when poly I:C and acute social stress were co-administered [47].

4.5. Limitations
The data presented above demonstrate that change in maternal weight following immune
challenge is predictive of offspring outcome. Of interest, the mechanisms mediating
offspring behavior following poly I:C-induced weight loss remain unclear. We were not able
to investigate the effect of maternal weight loss itself as a potential mechanism by which
poly I:C-induced weight loss alters fetal development, due to an insufficient incidence of
vehicle-treated dams with weight loss. Clarification of the impact of the transient weight
loss observed in the present study is of great interest, as epidemiological studies link
maternal nutritional deficiency with increased schizophrenia risk [80]. While animal models
support a causal relationship between prenatal undernutrition and behavioral and
neurochemical abnormalities of relevance to schizophrenia, it is not known whether the
transient, mild nutritional deficit resulting from prenatal immune activation is in itself
sufficient to result in a measurable behavioral effect. For example, it is known that chronic
prenatal protein deprivation in rats causes sex-dependent alterations in striatal and
hippocampal NMDA receptor binding [81,82] which correlate with deficits in sensorimotor
gating [81] following maturational delay. Prenatal protein deprivation also disrupts
dopaminergic development, resulting in sexually dimorphic, post-pubertal emergence of
elevated behavioral sensitivity to apomorphine, amphetamine [82], and cocaine [83].
Furthermore, offspring born to protein restricted dams exhibit changes in dopamine-related
molecular markers [83]. To our knowledge, there are no published data regarding the impact
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of transient (i.e., <48 hours) food restriction and/or mild weight loss on fetal development.
Future studies comparing offspring of pair-fed vehicle-treated dams are needed in order to
more clearly establish the role of transient maternal weight loss in behavioral outcome
following prenatal immune challenge.

Finally, the reductions in locomotor response to MK-801 and AMPH observed in the present
study are in direct contrast to the behavioral outcomes identified in previous investigations
of maternal immune activation. As discussed above, it is possible that methodological
differences (i.e., injection dose, route, gestational age at exposure) between the present study
and previous investigations contributed to these differences.

5. Conclusion
In summary, the findings described above demonstrate a critical role of the maternal
response to immune challenge in the behavioral outcome of offspring. Moreover, we
identified environmental factors contributing to the direction and magnitude of the maternal
response. These findings may be particularly relevant to human investigations of
environmental risk factors that increase vulnerability to neurodevelopmental disorders
associated with prenatal immune activation, including schizophrenia and autism. It will be
of interest in future studies to determine the relationship between the body weight alterations
induced by poly I:C administration and measures of inflammatory processes, such as
cytokine induction, and to identify the relative contributions of immune activation versus
transient maternal weight loss to the behavioral outcome of offspring. Of interest, our
findings suggest NMDA receptor dysfunction following maternal immune activation and are
therefore highly relevant to the NMDA receptor hypofunction hypothesis of schizophrenia.
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MK-801 (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] cyclohepten-5,10-imine maleate

poly I:C polyinosinic:polycytidylic acid
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Figure 1. Effect of poly I:C administration on body weight
Pregnant rats were administered poly I:C or vehicle on GD 14. Body weight was recorded at
the time of injection and 24 hours following injection. (A) Body weight change, shown as
the difference between post and pre-injection weight, after poly I:C or vehicle treatment.
Administration of poly I:C (n = 203) significantly decreased body weight gain relative to
vehicle controls (n = 115) within 24 hours of injection. Data are expressed as means ± SEM.
(B) Frequency histogram of body weight change in poly I:C- and vehicle-treated dams. Bin
size = 2 grams. The maternal body weight response to poly I:C treatment was bimodal and
significantly more variable than the response to vehicle [F(1, 316) = 4.78, p = 0.029]. ***p
< 0.0001
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Figure 2. Maternal response to immune challenge predicts the behavioral response to systemic
MK-801
The behavioral sensitivity of male offspring to novelty and to a low dose of the NMDA
receptor antagonist MK-801 (0.2 mg/kg, s.c.) was assessed during puberty (PD 56). (A)
Number of zone crossovers in 10-minute intervals. The arrow indicates the time of MK-801
administration. The locomotor response to novelty (Intervals 1-6) was unaltered in immune-
challenged offspring. Maternal weight loss after poly I:C predicted the locomotor response
to MK-801 [F(2, 62) = 36.61, p < 0.0001]. (B) Total number of crossovers for the 3-hour
period following MK-801 administration (Intervals 7-24). Male offspring of poly I:C with
weight loss exhibited significantly decreased MK-801-stimulated locomotion relative to
offspring of vehicle and poly I:C treated dams with weight gain. Data are expressed as
means ± SEM. The numbers of litters in each group were: Vehicle, 9 litters; poly I:C with
Weight Loss, 5 litters; poly I:C with Weight Gain, 5 litters. VEH=vehicle; PIC=poly I:C; *p
< 0.05; ***p < 0.001.
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Figure 3. Maternal response to immune challenge predicts the behavioral response to systemic
amphetamine
The behavioral sensitivity of adult male and female offspring to novelty and to a low dose of
amphetamine (1 mg/kg, s.c.) was assessed on PD 90. (A) Number of zone crossovers in 10-
minute intervals. The arrow indicates the time of amphetamine administration. The
locomotor response to novelty (Intervals 1-6) was unaltered in prenatally poly I:C- and
vehicle-exposed offspring. Increased locomotor activity following amphetamine treatment
was attenuated in adult offspring born to poly I:C treated dams with weight loss [F(2, 43.8)
= 4.06, p = 0.024]. (B) Total number of crossovers for the 2-hour period following
amphetamine administration (Intervals 7-18). Male and female offspring of poly I:C treated
dams with weight loss exhibited significantly decreased amphetamine-stimulated
locomotion relative to offspring of poly I:C treated dams with weight gain and vehicle
offspring. In contrast, offspring of poly I:C treated dams with weight gain did not differ
from controls (p = 0.95). Data are expressed as means ± SEM. The distribution of males and
females and numbers of litters in each group were: Vehicle, 12♂ 17♀ (4 litters); poly I:C
with Weight Loss, 7♂ 6♀ (3 litters); poly I:C with Weight Gain, 6♂ 7♀ (3 litters). PIC=poly
I:C; AMPH=amphetamine; *p < 0.05; **p < 0.01.
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Figure 4. Impact of maternal age on response to immune challenge
Maternal age at the time of poly I:C exposure predicts the direction and magnitude of poly
I:C-induced changes in body weight. Retrospective analyses identified a significant effect of
maternal age on weight change in response to poly I:C [F(1, 200) = 13.54, p = 0.0003].
Body weight gain after poly I:C injection decreases with increasing maternal age by
approximately 0.05 grams for each day of age. Data are expressed as means ± SEM by
maternal age in months. The number of dams in each age group were: 2 months (PD 60-89);
n = 74; 3 months (PD 90-119), n = 47; 4 months (PD 120-149), n = 46; 5 months (PD
150-179), n = 31; 6 months (PD 180-209), n = 10.

Bronson et al. Page 21

Behav Brain Res. Author manuscript; available in PMC 2012 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Influence of social isolation on maternal response to immune challenge
The maternal body weight response to poly I:C or vehicle was compared between dams that
were housed either individually or in pairs upon arrival to the animal facility and until 24
hours following treatment. Weight loss occurred more frequently in single-housed dams
treated with poly I:C (p = 0.042, one-tailed by Fisher's Exact test). Weight loss occurred at
similar rates in single- and double-housed dams following vehicle treatment (20% versus
12% respectively, p = 0.89). Data are expressed as means ± SEM. The number of dams in
each group were: Vehicle Double n = 26; Vehicle Single n =130; poly I:C Double n = 45;
poly I:C Single n = 205.
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