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• We quantified sickness during pregnancy in hamsters given different doses of LPS.
• We assessed the resulting effects on litter success, size, and offspring development.
• Pregnancy success decreased and litter size was reduced with increasing doses of LPS.
• Offspring from LPS treated dams showed greater cortisol responses to stress.
• Cortisol levels in both sexes of offspring were related to defensive behaviors.
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Epigenetic effects
It is increasingly evident that influences other than genetics can contribute to offspring phenotype. In particular,
maternal influences are an important contributing factor to offspring survival, development, physiology and behav-
ior. Common environmental pathogens such as viral or bacterial microorganisms can induce maternal immune re-
sponses, which have the potential to alter the prenatal environment viamultiple independent pathways. The effects
of maternal immune activation on endocrine responses and behavior are less well studied and provide the basis for
the current study. Our approach in the current studywas two-pronged: 1) quantify sickness responses during preg-
nancy in adult female hamsters experiencing varying severity of immune responsiveness (i.e., differing doses of li-
popolysaccharide [LPS]), and 2) assess the effects of maternal immune activation on offspring development,
immunocompetence, hormoneprofiles, and social behavior during adulthood. Pregnancy success decreasedwith in-
creasingdoses of LPS, and litter sizewas reduced in LPSdams thatmanaged to successfully reproduce.Unexpectedly,
pregnant females treated with LPS showed a hypothermic response in addition to the more typical anorexic and
body mass changes associated with sickness. Significant endocrine changes related to behavior were observed in
the offspring of LPS-treated dams; these effects were apparent in adulthood. Specifically, offspring from LPS treated
dams showed significantly greater cortisol responses to stressful resident–intruder encounters compared with off-
spring from control dams. Post-behavior cortisol was elevated in male LPS offspring relative to the offspring of con-
trol dams, andwas positively correlatedwith the frequency of bites during agonistic interactions, and cortisol levels
in both sexes were related to defensive behaviors, suggesting that changes in hypothalamo–pituitary–adrenal axis
responsiveness may play a regulatory role in the observed behavioral differences. Overall, the results of this study
provide evidence that maternal immune activation can exert marked effects on offspring physiology and behavior.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Although genetic influences on a wide range of behaviors are well
documented, it is becoming increasingly evident that non-genetic
(e.g., environmental) influences also contribute to offspring phenotype,
including behavior.While the role of environmental factors has been tra-
ditionally under-appreciated, recent studies have highlighted the impor-
tance of epigenetic (i.e., “above the genome”) effects on an organisms'
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phenotype. In particular, maternal influences such as energy/nutrient
availability, oxygen levels, and hormone concentrations are important
contributing factors to offspring survival, development, and potentially
behavior (reviewed in: [1,2]).

Pregnancy in eutherian mammals presents a life history stage
characterized by prolonged physiological association between moth-
er and offspring. Long gestational periods result in extended prenatal
exposure to maternal influences. Further, placental buffering capabil-
ities change throughout gestation varying embryo/fetal susceptibility
temporally to maternal influences, such as maternal immune system
activation [3]. Whereas some influences, such as morphological ab-
normalities, are apparent in utero, increasing evidence suggests that
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certain physiological and behavioral maternal effects may not
manifest until later in development [4,5]. For example, exposure to
prenatal stress can alter stress responsiveness in mammalian off-
spring [6]. Further, prenatal exposure to maternal stress, food restric-
tion, or elevated glucocorticoid levels impairs male sexual behavior in
rats [4]. Therefore environmental perturbations that influence the
mother during pregnancy and lactation, can in turn affect offspring
development.

In particular, activation of the maternal hypothalamo–pituitary–
adrenal axis (HPA) during pregnancy can result in profound effects
on offspring development, including altered gonadal steroid produc-
tion, stress responsiveness, growth rate, and immunocompetence of
offspring from both live-bearing and egg-laying species [7–12].
For example, prenatal stress in albino rats (Ola strain) results in de-
creased body mass and growth rates from birth [13]. There are
many common environmentally relevant phenomena that have the
capacity to activate the HPA axis and thus affect physiology and be-
havior. For example, predation attempts, resource limitation, social
competition, and certain immunological responses to pathogens or
parasites can all alter HPA axis activity (reviewed in: [14–16]). There-
fore, immune-related maternal effects on offspring are common
within an organism's natural environment and an important contrib-
utor to individual phenotype, including behavior.

While various environmental perturbations can alter the prenatal en-
vironment and thus contribute to the development of offspring behavior,
the specific physiological mechanisms underlying these effects are
unclear. Accumulating evidence suggests that neonatal or early-life ex-
posure to elevated cytokines during an immune response can result in
prolonged neural and behavioral abnormalities (reviewed in: [17,18]).
Further, emerging evidence suggests that elevated cytokine concentra-
tions during pregnancy cause marked changes to fetal brain develop-
ment and therefore likely downstream changes in offspring behavior
[5,19]. In fact, maternal immune activation may contribute to several
psychiatric conditions including autism, and proinflammatory cytokines
(i.e., interleukin [IL]-6, tumor necrosis factor [TNF]-α) play an important
role in the regulation of social behavior such as aggression [20,21]. Acti-
vation of an innate immune response results in a cascade of molecular
and biochemical events that involve activation of specific immune cells
(e.g., neutrophils, macrophages), mobilization of complement proteins
and production of cytokines, soluble molecules that aid in the targeting
and destruction of the pathogen. Furthermore, this immune response
can trigger the HPA, axis resulting in elevated glucocorticoids, which
could in turn affect offspring [12,22]. Therefore, common environmental
pathogens such as viral or bacterial organisms can induce maternal
immune responses which have the potential to immensely alter the
embryonic/fetal environment via multiple pathways [12,23,24]. It is
also apparent that maternal immune activation can induce offspring
brain pathology, having direct implications for behavior, and in extreme
cases, miscarriage [5,25,26].

Although much progress has been made over the last decade in
our understanding of the effects of maternal immune activation on
neuroendocrine and behavioral responses, considerable gaps in our
knowledge persist. For example, much of the work examining
experimentally-induced immune activation has focused on bio-
chemical and physiological changes occurring within the organism
[27]. Substantially less is known regarding how specific behavioral
phenotypes, particularly social behaviors, are affected by immune
activation. In the current study, we examined the effects of maternal
immune activation on reproductive success and offspring endocrine
and behavioral development using the Siberian hamster (Phodopus
sungorus) as a model system. To induce an immune response we uti-
lized lipopolysaccharide (LPS), a molecule present on the outer coat
of Gram-negative bacteria, which acts on Toll-like receptors (TLR)
present on immune cells (specifically TLR4) [28]. LPS elicits an in-
flammatory and pyrogenic response without actually exposing the
animal to an infectious agent [29,30].
Prenatal infection may enhance offspring immunity according to
the transgenerational priming of immunity theory, which may be
adaptive because the offspring are likely to encounter similar infec-
tious agents [31,32]. Therefore, fetal exposure to a maternal innate
immune response may increase the ability of the offspring to respond
to an innate immune challenge through altered circulating immune
components. We tested the immunocompetence of the offspring in
adulthood with a bacterial killing assay as a functional measure of in-
nate immunity. We also tested the ability of the animals to respond to
an antigenic challenge. Testing both the innate and humoral arms of
the immune system provides a broader understanding of the immune
system and how it was altered during development.

The approach of the current study was two-pronged: 1) quantify
sickness response during pregnancy in adult female hamsters in re-
sponse to varying levels of immune responsiveness (i.e., varying doses
of LPS), 2) measure the effects of maternal immune activation on preg-
nancy success and litter size, and 3) assess the effects of maternal
immune activation during pregnancy on offspring development, endo-
crine responses, and behavior during adulthood. Specifically, we
assessed the sickness response of pregnant females exposed to relative-
ly low and high doses of LPS, measuring food intake, body mass and
temperature, and pregnancy success. We subsequently assessed off-
spring initial birth mass, growth rate, and adult immunocompetence
(i.e., bactericidal ability and KLH-antibody response), resident–intruder
aggression test and associated steroid hormone concentrations (i.e.,
cortisol, testosterone), all factors known to be associated withmaternal
stress and potentially immune activation.

2. Materials and methods

2.1. Experiment 1A and B: effects of immune activation on maternal
physiology and behavior

2.1.1. Animals and housing
Sixty-nine adult nulliparous female Siberian hamsters were

obtained from our breeding colony at Indiana University. All animals
were initially group-housed (2–4 per cage with same sex siblings
uponweaning at 21 days of age). Ten days before the start of the exper-
iment, animals were housed individually in polypropylene cages
(28 × 17 × 12 cm). Conditions were maintained at 16:8 (light:dark)
hour photoperiod, temperature (20 ± 2 °C), and humidity (50 ±
10%). All animals were given ad libitum access to food (Purina rat
chow, St. Louis, MO) and water throughout the study. All animals
were treated in accordance with the Bloomington Institutional Animal
Care and Use Committee (BIACUC).

2.1.2. Maternal immune activation
To examine the effects of mounting a costly immune response on

offspring investment, adult female hamsters were randomly assigned
to one of two treatment groups in each of two separate studies. A) In
the first experiment animals were injected on gestational day (GD)
11 (±2 days; i.e., GD 10–13) with either high dose of LPS 0.7 mg/kg
(high dose, n = 12) or saline vehicle 0 mg/kg (control, n = 15).
Because of the low pregnancy success and the desire to measure off-
spring effects a second iteration of the experiment was run using a
lower dose of LPS. B) In the second experiment animals were injected
on GD 11 (±2 days) with either low dose of LPS 0.07 mg/kg (low
dose, n = 12) or saline vehicle 0 mg/kg (control, n = 15). Gestation-
al daywas assignedwith the second day of pairing themale and female
as GD 0. Males and females were paired for 4 days in the cage of the fe-
male, after which the male was removed. All pairs were given a cotton
nestlet to create a nest. Variation arose due to the fact that hamsters
do not have regular estrous cycles, which introduces some uncertainty
in the date of conception. Injections occurred on GD 11 (±2 days) be-
cause this time point is late enough to reduce the risk of spontaneous
abortion and early enough to affect brain development during a period
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of peak neurogenesis [33] in the offspring. Food intake was monitored
daily by weighing the remaining food pellets and female body mass
every three days throughout the study except for the four days while
the female was paired with the male. The dams' rectal body tempera-
tures were monitored during 24 and 48 h following the LPS injection.
Colonic temperature was measured with a pre-lubricated thermoprobe
(Physitemp Thermalert TH-5) inserted ~12 mm into the rectum. Time
from removal from cage to return was 20 s or less for each animal, min-
imizing handling stress on the animal.

2.1.3. Blood sampling
Blood samples were collected 2 h following the injection in order to

assess circulating cortisol concentrations in control and LPS-treated ani-
mals. Animals were anesthetized with isoflurane, and blood samples
were collected via the retro-orbital sinus within 3 min of leaving their
cage. Blood samples were allowed to clot at room temperature for 1 h,
and then clots were removed and the samples were centrifuged (at
4 °C) for 30 min at 2500 rpm. Serum aliquots were extracted and stored
at− 80 °C until subsequent assays.

2.1.4. Statistical analyses
The responses to maternal immune activation in females (i.e., body

temperature, food intake, body mass) were subjected to a one-way
analysis of variance (ANOVA) with treatment (LPS or saline vehicle)
as a factor.

2.2. Experiment 2: effects of maternal immune activation on offspring
physiology and behavior

2.2.1. Offspring rearing and housing
In order to examine the effects of maternal immune activation on

development, immune function and behavior of the offspring, young
from the low dose and control treatments (i.e., Experiment 2B only;
experiment in which the offspring survived to parturition) were reared
to adulthood. Environmental conditions were maintained as described
above. Weekly litter mass measurements were taken until weaning at
21 days of age. Upon weaning, animals were housed with no more
than 2 same sex siblings, and the total mass of all animals in a cage
was recorded weekly. Hamsters were tested for their responses to a
social interaction and immune challenge in adulthood.

2.2.2. Hormone assays
Total serum cortisol concentrations were measured to assess stress

reactivity of the offspring. Serum cortisol was measured at two time
points: one week prior to resident–intruder interaction and 30 min post
resident–intruder interaction. Although the resident–intruder model in-
troduces some variation to the stress response, it also presents amore bi-
ologically relevant stressor than other alternatives (i.e., confinement).
Cortisol is the predominant glucocorticoid produced in Siberian hamsters
at ~100× that of corticosterone [34]. Cortisol concentrations were deter-
mined with a commercially available enzyme immunoassay (EIA) kit
(Correlate-EIA™, Assay Designs, Ann Arbor, MI). Samples were diluted
1:20 with assay buffer and were run in duplicate for each sample. This
assay was previously validated for use with Siberian hamsters [70] and
is highly specific for cortisol. The cross-reactivity of corticosterone is
27.68% and other steroid hormones are b0.1%. The sensitivity of the
assay is 56.72 pg/ml. Intra-assay variability was 9.9%.

Serum testosterone was measured in male offspring samples at 3
time points: 1 week prior to resident–intruder interaction, 30 min
post resident–intruder interaction and recovery (10 days following
resident–intruder interaction). Testosterone concentrations were de-
termined with the EIA kit (Correlate-EIA™, Assay Designs, Ann Arbor,
MI). This assay was previously validated for use with Siberian hamsters
[35] and is highly specific for testosterone. The cross-reactivity of the
assay for 19-hydroxytestosterone is 14.64%, androstendione is 7.20%,
dehydroepiandrosterone is 0.72%, and estradiol is 0.40%, all other ste-
roid hormones are b0.001%. The inter-assay variability was 3.96%.

2.2.3. Resident–intruder aggression test
At 15 weeks of age (i.e., young adulthood), the male and female

offspring from low LPS dose and control dams were observed in a res-
ident–intruder interaction with a single same-sex hamster. Individ-
uals were placed in the cages of individually housed aggressive
resident (i.e., territorial) hamsters for 5 min. Sessions occurred with-
in the first 2 h of the dark phase of the light:dark cycle under red light
(see below). All interactions were observed in order to determine
whether resident aggressors attacked the experimental animals and
if the experimental animals displayed any submissive behaviors. All
experimental trials were performed under low illumination (25 W),
red light conditions, which allowed for sufficient light during video
recording and observations without disturbing the behavior of the
hamsters. To identify the experimental offspring from the residents,
small patches of fur were shaved on the dorsal surface. Behavioral in-
teractionswere scored using ODlog™ software (Macropod) by a trained
observer blind to maternal treatment. The numbers of attacks (a lunge
with body contact) andbites (mouth contact) by the resident and defen-
sive behaviors (i.e., fleeing and on-back submissive posture) by the ex-
perimental animal were characterized.

2.2.4. Immunizations and enzyme-linked immunosorbent assays
Immune responses of the offspring were assessed by measuring

specific antibody production and the ability of blood serum compo-
nents (e.g., complement proteins) to kill Escherichia coli. A blood sam-
ple was collected (as described in Experiment 1) one week prior to
the start of all social interaction trials in order to assess baseline circu-
lating cortisol and bacterial killing ability. Thirty minutes following
the social interaction, a post-stress blood sample was taken. Next,
all hamsters received a single subcutaneous injection of keyhole lim-
pet hemocyanin (KLH; Calbiochem, San Diego, CA), 100 μg KLH in
0.1 ml saline. KLH is an innocuous respiratory protein derived from
the giant keyhole limpet (Megathura crenulata). KLH was used be-
cause it generates a robust antigenic response in rodents, but does
not make the animals sick (e.g., inflammation or fever) [36]. Blood
samples were drawn on Day 10 post-immunization as described
above for anti-KLH IgG levels, the most abundant antibody produced.
Serum aliquots were stored at −80 °C until assayed for anti-KLH IgG
levels.

Serum anti-KLH antibody concentrations were assayed using an
enzyme-linked immunosorbent assay (ELISA). For measurement of
IgG concentrations microtiter plates were coated with antigen by in-
cubating overnight at 4 °C with 0.5 mg/ml KLH in sodium bicarbonate
buffer (pH 9.6) [37]. Plates were washed with phosphate buffered sa-
line (PBS) (pH 7.4) containing 0.05% Tween 20 (PBS-T) at pH 7.4,
then blockedwith 5%non-fat drymilk in PBS overnight at 4 °C to reduce
non-specific binding, and washed again with PBS-T. Thawed serum
samples were diluted 1:20 with PBS-T, and 150 μl of each serum dilu-
tion was added in duplicate to the wells of the antigen-coated plates.
Positive control samples (pooled sera from hamsters previously deter-
mined to have high levels of anti-KLH antibody, similarly diluted with
PBS-T) were added in duplicate. Plates were sealed, incubated at 37 °C
for 3 h, and then washed with PBS-T. Secondary antibody (alkaline
phosphatase-conjugated-anti hamster IgG diluted 1:500 with PBS-T
(Rockland, Gilbertsville, PA)) was added to the wells, and the plates
were sealed and incubated for 1 h at 37 °C. Plates were then washed
again with PBS-T and 150 μl of the enzyme substrate p-nitro-phenyl
phosphate (Sigma, St Louis, MO; 0.1 mg/ml in diethanolamine sub-
strate buffer) was added to each well. Plates were protected from
light during the enzyme–substrate reaction. The optical density (OD)
of each well was determined using a plate reader (Bio-Rad, Benchmark
Richmond, CA) equipped with a 405 nm wavelength filter, and the
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mean OD for each sample was expressed as a ratio of its plate positive
control OD for statistical analysis.

2.2.5. Bacterial killing assay
As a functional assessment of an animal's ability to clear a bacterial

infection, we utilized an ex vivo bacterial killing assay, based on a
modification [38] of a previously published protocol [39]. This assay
quantifies the relative number of E. coli colony forming units (CFU)
that grow after incubation with serum. Differences in CFU presum-
ably represent differences in serum proteins. Briefly, E. coli (ATCC
#8739, Microbiologics, St. Cloud, MN) (1 pellet = 107 CFU) was
added to 40 ml 1 M sterile PBS warmed to 35–37 °C and vortexed
to create a bacterial stock solution, which was activated by incubation
for 30 min at 37 °C. Serum samples were diluted 1:40 in glutamine
enriched CO2-independent media (Invitrogen Corp., Carlsbad, CA).
This dilution was validated for serum with a dose response curve
prior to the experiment. The stock bacteria solution (500,000 CFU/ml)
was diluted with sterile 1 M PBS to create a 50,000 CFU/ml working so-
lution. To obtain estimates of bacterial numbers (i.e., positive control),
the working solution was diluted 1:10 with glutamine enriched CO2-
independent media. For each sample, the working solution was added
at a 1:10 ratio to the diluted serum sample. The bacteria/serum cocktails
were incubated for 30 min at 37 °C. All samples were vortexed
and 50 μl was added to petri plates in duplicate and spread with a
flame-sterilized spreader. All plates were stored upside down overnight
at 37 °C. Following incubation, bacteria colonies were counted on each
plate, and duplicates were averaged. The mean value for each sample
was expressed as a percent of bacteria killed relative to the control
plates in which no killing occurred.

2.2.6. Statistical analyses
Offspring measures were analyzed using a nested design

(i.e., litters nested within treatment = litters [treatment]), and were
subjected to one-way ANOVAs for treatment [40]. An initial ANOVA re-
vealed sex differences and so for all analyses the sexes were analyzed
separately. If significant differences were found, a Tukey's Honestly
Significant Differences (HSD) test was performed for pair-wise compar-
isons. Repeatedmeasureswere used to analyze data collected over time
(i.e., body temperature, body mass, food intake, cortisol). If a significant
main effect was found, a univariate Greenhouse–Geisser test was
conducted. Bacterial killing and IgG data did not meet assumptions of
normality and were arcsine transformed (appropriate for proportional
data). Behavioral and hormonal data were log transformed if they
did not meet the assumptions of normality. A difference at the level of
p b 0.05 was considered statistically significant. All analyses were
performed using JMP version 7.0.1 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Experiment 1A and B: maternal immune activation

Prior to LPS treatment in both Experiment A high dose and Experi-
ment B low dose groups, body temperature (high: t = −0.61,
p N 0.05; low: t = 1.16, p N 0.05), food intake (high: F1, 22 = 0.215,
p N 0.05; low: F1, 43 b 0.001, p N 0.05) and body mass (high: F1, 22 =
0.194, p N 0.05; low: F1, 43 = 0.008, p N 0.05) did not differ compared
with their respective controls. In response to treatment, however, the
LPS-treated pregnant females displayed a significant hypothermic re-
sponse (Fig. 1A). The mean body temperature of the high LPS dose
group dropped 5 °C at 24 h post-injection (Time × Treatment, F1,22 =
4.87, p b 0.05). The low dose and control groups did not significantly
vary following the injections over time (within subjects, F2.4, 102.5 =
1.22, p = 0.30), and the low dose group was significantly lower overall
than the control group (between subjects, F1,42 = 6.66, p = 0.01;
Fig. 1B). Activation of the immune response by LPS induced a host of sick-
ness behaviors, including anorexia. Specifically, food intake was reduced
significantly in the high dose group (F1, 19 = 104.8, p b 0.0001) and
lowdose group (F1, 42 = 24.89p b 0.001) for twodays (Fig. 2A, B), before
returning to normal control levels. Additionally, body mass was signifi-
cantly reduced in high dose females following treatment (Time ×
Treatment: F1.428, 27.13 = 42.02 p b 0.0001) and low dose females
(F1,42 = 3.98, p = 0.05; Fig. 2C, D). Pregnancy success was noted as the
birth of at least one live pup. The number of successful birthswas reduced
by treatmentwith LPS (Table 1, Fig. 3), and analysis of the low dose group
reveals that the initial pup number (LPS = 5.58 ± 0.54; control =
6.8 ± 0.39; t = 1.82, p = 0.04; Table 1) and mass (LPS = 9.23 ±0.88;
control = 11.21 ± 0.69; t = 1.78, p = 0.04; Table 1) of the successful
litters were reduced in pups from LPS treated dams.

3.2. Experiment 2: effects on offspring development and behavior

3.2.1. Endocrine responses
With respect to endocrine disturbances, sexes were analyzed

separately because hormone levels are known to vary by sex. Pre-
behavioral interaction cortisol concentrations, although not significant-
ly affected by maternal treatment, trended towards being different in
both sexes, although in opposite directions (female FTreatment 1,46 =
2.83, p = 0.10, FLitter[Treatment] = 1.13, p = 0.38; male FTreatment 1,50 =
2.42, p = 0.13, FLitter[Treatment] = 1.53, p = 0.14; Table 2). Post-
behavioral cortisol concentrations, however, were significantly elevated
in the male offspring of LPS-treated dams relative to offspring of vehicle-
treated dams (FTreatment 1,50 = 17.22, p b 0.01, FLitter[Treatment] = 1.69,
p = 0.09; Table 2), but not in female offspring (FTreatment 1,46 = 0.26,
p = 0.61, FLitter[Treatment] = 1.41, p = 0.21; Table 2). Additionally,
the cortisol response (i.e., change in cortisol from pre to post-behavior
levels) was significantly greater in female offspring from
LPS-treated dams relative to female offspring from control dams
(FTreatment 1,46 = 6.18, p = 0.02, FLitter[Treatment] = 1.02, p = 0.48;
Fig. 4). The same effect was seen in male offspring (FTreatment 1,50 =
4.54, p = 0.04; Fig. 4), butmales also varied among litters within treat-
ment (FLitter[Treatment] = 2.02, p = 0.04), suggesting that both treat-
ment and litter are important for development of the stress response.
Male testosterone levels were not affected by maternal LPS treatment
(FTreatment 1,50 = 0.29, p = 0.59, FLitter[Treatment] = 1.89, p = 0.06;
Table 2), but a greater change in testosterone from pre to post encoun-
ter (i.e., stress levels) correlated positively with fleeing (F1,50 = 7.99,
p b 0.01) and frequency of submissive behaviors (F1,50 = 4.44, p =
0.04), and no other behaviors (p is above 0.42 in all cases).

3.2.2. Growth and behavioral responses
We measured growth rate (change in body mass over time) and

tested male and female social behavior of the offspring of the low
dose group and respective controls at 15 weeks of age, using the
resident–intruder paradigm (see below). Initial growth rate of offspring
did not differ by maternal treatment (F1,25 = 0.39, p N 0.05). For be-
havioral trials no more than two randomly chosen offspring of each
sex were used from a single litter. There was no significant direct effect
of maternal LPS treatment or litter [treatment], however, on any of the
pup behaviors of either sex (p is above 0.11 in all cases). Specifically, in
male offspring therewas a positive relationship between baseline corti-
sol (which tended to be higher in males from LPS treated dams, see
below) and defensive behavior (F1,50 = 7.78, p b 0.01). The opposite
relationship was present in females where pre-behavior cortisol
(which tended to be lower in offspring from LPS treated dams) correlat-
ed negativelywith defensive behavior (F1,46 = 3.51, p = 0.06; Fig. 5A),
suggesting that LPS-treated offspring of both sexes engaged inmore de-
fensive behaviors. In males, stress cortisol levels positively correlated
with frequency of bites (F1,50 = 3.59, p = 0.06; Fig. 5B), and inversely
to grooming behaviors (F1,50 = 3.89, p = 0.05). Similar effects were
not seen in female offspring (p is above 0.28 in all cases). There was
no relationship with hormones affected by maternal treatment on



Fig. 1. Maternal body temperature during LPS response. Body temperature (°C) in pregnant females over the time (h) following LPS injection from 2 separate studies in: A) high dose
(upper panel) and B) low dose (lower panel) dams. Open circles represent LPS-treated females and closed circles represent vehicle-treated females. Asterisks denote statistically significant
time points (α = 0.05).
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other social behaviors (i.e., escape and attack) during the offspring in-
teraction (p is above 0.09 in all cases).

3.2.3. Immune function
We tested the response to a novel antigen by measuring anti-KLH

IgG antibodies ten days following inoculation. We found no difference
in the antibodies produced in the offspring of control and low dose
dams (female FTreatment 1,46 = 0.09, p = 0.77, FLitter[Treatment] = 1.11,
p = 0.40; male FTreatment 1,50 = 0.33, p = 0.57, FLitter[Treatment] = 1.37,
p = 0.22; Table 2). In addition, we examined bacterial killing ability
in the offspring, a functional measure of immunity. In female offspring,
bacterial killing varied significantly by treatment (FTreatment 1,46 = 19.78,
p b 0.01; Fig. 6) and among litters within treatment (FLitter[Treatment] =
21.75, p b 0.01). In male offspring there was no difference in bacterial
killing ability according to treatment (FTreatment 1,49 = 2.64, p = 0.12;
Fig. 6) but it did vary among litters within treatment (FLitter[Treatment] =
25.72, p b 0.01) and was inversely related to baseline male testosterone
levels (F1,49 = 5.34, p = 0.03).

4. Discussion

Overall, the current study demonstrates that maternal immune
activation with LPS results in significant gestational effects including
1) reduced pregnancy success, 2) reduced litter size and mass and
3) endocrine abnormalities in adult offspring that are correlated
with certain behaviors including defensive behavior and dominant/
subordinate relationships. Specifically, treatment with LPS reduced
pregnancy success in a dose-dependent manner, and those females
that were successful had smaller litters both in number of pups and
overall litter mass. Furthermore, offspring of LPS treated dams that
reproduced successfully showed altered cortisol levels which were
related to defensive behaviors in both sexes. Both cortisol levels and
cortisol responsiveness were affected by maternal immune activation
in both sexes; testosterone levels, however, remained unaffected.
Bacterial killing ability, a functional measure of innate immunity,
was also affected by maternal immune activation. Surprisingly,
there was no effect of maternal treatment on offspring growth or off-
spring humoral immunity. Furthermore, the LPS-induced immune ac-
tivation in pregnant females in this study is markedly different to that
of non-pregnant females [41] or males of the same species from pre-
vious studies [42,43], where pregnant females in the current study
experienced a hypothermic response to LPS as compared to the
more typically reported hyperthermia (i.e., fever).

4.1. Maternal effects

Activation of the immune response by LPS induced a suite of sick-
ness responses, including anorexia. Specifically, food intake was sig-
nificantly reduced in the high dose LPS group for two days and low
LPS group for one day, before returning to normal baseline levels.
Additionally, body mass was significantly reduced as a result of the
anorexic behavior in high dose LPS females following treatment.



Fig. 2. Food intake and body mass. Food intake in A) high dose (left upper panel) and B) low dose (right upper panel), and body mass in C) high dose (left lower panel) and D) low
dose (right lower panel) dams during pregnancy. Injections of LPS or vehicle occurred on Day 11. Asterisks denote statistically significant time points (α = 0.05).
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This response has been well documented in previous studies where
LPS induced a decrease in food intake, which resulted in a subsequent
decrease in body mass [44]. Further, in the current study, the effect
was dose-dependent, where increasing the LPS dose exacerbated
the anorexic response and resulted in weight loss of females.

While LPS typically causes a fever response in non-pregnant
animals, the LPS-treated pregnant hamsters displayed a hypothermic
response following treatment. The mean body temperature for the
high LPS groups dropped 5 °C at 24 h post-injection, whereas the
low group displayed an attenuated yet significant reduction in body
temperature of a half of a degree over the same time period. This
may be a function of LPS dose, as higher doses in Wistar rats are
known to induce hypothermic responses [45,46]. Alternatively, this
could also be a function of reproductive or energetic state. For exam-
ple, similar hypothermic responses were found in pregnant rats and
guinea pigs [47–49]. However, this response is markedly different
from the typical fever response found in males and non-pregnant fe-
males of this species using a comparable LPS dose, as well as other
mammalian species, including rats and mice [48]. The proximate
Table 1
Number of dams, proportion of successful pregnancies, average litter mass (g), and average
litter number per treatment group.

Treatment Number of
female

Proportion of successful
pregnancies

Litter
mass (g)

Number of
offspring

High LPS 12 8.3 9.8 5
Vehicle 12 66.7 10.06 ± 0.63 6.5 ± 0.38
Low LPS 26 46.1 9.23 ± 0.88 5.58 ± 0.54
Vehicle 19 78.9 11.21 ± 0.69 6.8 ± 0.39
cause of this hypothermic response remains unclear, however sever-
al studies in humans and rats reported elevated anti-inflammatory
cytokines (i.e., IL-1ra) during late pregnancy which could account for
suppressed fever responsiveness [48,50,51]. Fevers are induced bypros-
taglandin E2, and therefore reduction of the production of this prosta-
glandin during immune activation in late pregnancy may also induce
fever suppression [52]. At an ultimate level of analysis, reduced fever
is hypothesized to be a protective mechanism to shield the fetus from
adverse pyrogenic conditions (reviewed in: [24,53]), or potentially pre-
serve energy resources from costly febrile response for the developing
fetuses.
Fig. 3. Pregnancy success. LPS treatment decreased pregnancy success in both high and
low dose animals relative to vehicle-treated control animals.
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Table 2
Pre and post-behavioral interaction serum testosterone ng/ml (±SEM), serum cortisol ng/ml (±SEM), and immunoglobulin G antibody response in male and female offspring of
either vehicle (VEH) or lipopolysaccharide (LPS)-treated dams.

Sex Maternal
treatment

Number Pre-behavior
testosterone (ng/ml)

Post-behavior
testosterone (ng/ml)

Pre-behavior
cortisol (ng/ml)

Post-behavior
cortisol (ng/ml)

IgG

Male Vehicle 33 19.28 ± 2.37 22.48 ± 2.89 73.76 ± 4.48 69.73 ± 2.52 57.89 ± 4.13
LPS 21 17.31 ± 2.67 24.76 ± 4.76 80.01 ± 6.05 87.30 ± 5.37 65.77 ± 4.58

Female Vehicle 28 – – 99.95 ± 7.17 89.92 ± 6.21 59.17 ± 5.65
LPS 20 – – 83.03 ± 5.65 90.31 ± 6.85 58.00 ± 5.56
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Finally, the extreme drop in body temperature in the high dose
animals may be indicative of sepsis as shown by Romanovsky et al.
[45,46]. High levels of endotoxins such as LPS can induce septic
shock through inflammatory agents and lead to hypothermia, sick-
ness behaviors, miscarriage and even death. In rats, the LD50 for LPS
in rats was 5 mg/kg [54]. Our high dose of 0.7 mg/kg LPS was lower
than that in non-pregnant rats which induced sepsis but did not
cause significant mortality (1 mg/kg; [54]). Hamsters may be more
sensitive to LPS in general or specifically during pregnancy, when
energy costs are high.

The more pronounced effects of LPS-induced immune activation dur-
ing pregnancy in the current studywere the effects on pregnancy success
and litter size. First, the number of successful births was significantly re-
duced by treatment with the low dose of LPS (i.e., 78.9% vehicle, 46.1%
low dose successful pregnancies), and reduced even further with increas-
ing sickness severity (i.e., 66.7% vehicle, only 8.33% high dose successful
pregnancies). Other studies show similar effectswherematernal immune
activation, and not fetal exposure to LPS, induced miscarriage in BALB/c
mice [27] and LPS-hyporesponsive strain C3H/HeJ mice [26]. Further-
more, the above studies linked LPS-induced pro-inflammatory cytokines
(e.g., TNFα) and nitric oxide production to fetal death [26,27]. These fac-
torsmay play a role in the dose-dependent effect on pregnancy success in
the current study. Finally, low dose dams that reproduced showed re-
duced litter size in both the number of pups and total litter mass relative
to litters born of control dams. Therefore even those females that had suc-
cessful pregnancies (i.e., at least one live pup born) had impaired repro-
ductive output relative to control females.

4.2. Offspring effects

Significant endocrine changes related to behavior were observed
in the offspring of LPS-treated dams; and these effects were observed
even into adulthood. The present finding is particularly interesting
given that the LPS dose was relatively modest in terms of effects to
the mother, resulting in only a small change in food intake and
Fig. 4. Offspring cortisol. Magnitude of the change in cortisol concentrations in male
and female offspring of LPS and vehicle-treated dams before and after resident-
intruder aggression. These data represent surviving offspring from low dose
LPS-treated dams. Asterisks denote statistically significant differences (α = 0.05).
maternal body mass. Thus, even minor perturbations can alter litter
size, pregnancy success, and offspring phenotype. Because only one
litter from the high dose group of LPS treated dams survived to partu-
rition, all offspring studies were performed in litters from the low
dose LPS group, where there were sufficient litters for comparison.
However, changes induced by the low-dose of LPS in the gestational en-
vironment of pregnant females were sufficient to alter litter size and
offspring physiology and likely behavior. The potential mediators of
the observed effects include, but are not limited to, altered resource avail-
ability, cytokine profiles, glucocorticoid levels, or maternal care behavior
(reviewed in: [5,55]). Therefore, we measured offspring growth rate,
humoral and innate immune parameters, cortisol and testosterone levels,
and tested male and female behavior at 15 weeks of age (adulthood),
using the resident–intruder paradigm. Initial litter size (i.e., number of
pups and total littermass) did differ bymaternal treatment, however, ini-
tial bodymass and growth rate of offspring only differed according to sex
and not according to maternal treatment. While some previous studies
Fig. 5. Relationship between defensive and bite behavior and cortisol is sex dependent.
A) Correlation between frequency of defensive behavior and pre-behavior serum cortisol
in females, and B) correlation between frequency of bites and post-behavior serum cortisol
in males (α = 0.05).
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Fig. 6. Bacterial killing ability. Percent bacteria killed in male and female offspring of LPS
and vehicle-treated dams. These data represent surviving offspring from low dose
LPS-treated dams. Asterisks denote statistically significant differences (α = 0.05).
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found an effect of prenatal LPS exposure on offspring body size and
growth [56], others did not [57].

While we found no effect on offspring body size or growth rate in
the present study, we did find that maternal LPS treatment affected
endocrine characteristics which are related to behavior during adult-
hood. No significant effect of maternal immune activation on behavior
was observed (although several trends were noted), but behaviors
were significantly correlated with LPS-induced cortisol changes. The
fact that effects were not observed early in development, but instead
manifested later in life in endocrine abnormalities is highly significant.
One possiblemediator of the behavioral effects of LPS is potential differ-
ences inmaternal care that are due to differences in initial pup number.
The litter size from the LPS-treated dams was smaller, and these pups
may therefore have received more grooming, which is known to affect
HPA activity and adult behavior. Increasing evidence across taxa sug-
gests that prenatal exposure to stressors, such as LPS, has the potential
to result in behavioral abnormalities later in life (reviewed in: [6]).

We also found significant endocrine variations related to prenatal
LPS exposure. Post-behavior cortisol concentrations were altered in a
sex-dependent manner where cortisol was elevated in male offspring
of LPS-treated dams relative to male offspring of vehicle-treated
dams, but no difference was seen in female offspring. In both sexes,
pre-behavior cortisol was related to defensive behavior, suggesting
that it may play a regulatory role in the observed behavioral differ-
ences. However, the direction of the relationship between defensive
behavior and basal cortisol varied by sex so that it was positive in
males and negative in females. Post-encounter cortisol was also
positively correlated with bites during encounters in male offspring,
but a similar relationship was not present in females. Interestingly,
a similar paradigm exists in Syrian hamsters (Mesocricetus auratus),
whereby vasopressin, an important hormone for the expression of
many social behaviors, stimulates aggression in males but inhibits ag-
gression in females [58]. This pattern has also been found in other
small mammalian species [59]. Alternatively, the change in cortisol
from baseline to stress-induced levels was greater in LPS treated rel-
ative to control offspring of both sexes; however this effect in males
was also partially driven by litter suggesting that both LPS treatment
and litter are important for development of stress response. Similar
effects of neonatal LPS treatment on corticosterone were observed
in Wistar rats, and were shown to affect sex steroid hormones and re-
productive development into adulthood [60]. Although male off-
spring testosterone levels were not affected by maternal treatment,
they did correlate positively with both fleeing and frequency of sub-
missive behaviors.

Prenatal exposure to LPS resulted in similar elevations in basal
levels of an alternative glucocorticoid, corticosterone, and upstream
adrenal corticotropin-releasing hormone (CRH) in male Wistar rats
[57]. Neonatal rats exposed to LPS also showed elevated corticoste-
rone levels relative to control animals, but only in response to an
acute stressor [61]. One potential mechanism for this effect is that
LPS exposure could alter maternal care behaviors which are known
to influence offspring stress responses and behavior in other mam-
mals [55,62]. Regardless, these results suggest that deregulation of
the HPA axis may be at least partially responsible for the altered en-
docrine responses in offspring prenatally exposed to LPS, although
the specific mechanism is not known. Further, the opposite direction
of this association in males and females suggests that the deregula-
tion may be sex-dependent.

The observed cortisol-related behavioral response was not sur-
prising given that one of the primary physiological pathways modi-
fied by TLR4 activation via LPS is the HPA axis. Treatment with LPS
results in significant increases in the release of CRH, and in turn, re-
sults in elevated adrenal glucocorticoid release, a well-characterized
response [63]. Subsequently, glucocorticoids can exert a wide range
of behavioral and physiological effects. For example, elevations in glu-
cocorticoids may alter stress-related behaviors including anxiety, ag-
gression and depression [64]. Prolonged elevation of glucocorticoids
also suppresses various immune components, including inflammato-
ry cytokines [65]. In the present study, bacterial killing ability (a func-
tional innate immune response) was elevated in female but not male
offspring from dams that underwent immune activation during preg-
nancy. This provides some support for the transgenerational priming
of immunity hypothesis, in that a prenatal innate immune challenge
resulted in enhanced innate immunity, at least in female offspring.
The sex difference indicates altered signaling or reception of maternal
factors depending on offspring sex following the immune challenge,
which needs to be addressed in future studies. Surprisingly, we
found no effect of maternal immune activation on KLH antibody re-
sponse (humoral immunity). This suggests that an inflammatory
challenge in mid-pregnancy does not affect the developing humoral
immune system to the extent that effects are seen in adulthood. In
previous studies prenatal stressors have had mixed results on adult
humoral immunity. In rats, prenatal restraint stress resulted in an en-
hancement in offspring humoral immunity [66], but a conditioned
stress response in mice during pregnancy produced offspring with re-
duced humoral immune responses [67]. This supports that the type
and timing of a stressor affect the physiological response. Further,
there is increasing experimental support that prenatal exposure to
elevated maternal glucocorticoid levels can exert long-term devel-
opmental and behavioral alterations in offspring, including alterations
in gonadal steroids, immune function and stress responsiveness
[6,68].

4.3. Conclusions

Collectively, the results of these experiments provide evidence
that stimulation of maternal immunity during pregnancy can disrupt
pregnancy to the point of termination or manifest later in the adult
social life of the offspring. Thus, experimental sickness stimulated
by LPS is relatively short-term, but still capable of long-term pheno-
typic consequences for offspring, possibly through deregulation of
the HPA axis. However it is important to note that whether these ef-
fects are mediated during gestation (i.e., exposure to LPS or maternal
physiological changes) or post-gestation (i.e., maternal behavior) is
not yet known. Consequently, infections occurring during pregnancy
may result in immunological responses that could, if left unchecked
or exacerbated, result in long term developmental and behavioralmod-
ifications to offspring. For example, exposure to common periodontal
bacteria (Fusobacterium nucleatum) can cause premature delivery, still
births, and reduced offspring survival inmice [69]. Therefore, by charac-
terizing the long-term developmental and behavioral implications of
maternal immune activation, we can identify potential early indicators
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of behavioral syndromes as well as preventative maternal treatments
concordant with immune activation.

It is important to note that the temporal design of many of the
published studies varies greatly, which may account for disparate re-
sults. A study in C57BL6/J demonstrated that the timing of viral infec-
tion during pregnancy was an important determinant for the severity
of offspring effects [3]. Therefore future studies should address how
temporal differences in immune activation across pregnancy affect
offspring behavior. Moreover, it will be important to identify causative
agents mediating these behavioral changes (i.e., specific cytokines,
cortisol) to understand the proximate mechanisms underlying the resul-
tant behavioral abnormalities and subsequently employing pharmacolog-
ical agents that target specific physiological mechanisms. This may allow
for the eventual development of effective treatment strategies to attenu-
ate behavioral abnormalities caused by maternal immune activation.
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