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ABSTRACT

Maternal influences are an important contributing factor to offspring survival, development, and
behavior. Common environmental pathogens can induce maternal immune responses and affect
subsequent development of offspring. There are likely sensitive periods during pregnancy when
animals are particularly vulnerable to environmental disruption. Here we characterize the effects
of maternal immunization across pregnancy and postpartum on offspring physiology and behavior in Siberian hamsters (Phodopus sungorus). Hamsters were injected with the antigen keyhole
limpet hemocyanin (KLH) (1) prior to pairing with a male (premating), (2) at separation (postmating), (3) at midpregnancy, or (4) after birth (lactation). Maternal food intake, body mass, and
immunity were monitored throughout gestation, and litters were measured weekly for growth
until adulthood when social behavior, hormone concentrations, and immune responses were determined. We found that immunizations altered maternal immunity throughout pregnancy and
lactation. The effects of maternal treatment differed between male and female offspring. Aggressive behavior was enhanced in offspring of both sexes born to mothers treated postmating and
thus early in pregnancy relative to other stages. In contrast, maternal treatment and maternal
stage differentially affected innate immunity in males and females. Offspring cortisol, however,
was unaffected by maternal treatment. Collectively, these data demonstrate that maternal immunization affects offspring physiology and behavior in a time-dependent and sex-specific manner.
More broadly, these findings contribute to our understanding of the effects of maternal immune
activation, whether it be from environmental exposure or immunization, on immunological and
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INTRODUCTION
Nongenetic, environmental influences contribute to offspring
phenotype, including behavior and physiology (Crews, 2010).
While the role of environmental factors has been traditionally
underappreciated, recent studies have highlighted the importance of parental effects on an organism’s phenotype (Dolinoy
et al., 2007; Kappeler and Meaney, 2010). In particular, maternal influences, such as energy and nutrient availability, oxygen
levels, and hormone concentrations, are important contributing factors to offspring survival, development, and behavior
(reviewed in Mousseau and Fox, ’98; Holekamp and Dloniak,
2009).
Pregnancy and lactation represent developmental periods
characterized by prolonged physical association between mother
and offspring. One current hypothesis posits that during normal
reproduction, an activated maternal innate immune response is
adaptive and necessary for successful pregnancy (Schminkey
and Groer, 2014). A wide variety of environmental factors (e.g.,
stress, nutrition, toxin exposure) can alter the prenatal environment and consequentially contribute to offspring development.
For example, maternally derived antibodies are produced in response to pathogens and can be transferred across the placenta
and in the mother’s milk, providing a transgenerational defense.
Because neonates have limited ability to synthesize antibodies,
maternal antibodies have the capacity to protect the offspring
from pathogens as well as program the developing immune system (Grindstaff et al., 2006). While the role of the maternal immune system in offspring development is not well understood,
maternal inflammation can induce altered stress responses, anxiety, and social behaviors such as reduced activity and decreased
aggression in mouse offspring (Hava et al., 2006). In humans,
maternal immune activation may contribute to several psychiatric conditions including autism and schizophrenia (Patterson, 2002; Patterson, 2009; Bilbo and Schwarz, 2009; Boksa,
2010). For example, influenza infection, particularly in the second trimester, significantly increases the risk of schizophrenia
(Boksa, 2010).
Accumulating evidence suggests that neonatal or early-life
exposure to elevated cytokines (e.g., in response to lipopolysaccharide (LPS) or polyinosinic:polycytidylic acid (poly I:C)) can
result in prolonged neural and behavioral abnormalities (reviewed in Bilbo and Schwarz, 2009). Furthermore, emerging
evidence suggests that elevated cytokine concentrations during pregnancy can cause marked changes in fetal brain development and therefore likely contribute to downstream changes
in offspring behavior (Patterson, 2002; Patterson et al., 2009).
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Therefore, common environmental pathogens such as viral or
bacterial organisms that induce maternal inflammatory responses have the potential to alter the embryonic/fetal environment via multiple pathways (Welberg and Seckl, 2001; Smith
et al., 2007; Mouihate et al., 2008). It is also apparent that inflammatory responses in pregnancy can have direct implications
for behavior and learning (Grindstaff et al., 2012) and regulation of the hypothalamo–pituitary–adrenal (HPA) axis responses
to stress (Hava et al., 2006) and immune system (Lemke and
Lange, ’99; Clark et al., 2004; Patterson et al., 2009; French
et al., 2013a; Onore et al., 2014). It should be noted that maternal immune activation is not necessarily negative for developing
offspring or maternal fitness. Evidence suggests immune activation during pregnancy could prime offspring immune system
for its external environment allowing for a better phenotypeenvironment match, i.e., the transgenerational priming of
immunity hypothesis (Eggert et al., 2014; Shikano et al., 2015).
Whereas LPS treatment and associated sickness responses (i.e.,
fever, cytokine release) provide important models with which
to examine developmental responses to severe bacterial infection, not all maternal immune insults result in overt sickness,
nor is it known whether certain stages of development are more
sensitive than others. Less severe infections are probably more
common in nature, but may go unnoticed despite immune system activation. Little is known, however, of the effects of these
subtler challenges on offspring physiology and behavior. To address this question, we used a relatively innocuous antigen, keyhole limpet hemocyanin (KLH), derived from the giant keyhole
limpet (Megathura crenulata). In contrast to LPS, KLH generates
an antibody response without eliciting changes in the HPA axis,
a critical part of a stress response, and without making the animals sick (e.g., inflammation, anorexia, lethargy, or fever) (Dixon
et al., ’66). Therefore, KLH can be used to evaluate the effects of
immune activation during pregnancy without a potential confound of elevated cortisol or proinflammatory cytokine levels or
altered nutrient intake and energy expenditure. KLH does, however, affect TH –mediated anti-inflammatory cytokine production
as well as B and T cell populations. Specifically, KLH stimulates
B cell proliferation and the generation of antibodies through a
TH 2 response and associated cytokines (e.g., interleukins [IL]5 and IL-10). These cytokines, as well as associated antibodies,
potentially cross through the placenta and affect the brain and
immune system development of the offspring (Lemke and Lange,
’99).
Variation in the effects of maternal immune activation could
be due to differences in physiology as pregnancy progresses,
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such as changes in placental buffering capabilities throughout
gestation, which temporally vary embryo/fetal susceptibility to
maternal influences (Meyer et al., 2006). Characterizing the effects of maternal immune activation across multiple time points
is critical to understanding the contributions of the developmental changes that occur throughout pregnancy and lactation. To
test this, we immunized animals at different times during pregnancy: pre- and postmating, when energy investment in current
reproductive effort is relatively low, and midpregnancy and early
lactation, when energy investment is typically very high. We
examined the social behavior, hormone concentrations, and immune function of offspring into adulthood, shortly after reaching sexual maturity. Measures of both the innate and acquired
arms of the immune system are of particular importance because
altered investment in the development of the immune system due
to immunization may result in altered functioning of one or both
arms later in life. Immune activation in the perinatal period may
alter adult immune function and HPA activity, particularly in
the midgestation period when the nervous and immune systems
are developing (Pearce, 2001). Early lactation may be a particularly important time, because rodents undergo substantial brain
development similar to the human third trimester during this period (Dobbing and Sands, ’79). Regardless, continued exposure
to pathogens is commonplace in the natural environment, and
any resulting effects on offspring physiology and behavior could
not only impact maternal fitness but have the potential to lead
to persistent transgenerational effects as well.

MATERIALS AND METHODS
Animals and Housing
Ninety-three adult (between 5 and 6 months of age) nulliparous
female Siberian hamsters (Phodopus sungorus) were obtained
from the breeding colony maintained at Indiana University. An
additional 25 females (from the same in-house breeding colony
and were even dispersed throughout cohorts) were later added
to the study for a total of 118 females. All animals were initially group housed (2-4 per cage with same-sex siblings upon
weaning at 21 days of age). Seven days before the start of the
experiment, animals were housed individually in polypropylene
cages (28 × 17 × 12 cm) in an experimental room with a 16:8
(light:dark) hour photoperiod. Temperature was maintained at
20 ± 2°C, and relative humidity was 50 ± 10%. All animals were
given ad libitum access to food (Purina rodent chow, St. Louis,
Missouri, USA) and water throughout the study. All animals were
treated in accordance with the Bloomington Institutional Animal
Care and Use Committee (BIACUC).
Experimental Methods
Maternal Treatments. All females in the study were initially
paired with a male for 3 days to allow for mating to occur.
Of all animals in the study, 76 became pregnant (control = 34,
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KLH = 42) whereas 42 did not (control = 15, KLH = 27). In order
to examine the effects of maternal immune response at different
stages of pregnancy and early lactation on offspring physiology and behavior, female hamsters were randomly assigned to
one of four treatment schedules: (1) injection one day prior to
mate pairing (control = 8, KLH = 13), (2) early pregnancy –
1 day following unpairing mates (control = 7, KLH = 10), (3)
midpregnancy (control = 9, KLH = 10), and (4) early lactation
(control = 10, KLH = 9). Hamsters in each treatment schedule received either an injection of KLH (2.86 mg/kg; Calbiochem, San
Diego, California, USA) or a sham injection with the saline vehicle (control). The nonpregnant hamsters were included as timepoint controls and thus treated identically to pregnant hamsters
in ways.
Maternal Food, Mass. and Litter Size. Maternal food intake
was monitored daily and body mass every 3 days throughout
the study except for the 4 days while the female was paired with
the male to avoid additional stress. Initial litter mass and size
was taken on the day of birth, and growth of the litters was
assessed with weekly litter mass measurements.
Maternal Immunity and Cortisol. The magnitude of the immune response following KLH injection in the mothers was assessed by measuring antibody production and the ability of
blood serum components (e.g., complement proteins) to kill E.
coli. Blood samples were collected from the mothers on Day 5
and Day 10 following the KLH injection. These time points reflect the peak levels of serum immunoglobulin M (IgM) and immunoglobulin G (IgG), respectively (Zysling et al., 2009). Additionally, samples were analyzed for bacterial killing ability,
which is an assessment of innate immunity, and may be affected
by immune activation and stage of pregnancy. Serum aliquots
were stored at –80°C until assayed for bacteria killing ability,
peak anti-KLH IgM and IgG levels, and cortisol.
Offspring. One female and one male offspring were randomly
chosen from each mother’s litter for adult offspring physiology
and behavior analyses. After weaning (at 21 days), offspring
were housed with same-sex siblings under standard housing protocol until 3 months old. At 13 weeks of age, a blood sample was
collected 1 week prior to the start of all social interaction trials in
order to assess baseline circulating cortisol and bacterial killing
ability. Following social interaction, all hamsters received a single subcutaneous injection of KLH. Blood samples were drawn
on Days 5 and 10 post-KLH immunization as described above.
Serum aliquots were stored at -80°C until assayed for peak antiKLH IgM and IgG levels and bacterial killing abilities (see the
Maternal Immunity section).
Cortisol Enzyme Immunoassay
Serum cortisol was measured in the mothers at Day 5 postKLH injection and in the offspring baseline sample. Cortisol is
J. Exp. Zool.
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the predominant glucocorticoid produced in Siberian hamsters
at 100× that of corticosterone (Reburn and Wynne-Edwards,
’99). Cortisol concentrations were determined with a commercially available enzyme immunoassay (EIA) kit (Correlate-EIAۛ,
Assay Designs, Ann Arbor, Michigan. USA). This assay was previously validated for use with Siberian hamsters (Demas et al.,
2004) and is highly specific for cortisol. The cross-reactivity of
corticosterone is 27.7% and other steroid hormones are < 0.1%.
The sensitivity of the assay is 56.72 pg/mL. Intra-assay and
inter-assay coefficients of variation were less than 10.0%.
Immunoglobulin Enzyme-Linked Immunosorbent Assay
To assess humoral immunity, serum anti-KLH antibody concentrations were assayed using an enzyme-linked immunosorbant assay (ELISA) (Demas et al., 2003). Briefly microtiter plates
were coated with antigen by incubating overnight at 4°C with
0.5 mg/mL KLH in sodium bicarbonate buffer (pH 9.6). Plates
were washed with phosphate buffered saline (PBS) (pH 7.4) containing 0.05% Tween 20 (PBS-T) at pH 7.4, then blocked with 5%
nonfat dry milk in PBS overnight at 4°C to reduce nonspecific
binding, and washed again with PBS-T. Thawed serum samples
were diluted 1:20 with PBS-T, and 150 μL of each serum dilution
was added in duplicate to the wells of the antigen-coated plates.
Positive control samples (pooled sera from hamsters previously
determined 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 hr, and then washed with PBS-T. Secondary antibody (alkaline phosphatase-conjugated-anti hamster
IgG or IgM diluted 1:500 with PBS-T; Rockland, Gilbertsville,
Pennsylvania, USA) 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-nitrophenyl phosphate (Sigma, St Louis, Missouri, USA; 0.1 mg/mL in
diethanolamine substrate 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, California, USA)
equipped with a 405-nm wavelength filter, and the mean OD for
each sample was expressed as a ratio of its plate positive control
OD for statistical analysis. The intraassay coefficients of variation for IgG and IgM were less than 6.8% and 7.3%, respectively.
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 (BKA), based on a published protocol (Matson et al., 2006)
that was modified by French et al. (2009). This assay quantifies the relative number of E. coli colony-forming units (CFU)
that grow after incubation with serum. Differences in CFU presumably represent differences in serum proteins. Briefly, E. coli
(ATCC #8739; Microbiologics, St. Cloud, Minnesota, USA) (1 pellet = 107 CFU) was added to 40 mL 1 M sterile PBS warmed to
J. Exp. Zool.
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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 stored at –80°C following collection and were stored for
no longer than 4 weeks before running the assay. Serum samples were diluted 1:40 in glutamine-enriched CO2 -independent
media (Invitrogen Corp., Carlsbad, California, USA). 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
solution. To obtain estimates of bacterial numbers (i.e., positive
control), the working solution was diluted 1:10 with glutamineenriched 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 percentage of bacteria killed relative to the
control plates in which no killing occurred. The coefficient of
variation for the bacterial killing assay was 9.1%.
Offspring Social Behavior. At 14 weeks of age (i.e., young
adulthood), male and female offspring (same individuals as
above) were observed in a dyadic social interaction with a single same-sex hamster. Individuals were placed in the cages of
individually housed dominant, aggressive resident hamsters for
5 min (modified from Scotti et al., (2007)). Sessions occurred
within the first 2 hr of the dark phase of the light:dark cycle.
All interactions were observed in order to determine whether
resident aggressors attacked the experimental animals in the
defeat group. Furthermore, we determined whether 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 interactions were scored using ODlogۛ software (Macropod Software) by a trained observer blind to treatment. The numbers of attacks by the resident and defensive behaviors (i.e., escape and on back submissive posture) were quantified via scoring the number of occurrences and the duration of submissive behavior (i.e., only
behavior that was sustained for a recordable length of time,
<1–2 sec). We utilized this design so that we could more directly compare with a similar maternal effects study using a
different mitogen LPS. This social defeat protocol allows us
to evaluate reactions to an ecologically and behaviorally relevant social stressor, as might occur during competition for food,
mates, or territory. Defeat is immunomodulatory, and we are
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interested in the repercussions of different developmental backgrounds on this effect.
Statistical Analyses
All data were analyzed with JMP.IN (v.8.0.1, SAS Institute Inc.,
Cary, North Carolina, USA). All data were checked for normality and homogeneity of variance prior to analyses. Cortisol values were log transformed to meet assumptions of normality for
both mothers and offspring. Differences among all dependent
measures were determined using analyses of variance (ANOVA)
analyzing treatment (saline or KLH) × stage (pre, post, mid, lactation) × pregnancy (yes or no). Tukey’s honestly significant difference post hoc comparisons were conducted when significant
interactions were present. Changes in body mass and food intake
were compared using repeated measures ANOVA. Because control animals did not receive KLH, anti-KLH IgM (measured 5 days
following challenge) was determined using Kruskal–Wallis tests
for nonparametric data between different stages and pregnancy,
and anti-KLH IgG (measured both 5 and 10 days following KLH
challenge) was determined using a repeated measures ANOVA including stage and pregnancy in the model. Within-subject comparisons violated assumptions of sphericity, and were therefore
Greenhouse–Geisser corrected.
Two offspring from every litter, one male and one female, were
included in analyses to avoid issues of nonindependence. For
offspring analyses, we built a generalized liner model including
sex, maternal treatment, and maternal treatment stage, and all
interactions on all offspring-dependent physiological variables.
Tukey’s honest significant difference post hoc comparisons were
conducted when significant interactions were present. Offspring
behavior could not be transformed to achieve normality and so a
Kruskal–Wallis test was run testing effects of maternal treatment,
maternal group, and sex on each behavior with corrections for
multiple comparisons. In all cases, differences between group
means were considered statistically significant if P  0.05 unless
otherwise noted.

RESULTS
Maternal Measures
Food Intake and Body Mass. Food intake was analyzed in
two periods: (1) from unpairing the female (Day 4) to prior to
birth (Day 17) and (2) from birth until weaning (Day 29). Repeated measures ANOVAs for animals from Day 4–17 (pregnancy) revealed that during this time there was a significant
interaction of time × pregnancy (Ftime × preg = 8.27; degrees
of freedom (df) = 6.1, 646.8; P < 0.001; Greenhouse–Geisser
(GG) corrected), of time × treatment (Ftime × treat = 3.72; df =
6.1, 646.8; P < 0.001; GG corrected), and of time × stage
(Ftime × stage = 1.65; df = 18.3, 646.8; P = 0.004; GG corrected),
and food intake increased over time (Ftime = 50.77; df = 6.1,
646.8; P < 0.001; GG corrected). Not surprisingly, pregnancy had

Figure 1. Maternal food intake (A) and body mass (B) starting
with day of pairing with a male. Food intake and body mass of
pregnant (KLH n = 42; vehicle n = 34) and not pregnant (KLH n =
27; vehicle n = 15) females either treated with KLH or saline over
the course of the experiment (A). There was no overall effect of
timing of KLH challenge so groups represent animals challenged at
different times lumped together. Pregnancy significant impacted
food intake, such that pregnant females ate more than females
that did not get pregnant (Fpreg = 12.75; df = 1, 106; P < 0.001)
(B). Treatment with KLH did impact body mass where KLH-treated
females weighed significantly more than vehicle-treated control
females (Ftreat = 6.55; df = 1, 85; P = 0.012) (B).

a significant effect on food intake (Fpreg = 12.75; df = 1, 106;
P < 0.001; Fig. 1A), but not treatment (Ftreat = 0.24; df = 1, 106;
P = 0.629), or stage at treatment (Fstage = 0.34; df = 3, 106;
P = 0.794). Likewise, during lactation (after birth) all interactions were significant (all F > 2.14; P < 0.002; GG corrected),
J. Exp. Zool.
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except for interaction between time × treatment (Ftime × treat =
1.92; df = 6.8, 682.8; P = 0.066). Animals that were rearing
pups ate more (Fpreg = 212.6; df = 1, 100; P < 0.001; Fig. 1A)
and intake increased over time as pups grew (Ftime = 78.17; df =
6.8, 682.8; P < 0.001; GG corrected). There was no overall effect
of treatment (Ftreat = 0.06; df = 1, 100; P = 0.811) or stage at
treatment (Fstage = 0.18; df = 3, 100; P = 0.913).
There was a significant time × pregnancy effect on body mass,
and this is likely primarily driven by pregnant animals gaining body mass over time (Ftime × preg = 28.36; df = 2.3, 192.8;
P < 0.001; GG corrected). Stage at treatment, interactions time
× treatment, and time × stage were not significant (all F <
1.44, all P > 0.237; GG corrected). There was also a significant effect of treatment on body mass (Ftreat = 6.55; df = 1, 85;
P = 0.012; Fig. 1B) where KLH animals were heavier. There was
also a significant effect of time on body mass (Ftime = 26.02; df =
2.3, 192.8; P < 0.001; GG corrected), such that animals gained
body mass over time (likely driven by pregnant females). These
results indicate that stage at immune challenge affects food intake and that treatment with KLH affects weight gain during
pregnancy.
Serum Cortisol Concentrations. Serum cortisol was measured
in samples collected 5 days after KLH injection. Concentrations
in mothers differed by stage (Fstage = 105.16; df = 3, 48; P <
0.001; Fig. 2A). Animals that were injected at midpregnancy
were bled just before parturition, when cortisol levels naturally rise, and these animals had the highest cortisol. However,
there were no differences according to stage × treatment, treatment, pregnancy, or (Fstage × treat = 0.423; df = 3, 40; P = 0.738,
Ftreat = 1.26; df = 1, 40; P = 0.268, and Fpreg = 2.12; df = 1,
40; P = 0.153, respectively).
Bacterial Killing Ability. Maternal treatment had a significant
effect on bacterial killing ability at 5 days after KLH injection
(Ftreat = 47.894; df = 1, 99; P < 0.001; Fig. 2B). KLH-treated
animals had significantly reduced bacterial killing ability than
saline control females (Fig. 2B). The effect of maternal stage was
approaching significance (Fstage = 2.61; df = 3, 99; P = 0.055),
with bacterial killing ability being lowest during midpregnancy
when cortisol is highest. There was no significant effect of pregnancy and no significant interaction among stage and treatment
(Fpreg = 0.04; df = 1, 99; P = 0.851, and Fstage × treat = 1.18;
df = 3, 99; P = 0.321, respectively) on BKA. In some cases, the
presence of serum enhanced the survival of bacteria, leading to
more colonies than the control plate. These cases were assigned
a 0 value for killing ability.
Antibody Production. Anti-KLH IgM was measured in the Day
5 post-KLH samples, when IgM reaches its peak production (Zysling and Demas, 2007). There effect of stage on IgM approached
significance (χ 2 = 7.37, P = 0.061; Table 1), but there was no
effect of pregnancy on IgM (χ 2 < 0.01, P = 0.99; Table 1).
J. Exp. Zool.

Figure 2. Maternal cortisol (A) and bacterial killing ability (B).
Cortisol levels in mothers 5 days posttreatment with either KLH
or vehicle. Pregnancy stage but not treatment effected cortisol,
where females midpregnancy had significantly higher cortisol levels (Fstage = 105.16; df = 3, 48; P < 0.001) (A). Percent bacteria
killed in mothers 5 days following either KLH or saline injection.
Different letters denote significant differences (α = 0.05) (B).

The lactation stage had lowest IgM and premating the highest, with early and midpregnancy falling intermediate. Anti-KLH
immunoglobulin G levels increased from Day 5 to Day 10 following KLH challenge (Ftime = 147.00; df = 1, 57; P < 0.001). However, there was no significant effect of stage at immune challenge, pregnancy, or interactions on IgG levels (Fstage = 0.24;
df = 3, 57; P = 0.862, and Fpreg = 0.75; df = 1, 57; P = 0.392;
all Finteractions < 0.832, all P > 0.365; respectively; Table 1).
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Table 1. Serum anti-KLH antibodies Days 5 and 10 postimmunization during nonpregnant, premating, early-pregnancy, midpregnancy and
lactation in female hamsters (i.e., mothers)
Day 5
Maternal stage
Not pregnant
Premating
Early pregnancy
Midpregnancy
Lactation

Anti-KLH IgM
0.788
0.911
0.885
0.726
0.640

±
±
±
±
±

Day 10
anti-KLH IgG∗

Anti-KLH IgG

0.065AB
0.096A
0.107AB
0.084AB
0.101B

0.525
0.557
0.544
0.443
0.485

±
±
±
±
±

0.024
0.048
0.049
0.041
0.074

0.799
0.877
0.873
0.779
0.889

±
±
±
±
±

0.051
0.036
0.057
0.060
0.149

Different letters denote statistically significant differences across IgM groups (α = 0.05).
∗ IgG levels are significantly higher at Day 10 relative to Day 5 but do not differ according to reproductive stage within a sampling period (i.e., Day 5 vs. Day
10).

Table 2. Initial litter size and number, number of each sex upon weaning, and number of pups eaten postparturition from mothers treated
with vehicle and KLH during premating, early-pregnancy, midpregnancy, and lactation in female hamsters

Maternal stage
Pre-mating
Vehicle
KLH
Early pregnancy (postmating)
Vehicle
KLH
Midpregnancy
Vehicle
KLH
Lactation
Vehicle
KLH

Initial litter
mass (g)

Initial number of
Pups

Number of
female pups

Number of male
pups

Number of pups
eaten

10.09 ± 0.87
11.56 ± 0.72

6.13 ± 0.67
6.85 ± 0.37

3.29 ± 0.42
3.46 ± 0.29

2.71 ± 0.42
2.69 ± 0.31

0.71 ± 0.36
0.69 ± 0.24

8.47 ± 0.73
11.29 ± 0.74

5.14 ± 0.51
6.70 ± 0.62

2.57 ± 0.57
3.44 ± 0.41

2.00 ± 0.53
2.44 ± 0.41

0.57 ± 0.43
0.78 ± 0.32

10.63 ± 0.58
9.99 ± 0.81

6.67 ± 0.37
6.10 ± 0.55

3.00 ± 0.47
3.29 ± 0.42

3.44 ± 0.60
2.71 ± 0.36

0.22 ± 0.15
0.57 ± 0.20

10.04 ± 0.52
11.37 ± 0.73

6.30 ± 0.40
6.89 ± 0.42

2.43 ± 0.48
4.20 ± 0.20

2.57 ± 0.61
2.00 ± 0.32

1.13 ± 0.58
0.60 ± 0.24

Offspring Measures
Growth. Initial litter mass at birth did not vary according to
maternal treatment or stage at treatment, when including maternal mass as a covariate (Table 2; all F < 0.71, all P > 0.549).
There was also no difference among groups in the sex ratio of
the litters or number of pups eaten by mom (Table 2; all F < 2.11,
all P < 0.152). Further analysis reveals a positive relationship
between number of pups initially in the litter and the number
of pups consumed by KLH-treated moms just postparturition
(F = 16.00, df = 1, 32, P < 0.001, r2 = 0.33), but this same relationship is not present in vehicle-treated moms (F = 2.56, df =
1, 29, P = 0.120., r2 = 0.08). This relationship is only present in
animals treated with KLH during premating and early pregnancy
(all F > 6.44, all P < 0.028, all r2 > 0.37), but not midpregnancy
or lactation (all F < 0.20, all P > 0.673, all r2 < 0.04). However,

using repeated measures analysis with maternal weight as a
covariate, from birth to Week 3 (weaning), the mean mass of
offspring from KLH-treated mothers was significantly lower
than control offspring as they grew (Ftreat = 5.61; df = 1, 61;
P = 0.021; Fig. 3; Ftime × treat = 7.76; df = 1.1, 68.6; P = 0.005;
GG corrected; Fig. 3). There was no effect of mothers’ stage at
treatment or any other significant interaction (all F < 2.01, all
P < 0.114).
Following weaning, litters were segregated by sex and body
mass was analyzed separately for each sex. After separation,
there was a significant time × sex interaction (Ftime × sex = 26.77;
df = 2.9, 333.4; P < 0.001, GG corrected) on litter mass such that
the sexes grew at different rates, effect of sex (Fsex = 105.22;
df = 1, 116; P < 0.001) and of time (Ftime = 1,049.03; df = 2.9,
333.4; P < 0.001, GG corrected). However, there was no effect
J. Exp. Zool.
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Figure 3. Offspring growth. Average body mass per individual
increased from birth through weaning. Offspring of KLH-treated
mothers were significantly smaller than control offspring. Statistically significant differences between group means are denoted
by an asterisk (∗) (Ftreat = 5.61; df = 1, 61; P = 0.021; Ftime × treat
= 7.76; df = 1.1, 68.6; P = 0.005; GG corrected).

of maternal treatment, stage at maternal treatment, or any other
interactions on offspring mass over time (all F < 2.10, all P >
0.150).
Serum Cortisol Concentrations. There was no significant interaction among sex × maternal stage at treatment (F = 2.30; df =
3, 85; P = 0.083). Baseline serum cortisol differed between the
offspring sexes, with females having higher concentrations (Table 3; F = 14.23; df = 1,85; P < 0.001). There was also no
effect of maternal treatment, maternal stage at treatment, or
any interaction on offspring cortisol levels (all F < 1.68, all
P > 0.178).
Bacteria Killing Ability. At Day 5 post-KLH injection, there
were significant sex × maternal treatment (Fsex × treatment = 5.48;
df = 1, 71; P = 0.022; Fig. 4A) and sex × stage at maternal
treatment (Fsex × stage = 3.59; df = 3, 71; P = 0.018; Fig. 4A) interactions, suggesting that the sexes respond differently depending on maternal treatment. Specifically, post hoc tests show that
males from KLH-treated mothers have the highest BKA, females
from KLH mothers have the lowest, and offspring of both sexes
from vehicle-treated mothers are intermediate (P < 0.05). We see
a similar separation of males having significantly greater BKA
than females from midpregnancy-treated mothers, whereas all
other stages are intermediate (P < 0.05).
At Day 10 post-KLH injection, there was a significant effect of sex (Fsex = 6.92; df = 1, 69; P = 0.011; Fig. 4B) and
J. Exp. Zool.

Figure 4. Offspring bacterial killing ability on Day 5 (A) and 10
(B) 10 postchallenge with KLH. Percent bacteria killed from male
and female offspring of KLH- and vehicle-treated mothers, 5 days
post challenge with KLH there were significant interactions among
offspring sex and maternal treatment (Fsex × treatment = 5.48; df =
1, 71; P = 0.022) and offspring sex × stage at maternal treatment
(Fsex × stage = 3.59; df = 3, 71; P = 0.018) such that the sexes
differed in their BKA depending on maternal treatment and stage
at maternal treatment (A). 10 days postchallenge with KLH there
was a significant effect of sex (Fsex = 6.92; df = 1, 69; P = 0.011)
and maternal stage at treatment (Fstage = 2.936; df = 3, 69; P =
0.039), where females had greater BKA than males and offspring
from mothers treated mid pregnancy had the lowest BKA, early
prepregnancy had the highest, and early pregnancy and lactation
were intermediate (B).
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Table 3. Serum cortisol, anti-KLH IgG, and aggressive behavior in
male and female offspring from KLH- and vehicle-treated mothers
combined
Measure
Cortisol (ng/mL)
Anti-KLH IgG
(% plate
positive)
Resident attacks (n)
Intruder attacks (n)
Submissions (n)
Submission
duration (sec)
Chases (n)

Females

Males
∗

105.121 ± 6.403
63.173 ± 2.860∗

1.349
4.186
0.326
0.465

±
±
±
±

0.625
0.967
0.159
0.298

0.465 ± 0.442

78.741 ± 2.877
52.427 ± 3.072

5.383
4.702
2.213
5.255

±
±
±
±

1.091∗
1.287
0.523∗
1.495∗

0.936 ± 0.283∗

There were significant sex differences for all of the measures with the exception of intruder attacks.
There were no treatment or stage effects for any of the below except intruder attacks.
Asterisks denote statistically significant differences among the sexes (α =
0.05) and are positioned on the sex demonstrating the greater value for
each measure.

maternal stage at treatment (Fstage = 2.936; df = 3, 69; P =
0.039; Fig. 4B). No other effects or interactions were significant
(all F < 3.02, all P > 0.087). Finally, there is a greater change for
males than females between Day 5 to Day 10 post KLH-injection
(Fsex = 10.56; df = 1, 68; P = 0.002) and that offspring
from mothers treated midpregnancy have a greater change
that those from mother treated premating, with other groups
(early pregnancy, lactation) falling intermediate between the two
(Fstage = 3.80; df = 3, 68; P = 0.014). Again no other effects or
interactions are significant (all F < 2.22, all P > 0.094).
Antibody Production. There was a significant effect of
sex on immunoglobulin production of anti-KLH antibodies
(Fsex = 6.71; df = 1, 80; P = 0.011; Table 3), where female offspring had greater antibody production than male offspring. However, nothing else was significant (all F < 2.00, all
P > 0.121; Table 3).
Agonistic Behavior. Quantified behaviors included the number
of attacks by the resident aggressor, attacks by the experimental
animal, and the number and duration of submissive bouts by
the experimental animal. There was a significant difference
between the sexes for the number of resident attacks (χ 2 =
11.91, P < 0.001; Table 3), the number of submissions (χ 2 =
16.90, P < 0.001; Table 3), the duration of submissions (χ 2 =
19.31, P < 0.001; Table 2), and the number of chases (χ 2 = 9.30,
P = 0.002; Table 3), but not for the number of experimental
animal attacks (χ 2 = 0.16, P = 0.693; Table 3). There was
also an effect of stage at maternal treatment on attacks by the

Figure 5. Offspring aggressive behavior. Aggressive behaviors
scored from offspring from vehicle- and KLH-treated mothers
in resident intruder trials. Offspring of both sexes from females
treated early in pregnancy engaged in a greater number of attacks
than offspring of mothers treated during lactation, whereas the
other groups fell intermediate (χ 2 = 8.27, P = 0.041). Different
letters denote significant differences (α = 0.05).

experimental animal (χ 2 = 8.27, P = 0.041; Fig. 5). Post hoc
tests showed that offspring from mothers treated early pregnancy, just following unpairing, engaged in a greater number of
attacks than offspring from mothers treated during lactation (P
< 0.05; Fig. 5). Offspring from mothers-treated premating and
midpregnancy fell intermediate between the other two groups.
Maternal treatment and stage at maternal treatment did not
affect any other behaviors (all χ 2 < 6.16, all P > 0.104; Fig. 5).

DISCUSSION
Maternal Effects
The implementation of KLH as an immune challenge, unlike
using live pathogens or viruses, allows greater control over
the time course and dose of administration of an immunestimulating agent. Also, KLH creates an immune response without the accompanying sickness; therefore, the effects are specifically due to B cell activation and associated cytokine production.
Circulating IgG antibodies specific to KLH levels were consistent
across stages of pregnancy and not different from non-pregnant
female hamsters. IgM antibodies did not significantly differ in
any group relative to the nonpregnant control, but those animals
exposed during lactation had a trend toward fewer antibodies
J. Exp. Zool.
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than the premating exposure. All animals were tested for antibodies 5 days following the KLH injection; therefore, the samples
were taken at different times during pregnancy. Though maternal production of antibodies was not significantly affected by
pregnancy stage, the relative quantity that offspring were exposed to could still differ, due to altered maternal transfer of antibodies through the placenta. It is unclear at this time whether
the amount of antibody that transferred to the fetuses differed
between treatment times.
Maternal bacteria killing ability varied greatly by treatment
and the stage of pregnancy or lactation in which the mother
was sampled. Overall, bacteria killing was suppressed in KLHtreated females relative to saline controls, suggesting a trade-off
between acquired and innate immunity in those animals challenged with KLH to mount a specific immune response. During
normal human pregnancies, for example, immune responses are
shifted to favor humoral responses, as opposed to cell-mediated
responses (Kelemen et al., ’98).This type of immune trade-off has
been theorized on a large scale (Lee, 2006) and has been more
specifically documented in African buffalo (Ezenwa et al., 2010)
and Darwin’s finches (Lindström et al., 2004).
To further support the idea of trade-offs in reproduction, we
found a significant relationship between offspring consumption
by mothers postparturition and litter size, suggesting that mothers could not sustain larger litters and so culled them early on.
Interestingly, this effect was driven primarily by KLH-injected
females that were treated just before pregnancy and early in
pregnancy and not control females. The immune challenge–
dependent effect on litter reduction suggests that mounting
an immune response during certain stages of pregnancy adds
significant costs to reproductive females, causing them to adjust their litter size. Conversely, it was previously demonstrated
that providing signals of elevated energy to reproductive females decreases postparturition litter reduction (French et al.,
2009).
We also observed a nearly significant effect of stage of pregnancy on maternal bacterial killing ability (P = 0.055), where
bacterial killing was suppressed during midpregnancy when
maternal cortisol was at its highest circulating concentrations.
Specifically, though the midpregnancy group was injected with
KLH on gestational day 11, the blood sample for the bacteria
killing assay was taken just before parturition. Serum cortisol
was also significantly elevated during midpregnancy. Just before parturition, cortisol greatly increases (reviewed in Hillman
et al., 2012), which promotes fetal lung development before birth
(Smith et al., ’73). Cortisol also promotes gluconeogenesis in the
liver, leading to release of sugar into the blood stream (Hillman
et al., 2012). At this time point, food intake in the females was
also elevated. The period immediately prior to parturition may
be a time when blood glucose levels in the females are high, to
cope with metabolically costly physiological processes such as
offspring maturation and milk production.
J. Exp. Zool.
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Offspring Effects
Significant changes occurred in the offspring of KLH-treated
mothers, some manifesting during development and others during adulthood. Furthermore, these effects varied depending on
when the mother was challenged during pregnancy and the sex
of the offspring. The present finding is particularly interesting
given the mild nature of the KLH treatment, in that it does not
induce sickness behaviors or fever. Thus, even very minor immune challenges can alter offspring phenotype. These effects
could potentially be mediated by altered resource allocation or
availability, cytokine profiles, or glucocorticoid effects (reviewed
in Patterson et al., 2009).
We found significant effects of maternal KLH treatment on
offspring growth, such that offspring of KLH-treated mothers
were smaller. Similar results were found in using the mitogen
LPS in this same model system, where litter size and number
were reduced in LPS-treated mothers (French et al., 2013b). In
the present study, this effect was present in the first 3 weeks until weaning. After weaning and separating siblings by sex, males
remained smaller. Likely, the males were the driving factor of the
litter differences prior to weaning as well. This is highly significant, because decreased growth rates have potentially deleterious consequences for survival and fitness (McAdam and Millar,
’99).
Unlike treatment with more severe mitogens such as LPS, there
was no effect of maternal KLH treatment on cortisol levels in
offspring. For example, in the same species, maternal treatment
with LPS during pregnancy resulted in offspring with elevated
cortisol in response to stressful stimuli (French et al., 2013b).
Similarly, prenatal exposure to LPS resulted in elevations in
basal levels of an alternative glucocorticoid, corticosterone, and
upstream adrenal corticotropin-releasing hormone in male Wistar rats (Reul et al., ’94). Neonatal rats exposed to LPS also
showed elevated corticosterone levels relative to control animals, but only in response to an acute stressor (Walker et al.,
2008). LPS exposure causes a significant elevation of cortisol in
pregnant females in some studies (Schlafer et al., ’94), but not
in others (Mouihate et al., 2005). Whether or not KLH elicits the
same effects is not yet clear. Thus, together these results suggest that dysregulation of the HPA axis may be at least partially
responsible for the altered endocrine and behavioral responses
in offspring prenatally exposed to immune challenges such as
LPS, but more mild challenges such as KLH are likely working
via different pathways.
Offspring immunocompetence was tested in adulthood at a
time when all maternal immune components (i.e., antibodies)
have been metabolized, and thus was not directly contributing
to immune function (reviewed in Madani and Heiner, ’89). At 5
days post-KLH challenge, we found that the sexes respond differently depending on maternal treatment. Specifically, males
from KLH-treated mothers had the highest BKA, whereas females
from KLH mothers had the lowest. Offspring of both sexes from
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vehicle-treated mothers were intermediate between the KLHtreated offspring. At 10 day post-KLH challenge, we found that
females had overall greater bacterial killing ability than males,
providing evidence for the fact that this immune response is
dynamic. This provides some support for the transgenerational
priming of immunity hypothesis (Sadd et al., 2005; Grindstaff
et al., 2006), in that a prenatal or neonatal innate immune challenge resulted in enhanced innate immunity. Thus the effects of
maternal immune activation are not necessarily deleterious and
instead may help the offspring’s immune system better match the
outside environment (Eggert et al., 2014; Shikano et al., 2015).
The sex difference also indicates altered signaling or reception of
maternal factors depending on offspring sex following the immune challenge, which needs to be addressed in future studies.
We also see a timing effect of maternal immune challenge
on offspring immunity. Specifically, we see a similar separation
of males having significantly greater BKA than females from
midpregnancy-treated mothers, whereas offspring from mothers
treated at all other stages fall intermediate. Similarly, at 10 days
post-KLH challenge offspring from mothers treated during midpregnancy had significantly lower bacterial killing ability relative to offspring from mothers treated premating, whereas other
groups (early pregnancy and lactation) were intermediate. These
results may indicate that neonatal exposure to maternal antibodies at specific time points can alter innate immunity later in life.
While these results do not give a definitive critical window when
offspring are particularly susceptible to maternal immune challenge, they shed much needed light on the developing systems
that are affected at different time points across gestation and
early lactation (Knudsen, 2004). For example, preliminarily, offspring from immune-challenged mothers during midpregnancy
showed altered immune function, whereas offspring from mothers challenged with either vehicle or KLH during early pregnancy
display more aggressive behavior than controls and offspring
of other groups, suggesting that if immune and brain development are being affected, their sensitivity varies depending on
gestational stage.
There is evidence that exposure to specific antibodies during
the perinatal period can lead to tolerance of the corresponding
antigen upon subsequent exposure (Carlier and Truyens, ’95).
However, in the current study, we found no evidence of this phenomenon. Instead, we observed that immunoglobulin levels in
adult male offspring were lower than females regardless of maternal treatment. This is consistent with females having greater
immunocompetence in most species (Rolff, 2002).
Collectively, the results of the present study provide evidence that stimulation of the maternal immune response via
a mild antigenic challenge during pregnancy has consequences
on offspring that manifest throughout growth and into adulthood. Also, similar to challenges with other mitogens (e.g.,
LPS) that these effects can manifest in a sex-dependent manner
(French et al., 2013b). Essentially, a challenge that produces no
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behavioral symptoms and minimal inflammation in mothers is
still capable of affecting the phenotype of offspring. It will be
important to identify causative agents mediating these behavioral changes (e.g., specific cytokines, cortisol) to understand
the proximate mechanisms underlying the resultant immune and
behavioral abnormalities and subsequently employing pharmacological agents that target specific physiological mechanisms.
This may allow for the eventual development of effective treatment strategies to attenuate behavioral abnormalities caused by
maternal immune activation. Regardless, these findings have
significant implications for the effects of natural pathogens
on behavioral interactions and neuroendocrine interactions in
individuals in the wild.
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