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A B S T R A C T

Early-life environmental stressors, including sickness, have the potential to disrupt development in ways that
could severely impact fitness. Despite what is known about the effects of sickness on reproduction, the precise
physiological mechanisms have not yet been determined. The goal of this study was to investigate the effects of a
neonatal immune challenge on adult reproductive physiology and opposite-sex social behavior. Male and female
Siberian hamster (Phodopus sungorus) pups were administered lipopolysaccharide ([LPS]; a cell wall component
of gram-negative bacteria) or saline injections on postnatal days 3 and 5 and body mass, food intake, and
measures of reproductive maturity were taken throughout development. In adulthood, hamsters were placed in
staged mating pairs with reproductively mature individuals of the opposite sex, during which a series of be-
haviors were scored. We found that although males and females showed no change in food intake, body mass, or
reproductive behaviors, LPS-treated females had abnormal estrous cycles and smaller ovaries. Females also
showed increased investigation of and increased aggression towards males in a reproductive context. In contrast,
LPS-treated males showed no change in any physiological measures, nor did they show any changes in behavior.
The present findings demonstrate that females may be more robustly affected by neonatal sickness than males
and that these effects could have potential impacts on reproductive success. Collectively, the results of this study
can be used to expand upon what is already known about sickness and reproduction, specifically the importance
of social behaviors involved in pre-copulation and information necessary to choose the appropriate mate.

1. Introduction

Animals encounter environmental fluctuations throughout their
lifetime, and in order to produce appropriate behavioral responses,
neural circuits must integrate external stimuli with internal physiology.
The hypothalamo-pituitary-gonadal (HPG) axis integrates environ-
mental stimuli and regulates reproductive activity through hypotha-
lamic release of gonadotropin-releasing hormone (GnRH), concomitant
release of gonadotropic hormones from the pituitary, and subsequently,
sex steroids from the gonads [1,2]. The HPG axis is strongly affected by
physiological responses to external stressors, and the timing of en-
vironmental stressors is critical in determining the effect they will have
on an organism's development. The neonatal period is an extremely
sensitive time in the life of an individual. In particular, environmental
stressors during this time may increase susceptibility to a range of
nervous system disorders (e.g., anxiety, depression, autism, schizo-
phrenia, and learning disabilities) and may result in subtle alterations
in the physiological and behavioral response an individual has to sub-
sequent stressors or to new experiences in adulthood [3–5].

Many social behaviors are crucial to successfully attracting a mate
and successful reproduction. Reproductive behaviors are extremely
diverse, and they are dependent not only species, but also on sex and
gonadal steroid levels, as well as time of year [6]. In most female
mammals, including Siberian hamsters (Phodopus sungorus), lordosis is
used to determine the receptivity of a female, and is characterized by a
fixed posture accompanied by a dorsiflexion of the back [7]. Male ro-
dents mount shortly after being introduced to a receptive female, fol-
lowed by intromission and ejaculation [8].

Prior to lordosis and mounting and when first introduced to a
conspecific, both sexes will perform vigorous chemoinvestigatory be-
haviors, allowing them to retrieve the necessary cues for choosing an
appropriate mate and copulating [9]. Animals perform nose-to-nose
and nose-to-anogenital investigation to identify sex, age, and other
characteristics of their conspecifics to determine whether or not the
individual is a suitable mate [10,11]. Nose-to-nose sniffing involves the
rubbing and passing of the animal's snout through the fur of the con-
specific, which often occurs during the early phases of sexual behavior
[11,12]. Nose-to-anogenital sniffing involves the rubbing and passing of
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the animal's snout through the fur of the conspecifics anus and genitalia
[11,12].

While animals can adjust to environmental stressors during certain
periods of their life, some stressors during the early stages of life can
have lasting consequences on physiology and behavior. The precise
cause of behavioral abnormalities is not completely understood, yet it
appears that an inflammatory or sickness response during pregnancy or
shortly after birth may play a role. Studies have shown that male mice
exposed to prenatal stress have increased expression of cytokines in the
hippocampus compared with non-stressed individuals, and they exhibit
greater activation of microglia and astrocytes in response to an immune
challenge in adulthood [13]. Treatment with lipopolysaccharide (LPS),
a cell wall component of gram-negative bacteria, is commonly em-
ployed to induce a robust immune response in animals. When LPS is
injected into the peritoneal cavity, it enters circulation within fifteen
minutes and levels stay elevated for at least 2 h following injection
[14]. One way LPS administration mimics the actions of a live bacterial
infection is by way of binding to toll-like receptor (TLR)-4, which sti-
mulates the activation of transcription factors and pathways leading to
the subsequent release of pro- and anti-inflammatory mediators in the
body [15]. These molecules can then act downstream to contribute to
the acute-phase response (APR) initiated primarily by hepatocytes,
eliciting a sickness response, including but not limited to fever, le-
thargy, decreased food intake, and enhanced pain [3,16–18].

Although exogenous LPS has been shown to produce increases in
mainly pro-inflammatory cytokines (interleukin-1 [IL-1], IL-6, and
tumor necrosis factor-alpha [TNF-α]), one study has suggested that
treatment with exogenous LPS not only causes an increase in IL-1 (a
pro-inflammatory cytokine), but further, they determined that LPS can
also stimulate release of the anti-inflammatory cytokine, IL-2, and these
two cytokines can differentially influence behavioral responses [19].
For example, rats treated with IL-2 at three weeks of age exhibit en-
hanced locomotor activity and greater levels of exploration, whereas
rats treated with IL-1 at eight weeks of age show an increase in startle
response [20], suggesting that the release of these specific cytokines
may be the trigger for changes in the amount and duration of particular
social behaviors. Work in our lab suggests that maternal immune acti-
vation with LPS affects offspring physiological and behavioral devel-
opment. Specifically, male offspring from LPS-treated dams show
greater cortisol response following an intruder encounter and higher
frequency of bites during that agonistic encounter when compared with
offspring from control-treated dams. Further, these two measures are
positively correlated, suggesting the hypothalamo–pituitary–adrenal
(HPA) axis may play a role in these behavioral changes [21].

The goals of the present study were to assess the effects of postnatal
immune activation on offspring reproductive development and beha-
vior and to evaluate the potential sex differences in response to neo-
natal treatment. We hypothesized that early postnatal immune activa-
tion with LPS would produce changes in both reproductive
development and behavior, as well as other social behaviors in both
males and females. The results of this study will help to further our
understanding of how the neuroendocrine and immune systems interact
during early development in male and female Siberian hamsters. More
importantly, they will shed light on an important aspect of reproductive
behavior that is often missing from the literature; here we focus on the
social behaviors particularly important in pre-copulation, which is
crucial in determining the optimal mate.

2. Materials and methods

2.1. Animal housing and immune challenge

Male and female hamsters were paired (n = 18 pairs) and housed in
a 16:8 light:dark photoperiod, in polypropylene cages
(28 × 17 × 12 cm). Ambient temperature was maintained at
20 ± 2C, and relative humidity was maintained at 55 ± 5%.

Hamsters were given ad libitum access to tap water and standard la-
boratory rodent chow (Lab Diet 5001, PMI Nutrition) throughout the
experiment. Males of each breeding pair were removed from the
breeding cage 16 days after being paired to prevent post-partum preg-
nancy. Pups remained in their litter until weaning on postnatal day
(pnd) 24. On pnd3, half of the litters were given a single intraperitoneal
(i.p.) injection (100 μl) of 50 μg/kg of LPS (from Salmonella enterica
serotype typhimurium, Sigma-Aldrich, St. Louis, MO, USA), suspended
in 0.9% sterile saline and the other half of the litters received injections
of 0.9% sterile saline. A second injection of LPS or saline was given on
pnd5 according to a previously validated protocol, as there is heigh-
tened sensitivity of the GnRH pulse generator at these time points [22].
All pups in an individual litter received the same treatment (LPS or
saline), and the time for mothers to return to nursing was monitored
across all litters. Once injected, pups were monitored and weighed for
the remainder of the experiment. Animals were weaned at pnd24 and
housed individually for the remainder of the study. At the conclusion of
the study, reproductive behavior assays were conducted to determine
both pre-copulatory behaviors (e.g., investigation, scent-marking, and
aggression) and copulatory behaviors (e.g., lordosis, mounting, and
ejaculation). See Fig. 1 for experimental timeline. All procedures were
performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the
Bloomington Institutional Animal Care and Use Committee (BIACUC) at
Indiana University.

2.2. Reproductive physiology

Beginning at pnd25 and once per week thereafter until reproductive
maturity (for no> 2 weeks), males (n = 20 saline-treated; n= 26 LPS-
treated) were lightly anesthetized with isoflurane, and the length and
width of the left testis were measured externally (+/− 0.1 mm) with
calipers following previously outlined methods [23–26]. Estimated
testis volume (ETV) was calculated as the length × width2, which is
directly correlated with testis mass and spermatogenesis [23,27]. An
ETV of 400mm3 indicates a mass of approximately 200 mg, which is
correlated with the critical mass for production of viable spermatids
[23,27]. Beginning at pnd25 and every day thereafter until re-
productive maturity, all female offspring (n= 24 saline-treated; n= 29
LPS-treated) were monitored daily to determine the time of initial va-
ginal opening [28]. Female estrous cycles were monitored via vaginal
cytology during the 5 consecutive days of behavioral testing
(pnd71–75) [29,30]. Vaginal cell samples were obtained via vaginal
lavage. Following lavage, samples were transferred to microscope
slides, fixed with methanol, and stained with Giemsa. Samples were
then evaluated for estrous stage (diestrus, proestrus, estrus, metestrus,
and anestrus) under 100× magnification [29,31,32]. Estrous cycling
provides a measure of reproductive functioning, specifically ovarian

pnd0: 
Day of Birth

pnd3 & 5:
Saline/LPS Injections

pnd24: 
Weaning pnd71-75: 

Opposite-Sex 
Social Behavior

pnd25-70:
Reproductive Measurements

pnd0-75:
Measurements of Body Mass & Food Intake

Fig. 1. Experimental timeline demonstrating when treatments were performed and when
physiological and behavioral measures were collected. Postnatal day (pnd) 0 represents
the time point at which pups were born, and pnd24 represents the time point at which
each animal was individually housed for the remainder of the study.
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functioning, in Siberian hamsters [33]. Therefore, tracking estrous cy-
cles via vaginal cytology provides us with important information about
the functioning of the reproductive axis.

2.3. Behavioral trials and analyses

We recorded and analyzed reproductive behavior, aggression, in-
vestigation, and scent-marking using the resident-intruder paradigm
with opposite-sex social partners per previously outlined methods for
this species [34]. All experimental trials were performed under low il-
lumination (25W), red light conditions, with a video camera (Sony
Handycam HD R-SR7) positioned in front of the cage with mirrors on
either side, to ensure visibility of all cage corners. To identify intruders,
small patches of fur were shaved on the dorsal surface at least 24 h
before the start of the behavior assays.

Beginning on pnd71, a subset of the experimental animals was
placed in staged mating pairs. Adult males (n = 7 saline-treated;
n = 12 LPS-treated) and females (n = 10 saline-treated; n = 10 LPS-
treated) were introduced to a novel individual of the opposite sex, and
behavior was recorded within a 30-minute testing period. Each of the
interactions took place on 5 consecutive nights with the same pairs in
order to capture when females were receptive [34]. Although it is
possible to identify changes in vaginal cytology, we are unable to de-
termine a pattern between the estrous stage and the receptivity of the
female during behavioral assessments in Siberian hamsters [35]. Thus
receptivity was determined by the female's performance of behaviors
showing readiness to copulate, including lordosis and the absence of
attacks towards the male conspecific. Additionally, a receptive female
has the tendency to approach a male, remain in close proximity to the
male, and investigate the male more often than a non-receptive female
[36]. If a female was not receptive, both animals were returned to their
home cage and the procedure was performed again on the next night.
On the fifth night, if a female was still not receptive, the pair was re-
corded and was placed in a non-receptive group for analysis and as-
sessed as such. All behavioral trials were conducted 30 min following
the onset of darkness until no more than 3 h after darkness, since it has
been found that females come into estrus starting at the beginning of
darkness to 3 h after dark [37]. Behavioral interactions were scored by
a trained observer blind to the treatment group using ODlog™ software
(Macropod).

We analyzed female reproductive behaviors, including the occur-
rence of receptivity, frequency of lordosis, and lordosis quotient
(LQ = number of lordoses / 10 mounts × 100) [34,38–40]. Their male
intruders were monitored for the occurrence of ejaculation, as de-
termined by the male thrusting for a period of time followed by the
male falling on its side while still intromitting. This was usually fol-
lowed by a short pause, temporary disinterest in the female, and vig-
orous grooming of the genital area [29,41–43]. Focal male reproductive
behaviors included receptivity within the pair, frequency and duration
(s) of vaginal mounting (scored when the male mounted with an or-
ientation that would permit intromission), frequency and duration (s)

of mis-mounting (scored when the male mounted with an orientation
that would not permit intromission), and occurrence of ejaculation
[29,41,42,44]. We measured investigation in both males and females.
For investigation, we quantified the frequency and duration (s) of nose-
to-anogenital and nose-to-nose investigation. In all females, we also
measured aggression towards the male conspecific. To do so, we
quantified latency to first attack (s) and the frequency and duration (s)
of attacks. In all males, we measured scent-marking by quantifying the
frequency and duration (s) of scent depositing.

2.4. Tissue collection

At the end of the experiment, all animals were euthanized via a
lethal i.p. injection of a ketamine and xylazine cocktail in 0.9% saline.
Following euthanasia, testes, ovaries, and uterine horns were dissected
and weighed to determine the effects of treatment on gross anatomy.

3. Statistical analyses

We performed all statistical analyses in R v. 3.3.1 (R Core Team
2015) and attributed statistical significance at p < 0.05. Data were log
or square root transformed to attain normality and equal variances. For
all behavioral and physiological data, we used generalized linear mixed
models (GLMMs), including the fixed effects of the model (e.g., treat-
ment) as well as the random effect of litter in a hierarchical experi-
mental design. This enabled us to take into account the fact that in-
dividual pups from the same litter may not have been truly independent
samples. Differences in repeated measures (i.e., body mass, food intake)
were assessed via repeated-measures GLMMs. Only a randomized por-
tion of the male and female pups was used for behavioral trials;
therefore, sample sizes vary across different measures. All sample sizes
are noted in the methods section. Spearman's rank correlations were
conducted on female ovarian mass and behavioral measures.

4. Results

4.1. Early-life immune activation did not affect litter physiology

The total number of pups in each litter did not differ across treat-
ment groups (t11 = −1.444, p = 0.176). Further, the time for mothers
to return to nursing after the first injection (t16 =−0.727, p = 0.478)
and after the second injection (t16 = 0.727, p= 0.478) was not af-
fected by treatment.

4.2. Early-life immune activation did not affect adult body mass or food
intake

LPS treatment did not affect adult female body mass at pnd66
(t15 = 1.031, p = 0.319), nor did it affect adult male body mass at
pnd66 (t13 =−1.353, p= 0.199) (Fig. 2). Food intake and body mass
over the course of the entire study were also not affected by treatment
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(Fig. 2) (p > 0.05 in all cases).

4.3. Early-life immune activation affected reproductive physiology in
females but not in males

Postnatal LPS administration did not affect the timing of female
vaginal opening (t14 = −0.445, p = 0.663) or reproductive maturity
in males, as determined by estimated testis volume (t14 = 0.628,
p = 0.540). However, postnatal LPS treatment disrupted female estrous
cycles. Fewer LPS-treated females exhibited normal estrous cycles when
compared with saline-treated females (t15 = 3.142, p= 0.007)
(Fig. 3a).

Additionally, postnatal LPS affected reproductive organ mass in
adult females. LPS-treated females had significantly smaller ovaries in
adulthood (t12 = 3.276, p = 0.007) (Fig. 3b), yet the difference be-
tween uterine horns in LPS-treated and saline-treated females was not
significantly different (t12 = 0.303, p= 0.767). In contrast, postnatal
LPS treatment did not affect male reproductive organ mass in adult-
hood. Paired testes mass did not differ between LPS-treated males and
saline-treated males (t11 = 1.300, p= 0.220) (Fig. 3c).

4.4. Early-life immune activation did not affect receptivity in males or
females

There was no difference in receptivity in males or females across
treatment groups. LPS-treated females showed no significant difference
in the frequency of receptivity when compared to saline-treated females
(t12 = 0.509, p = 0.620). Similarly, females that were paired with LPS-
treated males showed no difference in the frequency of receptivity
(t11 = 1.603, p= 0.137) when compared with saline-treated males.

4.5. Early-life immune activation did not affect reproductive behaviors in
males or females

Postnatal LPS did not significantly affect female or male re-
productive behaviors in receptive pairs. Lordosis quotients did not
differ between LPS- and saline-treated females (t4 = 0.005, p = 0.997),
and the frequency (t4 = −0.868, p = 0.434) and duration
(t4 =−0.663, p = 0.544) of lordosis did not differ between LPS- and
saline-treated females (Table 1). Additionally, experimental males
paired with a receptive female (receptive males) showed no significant
difference in the frequency (t4 = 1.081, p= 0.341) or duration
(t4 = 0.998, p = 0.375) of vaginal mounting or the frequency
(t4 =−0.962, p= 0.391) or duration (t4 = −0.959, p = 0.392) of
mis-mounting (Table 2). Similarly, there was no difference in frequency
(t7 =−0.788, p= 0.457) or duration (t7 = −0.751, p = 0.477) of
mis-mounting in males paired with a non-receptive female (non-re-
ceptive males) as well (Table 2). Further, LPS-treated males paired with
a receptive female displayed no difference in the occurrence of ejacu-
lation when compared with saline-treated males (t4 = 1.633,

p = 0.178) (Table 2). Non-receptive females of both treatment groups
showed no lordosis (Table 1), and males in non-receptive pairs dis-
played no vaginal mounting or ejaculations (Table 2). All reproductive
behaviors performed by intruders did not significantly differ across
treatment groups (p > 0.05 in all cases).

4.6. Early-life immune activation affected investigative behaviors in females
but not in males

Postnatal LPS treatment significantly affected female investigation
with a male conspecific, but only in receptive pairs. The total frequency
(t4 = −3.006, p= 0.040) and duration (t4 =−3.162, p = 0.034) of
nose-to-nose investigation was significantly increased in receptive LPS-
treated females, and the total frequency (t4 = −2.415, p = 0.073) and
duration (t4 =−2.178, p= 0.095) of nose-to-anogenital investigation
was slightly increased, showing a trend towards significance in re-
ceptive females (Table 1). Additionally, in receptive LPS-treated fe-
males, the frequency (t4 = −2.807, p= 0.049) and duration
(t4 = −2.685, p= 0.055) of total investigation was greater than in
saline-treated females (Fig. 4a, Table 1).

In contrast, in non-receptive females, treatment did not affect the
frequency (t9 = 1.184, p = 0.267) or duration (t9 = 0.415, p = 0.688)
of nose-to-nose investigation or the frequency (t9 = −0.708,
p = 0.497) or duration (t9 =−1.251, p = 0.242) of nose-to-anogen-
ital investigation (Table 1). Additionally, the frequency (t9 = 0.675,
p = 0.516) and duration (t9 = 0.073, p = 0.944) of total investigation
in non-receptive females was not affected by treatment (Fig. 4b,
Table 1).

In males, treatment did not affect any investigative behaviors. LPS
treatment did not affect the frequency (t4 = −0.688, p = 0.529) or
duration (t4 = −0.563, p = 0.603) of nose-to-nose investigation or the
frequency (t4 = −0.168, p= 0.875) or duration (t4 = −0.057,
p = 0.958) of nose-to-anogenital investigation in receptive pairs
(Table 2). Similarly, in non-receptive pairs, treatment did not affect the
frequency (t7 = −0.150, p= 0.885) or duration (t7 = 0.228,
p = 0.826) of nose-to-nose investigation or the frequency
(t7 = −1.572, p = 0.160) or duration (t7 =−1.277, p= 0.242) of
nose-to-anogenital investigation in experimental males (Table 2). Fur-
ther, in males paired with receptive females, there was no change in the
frequency (t4 = −0.629, p= 0.563) or duration (t4 = 1.081,
p = 0.341) of total investigation (Table 2). Likewise, males paired with
non-receptive females showed no change in the frequency
(t7 = −1.050, p = 0.329) or duration (t7 =−0.867, p= 0.415) of
total investigation (Fig. 4c & d, Table 2). All investigative behaviors
performed by intruders did not significantly differ across treatment
groups (p > 0.05 in all cases).

4.7. Early-life immune activation affected aggression in females

LPS treatment significantly affected the duration of attacks in
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receptive females (t4 =−4.100, p = 0.015) (Fig. 5a and Table 1), but
the difference in the frequency of the attacks did not reach significance
(t4 =−2.086, p = 0.105). In contrast, the frequency (t9 = 0.544,
p = 0.600) and duration (t9 = 1.049, p = 0.322) of attacks were not
significantly affected in non-receptive females (Fig. 5b and Table 1).
The latency to first attack was not different across treatment groups
(Table 1). Receptive females that were LPS-treated displayed no dif-
ference in the latency to first attack (t4 = −0.571, p= 0.599), and
similarly, non-receptive females displayed no difference in latency to
first attack across treatment groups (t9 = 1.734, p = 0.117) (Table 1).
All aggressive behaviors performed by female intruders did not sig-
nificantly differ across treatment groups (p > 0.05 in all cases).

4.8. Receptive female behavior is associated with ovarian mass

The frequency and duration of attacks in receptive female hamsters
were significantly associated with ovarian mass in adulthood
(ρs = 0.826, n = 7, p= 0.032; ρs = 0.844, n = 7, p= 0.010, respec-
tively) (Table 3, Fig. 6). Although the frequency and duration of nose-
to-nose investigation and the frequency and duration of total in-
vestigation in receptive females did not reach significance, there were
clear associations between these behaviors and ovarian mass in adult-
hood (Table 3).

4.9. Early-life immune activation did not affect scent-marking behavior in
males

LPS-treated males paired with receptive females exhibited no
change in the frequency (t4 = 0.650, p= 0.551) or duration
(t4 = 0.809, p = 0.464) of scent-marking, and similarly, LPS-treated
males paired with non-receptive females showed no difference in the
frequency (t7 = −0.254, p= 0.807) or duration (t7 = −0.348,
p = 0.738) of scent-marking as well (Table 2). Scent-marking per-
formed by intruders was not significantly different across treatment
groups (p > 0.05 in all cases).

5. Discussion

It is becoming increasingly clear that early-life infection can have
profound impacts on adult behavior (reviewed in [5]). The precise
mechanisms by which early-life infection influences subsequent adult
physiology and behavior, as well as sex differences seen in response to
these stressors, however, remain unclear despite potential con-
sequences for fitness and reproductive success [3,4,22]. Here, we tested
the effects of early-life immune challenge on reproductive development
and social behavior. We paired hamsters and mimicked a bacterial in-
fection in early life, by administering LPS to experimental pups or saline
to control pups of both sexes at pnd3 and pnd5. In adulthood, hamsters
were placed in staged mating pairs with reproductively mature in-
dividuals of the opposite sex, and we scored an array of social beha-
viors. Although males and females showed no change in food intake,

Table 1
Mean ± S.E.M. of investigation, aggression, and reproductive behaviors in female hamsters (n = 10 saline-treated; n = 10 LPS-treated) across treatment groups. The frequency and
duration of nose-to-nose investigation, the frequency and duration of total investigation, and the duration of attacks were significantly different between receptive females.

Female Receptive pairs Non-receptive pairs

Control LPS Control LPS

Frequency of nose-to-nose Investigation 8.75 ± 1.70 17.67 ± 2.60* 42.00 ± 5.13 31.14 ± 7.24
Duration of nose-to-nose Investigation 6.73 ± 2.01 20.43 ± 4.33* 47.67 ± 10.19 41.01 ± 17.37
Frequency of nose-to-anogenital investigation 2.25 ± 1.11 12.67 ± 4.91 11.33 ± 1.31 14.43 ± 2.53
Duration of nose-to-anogenital investigation 1.98 ± 1.15 15.17 ± 7.05 11.47 ± 2.49 19.34 ± 5.39
Total frequency of investigation 11.00 ± 2.48 30.33 ± 7.45* 53.33 ± 5.23 45.57 ± 9.60
Total duration of investigation 8.70 ± 2.76 35.60 ± 11.32* 59.13 ± 11.58 60.36 ± 22.05
Frequency of attacks 4.75 ± 2.78 13.00 ± 2.08 21.00 ± 5.65 17.86 ± 2.34
Duration of attacks 2.50 ± 1.28 11.40 ± 1.86* 23.62 ± 5.77 17.01 ± 3.13
Latency to first attack 138.75 ± 57.82 180.00 ± 70.77 94.17 ± 42.53 25.00 ± 7.40
Frequency of lordosis 24.25 ± 5.71 31.33 ± 7.80 0.00 ± 0.00 0.00 ± 0.00
Duration of lordosis 47.95 ± 13.74 62.47 ± 17.54 0.00 ± 0.00 0.00 ± 0.00
Lordosis quotient 47.50 ± 11.81 46.67 ± 3.33 0.00 ± 0.00 0.00 ± 0.00

An asterisk (*) indicates statistically significant differences between group means (p < 0.05).

Table 2
Mean ± S.E.M. of investigation, scent-marking, and reproductive behavior in male hamsters (n = 7 saline-treated; n= 12 LPS-treated) across treatment groups. No values were
significantly different across treatment groups.

Male Receptive pairs Non-receptive pairs

Control LPS Control LPS

Frequency of nose-to-nose investigation 92.75 ± 12.13 106.50 ± 13.50 38.00 ± 7.37 40.75 ± 10.56
Duration of nose-to-nose investigation 185.95 ± 51.63 234.15 ± 59.45 60.90 ± 24.66 54.30 ± 16.85
Frequency of nose-to-anogenital investigation 53.75 ± 6.69 55.50 ± 4.50 36.33 ± 6.94 65.38 ± 12.87
Duration of nose-to-anogenital investigation 104.63 ± 18.37 106.25 ± 12.55 65.57 ± 12.47 114.60 ± 25.73
Total frequency of investigation 146.50 ± 9.99 162.00 ± 18.00 74.33 ± 11.79 106.13 ± 20.32
Total duration of investigation 290.58 ± 43.83 340.40 ± 72.00 126.47 ± 36.37 168.90 ± 33.04
Frequency of scent-marking 14.25 ± 6.86 7.00 ± 9.90 36.33 ± 6.94 8.63 ± 2.83
Duration of scent-marking 16.98 ± 8.99 5.7 ± 8.06 6.1 ± 2.95 7.59 ± 2.34
Frequency of vaginal mounting 30.00 ± 11.37 11.50 ± 2.50 0.00 ± 0.00 0.00 ± 0.00
Duration of vaginal mounting 72.35 ± 30.10 27.25 ± 3.25 0.00 ± 0.00 0.00 ± 0.00
Frequency of mis-mounting 15.50 ± 5.58 30.50 ± 21.50 0.00 ± 0.00 6.87 ± 5.64
Duration of mis-mounting 17.70 ± 8.57 38.85 ± 29.25 0.00 ± 0.00 9.70 ± 8.44
Frequency of ejaculations 1.00 ± 0.41 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
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body mass, or reproductive behaviors, LPS-treated females showed
impaired measures of reproductive physiology and function (i.e., ab-
normal estrous cycles, smaller ovaries) in adulthood. Additionally, LPS-
treated females displayed increased investigation of male conspecifics
and increased aggression towards males in a reproductive context. We
found significant associations between aggression and ovarian mass in
those receptive females as well. In contrast, LPS-treated males showed
no change in any of the physiological measures that we investigated,
nor did they show any changes in behavior. Here we provide evidence
that early-life sickness can have profound sex-specific effects on phy-
siology and behavior. More specifically, we suggest that females may be

more strongly affected by immune challenge than males, as determined
by the specific measures investigated here, and that these changes may
have the potential to produce long-term consequences on fitness. Al-
though small sample sizes in some behavioral measures restrict our
ability to control for multiple comparisons, we feel confident that the
changes we see in behavior are specific in nature, and they help us to
better understand how early-life infection may modulate social beha-
viors particularly important in opposite-sex social interactions across
rodent species. Further, the sex-specific physiological effects of early-
life LPS on males and females within the same litter that we measure
here (e.g., ovaries, testes), which have larger samples sizes, enable us to
make meaningful contributions to the possible role of sex in response to
early-life inflammation.

5.1. Sex differences in response to immune challenge

A wide range of studies has investigated the effects of immune
challenge on physiology and behavior; however, many of these studies
focus solely on male rodents or on varying physiological measures. For
example, LPS treatment attenuates testicular development in pre-pub-
ertal male hamsters, though the same investigation has not been done
in females [24]. In another study, male rats that received neonatal E.
coli had attenuated corticosterone responses following tail shock when
compared with vehicle-injected males [45]. Further, studies examining
the effects of immune challenge on physiology and behavior in females
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Fig. 4. Effects of LPS treatment on total investigation in
male and female hamsters. a) LPS-treated (gray bars) re-
ceptive females exhibited a higher total frequency of in-
vestigative behavior when compared to saline-treated
(white bars) receptive females (n = 4 saline; n = 3 LPS);
however, there was no difference in total frequency of
investigation in b) non-receptive females (n= 6 saline;
n = 7 LPS), c) receptive males (n = 4 saline; n= 3 LPS),
or d) non-receptive males (n = 3 saline; n = 8 LPS). Bar
heights represent mean ± S.E.M. An asterisk (*) indicates
statistically significant differences between group means
(p < 0.05).
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a) b) Fig. 5. Effects of LPS treatment on aggressive behavior in
female hamsters. a) Receptive LPS-treated females (gray
bars) exhibited significantly longer attacks on male con-
specifics when compared to saline-treated receptive fe-
males (white bars) (n = 4 saline; n = 3 LPS), and b) there
was no difference in aggressive behavior in non-receptive
females (n= 6 saline; n= 7 LPS). Bar heights represent
mean ± S.E.M. An asterisk (*) indicates statistically sig-
nificant differences between group means (p < 0.05).

Table 3
Relationships between receptive female behavior and ovarian mass *p < 0.05.

Behavior ρs n p

Frequency of nose-to-nose investigation 0.771 7 0.055
Duration of nose-to-nose investigation 0.771 7 0.058
Total frequency of investigation 0.624 7 0.052
Total duration of investigation 0.624 7 0.070
Frequency of attacks 0.826 7 0.032*
Duration of attacks 0.844 7 0.010*

Relationships between ovarian mass and social behavior in receptive females (n = 4
saline; n= 3 LPS).
An asterisk (*) indicates statistically significant correlations between ovarian mass and
behavior (p < 0.05).
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are often inconsistent. For example, in one study in female rats, neo-
natal LPS resulted in delayed vaginal opening and first estrus [22]. In
contrast, in another study, female rats showed compensatory growth,
and consequently, earlier onset of puberty and first estrus, as well as
smaller ovaries and fewer primordial follicles in adulthood [46].

Although the focus of recent work has shifted away from the near-
exclusive study of the effects of treatment on males, with increasing
experimental attention being given to females, the literature is still
lacking in comparisons across sexes within the same study [47]. Here,
we have focused on not only the role that immune challenge plays in
social development, but further, we looked at both males and females
within the same litters and across litters, with the goal of identifying
how sex may affect the response to the same treatment. Similar to some
previous studies, we found that females were robustly affected by
neonatal LPS treatment. Unlike other studies, however, we did not see a
change in timing of vaginal opening; instead we found that LPS-treated
females showed higher rates of abnormal estrous cycling and smaller
ovaries in adulthood. Though the reproductive measures that we in-
vestigated here are not equivalent, and therefore cannot be compared
directly to each other (e.g., ETV cannot be compared directly to vaginal
patency), some of the sex differences we see in response to immune
challenge may be due to gonadal steroids. Many studies suggest that
there are complex interactions between sex steroids and the immune
system, and that testosterone is an immune suppressor, whereas, es-
trogens are immune enhancers [48]. Thus, it is possible that females
may have a more intense cellular and humoral immune response fol-
lowing LPS exposure and that they are more strongly affected by
treatment than males [49]. In our study, however, we investigated only
a subset of the potential measures to determine effects of LPS on phy-
siology; therefore, it is possible that not all aspects of physiology are
affected in the same manner.

Further, it is well known that maternal behavior itself is an ex-
tremely important facet in the development of offspring behavior and
that in some rodent models (e.g., domestic rats and mice), cross-fos-
tering is often a preferred approach to studying these types of effects
[50,51]. In Siberian hamsters, however, dams will often cannibalize
their own pups and/or unfamiliar pups [3, personal observation]. These
hamster mothers are notoriously sensitive to environmental perturba-
tions that can trigger cannibalism. Because of this, we maintained all
pups in the litter and provided the same treatment to all pups within the
litter. We do recognize, however, that dams may have provided dif-
ferential maternal care (e.g., to females) within the same litter pro-
viding the opportunity for maternal behavior to have contributed to the
effects of LPS on development of physiology and behavior (reviewed in
[52]). Therefore, we cannot be sure that the effects of LPS on social
behavioral development here are direct. Future studies will be needed
to further investigate the potential effects of LPS on additional aspects
of physiology.

5.2. The importance of social behavior in successful reproduction

Many studies have focused on the effects of sickness on a number of
different non-social behaviors, as well as same-sex social interactions
(reviewed in [5]). For example, adult male rats show increased anxiety-
like behavior following neonatal LPS administration, as evidenced by
decreased exploration of the open arm of the elevated plus maze [53].
Further, male rats postnatally injected with E. coli show reduced ex-
ploration following an adult stressor, but they are able to recover more
quickly than males injected with phosphate buffered saline (PBS) [45].
While it is important to understand how animals behave in a non-social
context, animals must often interact with others in a social setting in
order to successfully reproduce and survive. Immune challenge has
been shown to affect social behaviors as well, but studies are incon-
sistent and often investigate a single sex. For example, in an aggressive
line of male mice, neonatal LPS exposure decreases aggression but in-
creases social reactivity in adulthood [54]. In a separate study, both
male and female rats exposed to neonatal sickness show decreased
defensive behavior in adulthood, but they show no change in social
behavior or olfactory discrimination [55]. The species used in studies
throughout the literature may play a role in the varying findings, yet,
this has not yet been investigated thoroughly.

Although we found that male and female reproductive behaviors
were not disrupted, we demonstrated marked differences in pre-copu-
latory behaviors in female hamsters. Because animals are faced with
many different potential mates in the wild, choosing the optimal mate
requires the appropriate interpretation of cues to determine the best
chance for successful copulation. To do so, many rodents, including
Siberian hamsters, rely on chemoinvestigation to identify information
about potential mates. In addition to the effects of postnatal sickness on
reproductive physiology in females that we demonstrate here, we also
show that neonatal sickness affects female chemoinvestigation and
aggression with a male conspecific, behaviors important for choosing
an appropriate mate. Outside of the laboratory, it is only likely for an
animal to be successful in finding a mate when it appropriately in-
tegrates information, including chemosensory cues from its con-
specifics.

5.3. Potential mechanisms mediating the influence of immunity on behavior

While the physiological mechanisms underlying the influence of
immunity on behavior were not examined in the present study, several
likely candidates exist. One potential mechanism mediating the phy-
siological and behavioral response to early-life immune activation is
activation of the hypothalamo-pituitary-adrenal (HPA) axis. For ex-
ample, rats exposed to LPS as neonates exhibit greater adrenocortico-
trophic hormone (ACTH) and corticosterone release to restraint stress
than control-treated animals in adulthood, and they exhibit a more
rapid corticosterone response to immune stress later in life [5,56].
Additionally, cytokines are released after exposure to LPS, which may
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cross the blood brain barrier (BBB) due to increased permeability
during the developmental period. Exposure to exogenous LPS increases
cytokine levels in pubertal and adult mice as well. More specifically,
pro-inflammatory cytokines are higher in adult mice than in pubertal
mice, but pubertal mice administered LPS exhibit greater levels of anti-
inflammatory cytokines than LPS-treated adult mice [49].

Further, the complex interactions between the HPA axis and cyto-
kines may mediate the response to immune challenge. For example, the
release of cytokines following LPS administration may alter gluco-
corticoid receptor function [56,57]. It has been suggested that exposure
to LPS during critical stages of development may decrease glucocorti-
coid receptor density, thereby reducing inhibition of ACTH synthesis
and increasing HPA axis sensitivity [58]. Conversely, because gluco-
corticoids block transcription of some cytokines, including IL-1β, IL-2,
and IL-6, it is possible that the presence of particular cytokines may be
altered via glucocorticoid action following an LPS injection, but these
effects are not completely understood [59,60]. In addition, structural
lesions have been found in brain tissue of patients with psychological
disease, which may be correlated with common, brain-specific anti-
bodies that penetrate the BBB during fetal development, when the
barrier is vulnerable to a number of different molecules [61]. Therefore,
antibodies may be capable of inducing alterations in brain function in
otherwise healthy individuals, and the effects of these antibodies may
not transpire until the individual is exposed to a stressor or a new ex-
perience in adulthood [62].

Damage to neural circuits induced by antibodies or toxins may af-
fect the integration of sensory stimuli and the response produced. For
example, it is possible that the molecules crossing the BBB during de-
velopment may induce changes in the emotion-regulating limbic
system, therefore creating abnormal reactions to stressors. Further,
there are various locations in the brain that can modulate reproductive
behavior, including appetitive and pre-copulatory behaviors (e.g., in-
vestigation, locomotion, aggression) and consummatory behaviors
(e.g., lordosis, ejaculation) [63]. Areas of the brain involved in pro-
viding the motivation to approach a potential mate and investigate
odors produced by an individual (e.g., bed nucleus of the stria termi-
nalis, medial preoptic area) may also play an important role in mod-
ulating the behavioral response to immune challenge [64]. Changes in
these brain areas may influence how individuals find potential mates
and even when and how they initiate sexual behaviors [64]. Immune
activation may also have effects on dopaminergic pathways. For ex-
ample, LPS administration reduces dopamine levels in the brain, par-
ticularly in the nucleus accumbens, which could influence appetitive
and aversive behaviors, suggesting that specific brain regions could
influence investigative behaviors, particularly in a reproductive context
[65].

6. Conclusion

Early-life experiences, such as resource availability, social en-
vironment, and sickness can greatly influence the development of adult
physiology and behavior. In order to produce appropriate responses,
animals must appropriately integrate stimuli with internal physiology.
Here, we provide evidence that early-life immune activation can have
profound sex-specific effects on physiology and behavior, and specifi-
cally, we suggest that females may be more strongly affected by im-
mune challenge than males, as indicated by the measures we in-
vestigated here. Additionally, the effects we demonstrate here may
have important consequences on fitness. The results of this study will
help to further our understanding of how the neuroendocrine and im-
mune systems interact during early development. More importantly,
these results will contribute to a greater understanding of the im-
portance of studying social behavior across sexes, and in particular,
studying social behaviors that are crucial in determining optimal mates
inside and outside of a laboratory setting.
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