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Abstract

Previous work in our lab has shown that early-life infection affects female reproductive physiology 

and function (i.e., smaller ovaries, abnormal estrous cycles) and alters investigation and aggression 

towards male conspecifics in a reproductive context. Although many studies have investigated the 

effects of postnatal immune challenge on physiological and behavioral development, fewer studies 

have examined whether these changes have ultimate effects on reproduction. In the current study, 

we paired Siberian hamsters (Phodopus sungorus) and simulated a bacterial infection in early life 

by administering lipopolysaccharide (LPS) to male and female pups on pnd3 and pnd5. In 

adulthood, hamsters were paired with novel individuals of the same sex, and we scored an array of 

social behaviors (e.g., investigation, aggression). We then paired animals with individuals of the 

opposite sex for 5 consecutive nights, providing them with the opportunity to mate. We found that 

females exhibited impaired reproductive physiology and function in adulthood (i.e., smaller 

ovaries and abnormal estrous cycles), similar to our previous work. However, both LPS-treated 

males and females exhibited similar same-sex social behavior when compared with saline-treated 

controls, they successfully mated, and there were no significant changes in fecundity. These data 

suggest that the physiological changes in response to neonatal immune challenge may not have 

long-term effects on reproductive success in a controlled environment. Collectively, the results of 

this study are particularly important when investigating the relationships between physiology and 

behavior within an ultimate context. Animals exposed to early-life stress may in fact be capable of 

compensating for changes in physiology in order to survive and reproduce in some contexts.
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1. Introduction

Early-life stressors (e.g., maternal care, social changes, sickness) can greatly influence 

physiology and behavior in adulthood (reviewed in Bilbo & Schwarz 2009). It is well-

established that the neonatal period is an extremely sensitive time in the life of an individual 

[3], and infection during this time may increase susceptibility to a range of nervous system 

disorders, including autism and schizophrenia [4]. Further, infection during the neonatal 

period may affect the timing of puberty, as well as the development of the reproductive 

system and the immune system [1,5].

Treatment with lipopolysaccharide (LPS), a cell wall component of gram-negative bacteria, 

is commonly employed to induce an immune response in animals. LPS administration 

mimics the actions of a live bacterial infection by binding to toll-like receptor (TLR)-4, 

which leads to the subsequent release of circulating cortisol and proinflammatory mediators 

in the body [6–8]. Previous work suggests that postnatal LPS treatment not only affects the 

development of the reproductive axis in males and females (e.g., early puberty, suppression 

of luteinizing hormone [LH] and testosterone [T]), but LPS treatment also alters 

reproductive behavior in adulthood [9]. Specifically, LPS-treated male Wistar rats show 

fewer mounts, and females exhibit more aggression and fewer hops towards male 

conspecifics [9]. Additionally, LPS-treated males produce lower levels of sperm present in 

female partners following an interaction, suggesting they may not be able to successfully 

reproduce. Similarly, recent work from our lab suggests that postnatal LPS affects 

reproductive physiology and opposite-sex social behavior in a sex-dependent manner as well 

(see Fig. 1). Specifically, Siberian hamster (Phodopus sungorus) females treated with LPS as 

neonates show no changes in consummatory reproductive behaviors (e.g., lordosis), 

however, they do show heightened levels of pre-copulatory investigation and aggression 

when paired with male conspecifics. Interestingly, however, there were no changes in adult 

male physiology or social behavior following postnatal LPS [10]. Additionally, LPS-treated 

females exhibited altered estrous cycles and smaller ovaries in adulthood, suggesting that 

they may not be capable of successfully reproducing [10]. Moreover, LPS-treated female 

Wistar rats exhibit reduced follicle stimulating hormone (FSH) levels in adolescence, early 

reproductive maturity, and decreased follicular reserves [11], further suggesting that LPS-

treated females of various species may not be capable of successfully reproducing.

Although many studies have investigated the effects of postnatal LPS on physiological and 

behavioral development (reviewed in Bilbo & Schwarz 2012a), fewer studies have 

investigated whether these developmental changes have ultimate (i.e., fitness) effects on 

reproduction. In one study, researchers found that female rats postnatally treated with LPS 

exhibited increased corticosterone concentrations in the juvenile, adolescent, and adult 

stages, suggesting a heightened hypothalamo-pituitary-adrenal (HPA) axis response [12]. 

Further, they found that when males were given the opportunity to mate with both LPS-
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treated and saline-treated females (in the same cage), novel males showed no preference for 

mating. Specifically, LPS- and saline-treated females did not differ in fecundity rate after 

being paired with a stud male for two weeks in adulthood, however, offspring born to LPS-

treated females showed higher rates of mortality. The mating effects of LPS treatment on 

males, however, were not investigated in the study [12]. In a subsequent study, immediately 

following postnatal immune challenge, ovaries showed a significant up-regulation in genes 

important for immune cell signaling and inflammation, as well as reproductive development, 

suggesting that early-life immune activation may have severe implications for ovarian 

development and reproduction [13].

In order to investigate whether early-life immune activation affects the functioning of the 

hypothalamo-pituitary-gonadal (HPG) axis in adult males, we stimulated HPG activity using 

the RFamide peptide, kisspeptin. Kisspeptin is one of the primary regulators of gonadotropin 

releasing hormone (GnRH) neurons at the hypothalamus and ultimately serves as a crucial 

regulator of the entire HPG axis, including the onset of puberty and fertility [14]. Work in 

our lab has shown that male and female Siberian hamsters’ reproductive axes are reactive to 

exogenous kisspeptin at different stages of development. Specifically, males and females 

exhibit increased LH in response to exogenous kisspeptin, and males show increased 

testosterone in response to kisspeptin injection. Exogenous kisspeptin, however, does not 

affect normal seasonal changes in body mass or food intake [15,16].

While our previous findings and those of others have allowed an understanding of how an 

early-life immune challenge affects reproductive physiology and behavior, our work here 

provides insight into whether or not males and females from the same litters treated with 

postnatal LPS exhibit altered same-sex social behavior, an important aspect of finding 

potential mates. Further, we investigate if postnatal LPS treatment affects the ability for 

males and females to successfully mate when paired alone with a novel individual in the lab. 

As a result of the adverse effects of postnatal LPS on reproductive physiology that we found 

in our previous study, in this investigation, we hypothesized that females, but not males 

treated with postnatal LPS, would exhibit decreased mating success and reduced fecundity 

in adulthood.

2. Materials and methods

2.1 Animal housing and immune challenge

Adult male and female hamsters were paired (n=13 pairs) and housed in a 16:8 light:dark 

photoperiod, in polypropylene cages (28 × 17 × 12 cm). Ambient temperature was 

maintained at 20 ± 2°C, and relative humidity was maintained at 55 ± 5%. Hamsters were 

given ad libitum access to tap water and standard laboratory rodent chow (Lab Diet 5001, 

PMI Nutrition) throughout the experiment. Pups remained in their litters until weaning 

(postnatal day 24), when they were individually housed for the remainder of the study. On 

postnatal day (pnd) 3, approximately half of the litters were randomly assigned to either a 

treatment group, in which pups were given a single intraperitoneal (i.p.) injection (100μL) of 

50 μg/kg of lipopolysaccharide (LPS, from Salmonella enterica serotype typhimurium, 

Sigma-Aldrich, St. Louis, MO, USA), suspended in 0.9% sterile saline (n=7 litters) or a 

control group, in which litters received i.p. injections of 0.9% sterile saline (n=6 litters). All 
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pups received a second injection of LPS or saline on pnd5 according to a previously 

validated protocol, as there is heightened sensitivity of the GnRH pulse generator at these 

time points [5,10]. All pups in an individual litter received the same treatment (LPS or 

saline). Once injected, pups were monitored throughout the study, and all animals were 

weighed weekly for the remainder of experimentation. At the conclusion of the study, all 

animals were euthanized and organs were weighed. 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

2.2.1 Estimated Testis Volume—Beginning at pnd25 and once per week thereafter until 

reproductive maturity males (n=16 saline; n=10 LPS) were lightly anesthetized with 

isoflurane, and the length and width of the left testis was measured externally (+/− 0.1 mm) 

with calipers, as a proxy for reproductive maturity [10,17]. Estimated testis volume (ETV) 

was calculated as the length × width2, which is directly correlated with testis mass and 

spermatogenesis [17,18]. An ETV of 400mm3 indicates a mass of approximately 200mg, 

which is correlated with the critical mass for production of viable spermatids [17,18].

2.2.2 Vaginal patency and estrous cycling—Beginning at pnd25, and every five days 

thereafter, all female offspring (n=17 saline; n=16 LPS) were monitored for initial vaginal 

opening [19]. Because some females were euthanized at pnd45 (see 2.3 Hypothalamo-

pituitary challenge), and five other females did not have vaginal openings at the time of 

estrous cycle monitoring in adulthood, estrous cycles were monitored in twenty-nine females 

(n=14 saline, n=15 LPS) via vaginal cytology [20,21]. Estrous cycling provides a measure of 

reproductive functioning, specifically ovarian functioning, in Siberian hamsters [22].

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, and metestrus) under 100× 

magnification [20,21,23]. We determined estrous stage using the following characteristics: 

diestrus (presence of many polymorphonuclear leucocytes, some non-nucleated keratinized 

cells, and some parabasal cells), proestrus (clumps of lightly staining nucleated epithelial 

cells), estrus (many non-nucleated keratinized cells), and metestrus (flakes of keratinized 

cells and some leucocytes) [20,21,23]. Once we determined the stage of the estrous cycle, 

females exhibiting cycles in which no pattern was seen (no presence of particular cell types 

or the presence of all one cell type), or those in which the cycle appeared to be incomplete 

(those not showing more than one stage of the cycle over a five-day period) were considered 

to be cycling “abnormally.” Siberian hamsters have a cycle lasting approximately four days 

[24], therefore, animals who had not shown evidence of cycling within the five day period 

were confidently grouped into the “abnormally cycling” group.

2.2.3 Uterine horn scarring—At the end of the study, uterine horns from females placed 

in staged mating pairs (n=11 saline females, n=12 LPS females; n=16 females paired with 

saline males, n=11 females paired with LPS males) were stained to visualize embryo 
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implantation sites by immersing uterine horns in 10% ammonium sulfide solution for 10 

minutes followed by rinsing with distilled water [25,26]. Implantation sites appeared as dark 

spots along the uterine horns, and females that did not become pregnant showed no stained 

scarring. We measured the ratio of pups born to uterine horn implantation sites [27], in order 

to determine the difference between scars and number of offspring carried to full term 

(scarring-to-offspring ratio).

2.3 Hypothalamo-pituitary challenge

On pnd45 and pnd75, in a subset of animals in both postnatal treatment groups (LPS and 

saline), a baseline blood sample was collected prior to the animals receiving a single i.p. 

injection of 100μL of 10 μM kisspeptin-10 (Phoenix Pharmaceuticals, Inc.). Animals were 

immediately placed back into their home cage, and a second terminal blood sample was 

taken 30 minutes after kisspeptin injection for hormone analysis. To collect blood samples, 

animals were lightly anesthetized with isoflurane vapors, and blood samples were drawn 

from the retro-orbital sinus. Blood samples were allowed to clot at room temperature for 1h, 

the clots were removed, and samples were centrifuged at 4°C for 30min at 2500 rpm. Plasma 

was stored at −20°C until assayed for testosterone (males: saline × kisspeptin [n=4], LPS × 

kisspeptin [n=6]) and secondarily assayed for cortisol (males: saline [n=4], LPS [n=6]; 

females: saline [n=9], LPS: [n=8]. All blood samples were collected within 3min of initial 

handling.

2.4 Hormone analysis

2.4.1 Testosterone enzyme immunoassay (EIA)—To determine how postnatal LPS 

affected adult reproductive function in males, testosterone levels were measured before and 

after kisspeptin injections via a commercial EIA kit (Correlate-EIA Kit #900–065; Assay 

Designs, Ann Arbor, MI, USA) that has been previously validated for use in Siberian 

hamsters [28,29]. Samples were diluted 1:20 and run in duplicate for each sample. The 

sensitivity of the assay is 3.82 pg/mL. The intra-assay coefficient of variation was 3.2%.

2.4.2 Cortisol enzyme immunoassay (EIA)—As a secondary measure, we assessed 

circulating cortisol levels before and after injection stress to determine if postnatal LPS 

treatment affected HPA axis activation in males and females. Although not a typical method 

for activating the HPA axis, we assessed cortisol after an injection stressor, since it has been 

observed that the injection alone is associated with an increase in cortisol levels in control 

animals (personal observations). Cortisol is the predominant glucocorticoid in Siberian 

hamsters, with concentrations ~100× that of corticosterone [30]. Serum cortisol 

concentrations were determined in multiple enzyme immunoassays (EIAs) from a 

commercially prepared kit (Cortisol EIA Kit; Enzo Life Sciences, Inc., Farmingdale, NY, 

USA) that was previously validated for use in Siberian hamsters [31,32]. The assay is highly 

specific for cortisol, with corticosterone cross-reactivity 27.7% and <4.0% for other steroid 

hormones. The sensitivity of the assay is 56.72 pg/mL. Samples were diluted 1:80 with 

assay buffer and run in duplicate. Male and female samples were run on the same plates. The 

intra-assay coefficient of variation was 6.7%, and the inter-assay coefficient of variation was 

5.2%.
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2.5 Same-sex social interaction trials

On pnd65, all animals were paired with a novel individual of the same-sex for social 

behavioral assessments, in which the pairs were scored for social behaviors within a 5min 

testing period [21,32–34]. Behavioral assessments were completed in the home cage of the 

experimental animal, and each animal was placed back into his or her home cage following 

behavioral assessment. All experimental trials were video recorded (Sony Handycam HD R-

SR7) under low illumination (25W), red light conditions. To identify the intruders, small 

patches of fur were shaved on the dorsal surface at least 24h prior to behavioral assessment. 

Aggressive behaviors (i.e., chases, attacks, latency to first attack), investigative behaviors 

(i.e., nose-to-nose sniffing, nose-to-anogenital sniffing), and grooming were scored by a 

trained observer blind to the treatment group, using ODlog™ software (Macropod).

2.6 Mating success

On pnd71, all animals were paired with a novel animal of the opposite sex for five 

consecutive nights (pnd71–75), providing them for the opportunity to breed. On the morning 

of the sixth day, males were removed from the cage, and all males were euthanized. All 

females remained in their home cage and were monitored daily for signs of pregnancy. Litter 

sizes and weights were tracked until pnd5. Litter mass and infanticide were assessed across 

all groups.

2.7 Tissue collection

Experimental adults were euthanized (adult males at pnd45, pnd75, or pnd76; adult females 

on pnd 45, pnd75, or pnd5 of F2 generation) via a lethal i.p. injection of a ketamine and 

xylazine cocktail in 0.9% saline, and all adult (≥pnd75) livers, spleens, and reproductive 

organs were collected and weighed. All litters were euthanized by anesthetization with an 

i.p. injection of a ketamine and xylazine cocktail in 0.9% saline followed by rapid 

decapitation five days after day of birth.

3. Statistical analyses

All statistical analyses were performed in R v. 3.3.3 (R Core Team 2016), and we attributed 

statistical significance at p < 0.05 after adjusting to control for false discovery rate (FDR) 

when making multiple comparisons [35]. Organ mass and behavioral data were analyzed 

using a generalized linear mixed effects model (GLMM), including the fixed effects of the 

model (e.g., treatment) as well as the random effect of litter, enabling us to take into account 

the fact that individual pups from the same litter may not have truly been independent 

samples. Differences in repeated measures (i.e., body mass, food intake) were assessed via 

repeated-measures GLMMs. Because all males in this study reached reproductive maturity 

by pnd25, we compared the values of estimated testis volume at pnd25 between LPS- and 

saline-treated males using a GLMM as well. If a model reported a significant interaction 

effect, two-tailed t-tests were run to determine pair-wise relationships.

Data were checked for normality and homogeneity of variance and those data that were non-

normally distributed were log or square root transformed to attain normality and equal 

variances. Data that could not be transformed to attain normality were analyzed using non-
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parametric tests. Specifically, to test whether there was a difference in time to return to 

nursing after injection 1 and injection 2, and to test whether mass differed between LPS- and 

saline-treated litters, we ran Mann-Whitney U tests to compare groups.

We found including litter as a random effect in a GLMM for assessing the effects of LPS 

treatment on estrous cycling and mating success were not appropriate, and when tested, litter 

did not significantly affect the outcome of the models. Therefore, the effect of LPS treatment 

on estrous cycling and mating success were assessed with Fisher’s Exact Tests.

Serum samples collected at pnd45 and pnd75 for hormone analysis were collapsed in 

analysis, since it was determined that samples within each sex at these two time points were 

not significantly different from one another in the initial analysis (p > 0.05). It has 

previously been shown that testosterone concentrations in males at pnd45 and pnd75 are not 

significantly different from each other, as males reach puberty before pnd45 [16]. Ovaries 

from one LPS-treated female were excluded from analysis because the ovaries were 

incorrectly collected during necropsy. Another female from this litter, however, was 

represented in the final analysis.

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 treatment groups (W=17.5, Z=

−0.535, P=0.647). Further, the time to retrieve pups and return to nursing after the first 

injection (W=12.5, Z=−1.216, P=0.504) and after the second injection (W=10, Z=1.714, 

P=0.504) was not affected by treatment. The average offspring mass from pnd2 through 

pnd24 in LPS- and saline-treated litters was not different across treatments as well 

(t92=0.750, P=0.607).

4.2 Early-life immune activation affected food intake, but not body mass in females only

In females, there were no significant effects of treatment (t17=1.216, P=0.321) or the time × 

treatment interaction (t206=−1.720, P=0.209) on body mass, however, there was a significant 

effect of time (postnatal week) on body mass in both LPS- and saline-treated females 

(t206=21.152, P<0.001) (Fig. 2). Additionally, there was no significant effect of treatment 

alone on food intake in females (t19=1.644, P=0.234); however, there were significant effects 

of time (t173=16.518, P<0.001) and the time × treatment interaction (t173=−2.425, P=0.048) 

on food intake in females. Two-tailed t-tests determined that individually during weeks 2–6, 

there were no significant effects of treatment on food intake directly (p > 0.05 in all cases).

In males, there were no significant effects of treatment (t28=−1.206, P=0.321) or the time × 

treatment interaction (t182=−0.310, P=0.826) on body mass, however, there was a significant 

effect of time (postnatal week) on body mass in both treatment groups (t183=19.722, 

P<0.001) (Fig. 2). Further, there were no significant effects of treatment (t139=1.031, 

P=0.365), time (t149=0.059, P=0.953), or the time × treatment interaction (t149=−1.204, 

P=0.321) on food intake in males.
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4.3 Early-life immune activation affected female but not male reproductive physiology

Though postnatal LPS did not significantly affect the timing of female vaginal opening (t17=

−1.834, P=0.112), postnatal LPS disrupted female estrous cycles. Specifically, only 20.0% 

of LPS-treated females exhibited normal 4–5 day estrous cycles, whereas 78.6% of the 

saline-treated females displayed normal estrous cycles. This difference in estrous cycling 

between saline- and LPS-treated females was significant (P =0.020) (Fig. 3). Further, LPS-

treated females had significantly smaller ovaries when compared with saline-treated females 

(t11=2.362, P=0.022). There was no significant difference, however, between uterine horns 

in either treatment group (t11=0.402, P=0.695). There was no significant difference between 

the masses of livers (t11=−1.105, P=0.293) or spleens (t11=−0.462, P=0.653) in LPS-treated 

females when compared with saline-treated females as well.

In contrast, postnatal LPS did not affect any of the measures of reproductive physiology 

taken in males. Estimated testis volume (ETV) at pnd25 did not differ between groups (t8=

−1.368, P=0.209), and paired testes mass in adulthood did not differ between LPS-treated 

males and saline-treated males (t10=−0.431, P=0.675). Postnatal LPS did not affect 

testosterone concentrations before or after kisspeptin challenge. Specifically, there were no 

effects of treatment (t6=0.899, P=0.403) or the treatment × time interaction (t10=−0.765, 

P=0.462) on testosterone concentrations; however, there was a significant effect of time (pre 

and post injection) on testosterone in both LPS- and saline-treated males (t10=−2.299, 

P=0.044). Both treatment groups exhibited an increase in testosterone concentrations after 

kisspeptin injection (Fig. 3). Further, there was no significant difference between the masses 

of livers (t10=−1.306, P=0.221) or spleens (t10=−0.876, P=0.401) in LPS-treated males when 

compared with saline-treated males.

4.4 Early-life immune challenge did not affect cortisol

LPS-treatment did not affect the baseline concentration of cortisol, nor did it affect the 

concentration of cortisol following injection stress in males or in females. In females, there 

were no significant effects of treatment (t7=−0.426, P=0.683) or the time × treatment 

interaction (t18=1.691, P=0.162), however, there was a significant effect of time (pre or post 

injection) on cortisol concentration in both saline- and LPS-treated females (t18=−2.669, 

P=0.048) (Fig. 4). In males, there were no significant effects of time (t15=−0.692, P=0.667), 

treatment (t7=−0.631, P=0.667), or the time × treatment interaction (t15=−0.439, P=0.667) 

on cortisol concentrations (Fig. 4). Cortisol concentrations in both sexes were similar to 

those seen in previous studies [31].

4.5 Early-life immune activation did not affect mating success or fecundity

Mating success in experimental females was not affected by treatment. Specifically, 50.00% 

of LPS-treated females and 45.45% of saline-treated females became pregnant. This 

difference in rates of pregnancy between saline- and LPS-treatment was not significant 

(P=0.737) (Fig. 5). Of the experimental females that successfully reproduced, the number of 

offspring did not differ across groups (t8=−0.656, P=0.530). There was also no difference in 

rate of infanticide across females treated with LPS or saline (t8=−0.553, P=0.595), and there 

was no difference in uterine horn scarring ratio across treatments groups (t8=−0.556, 
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P=0.594). Similarly, we found no difference in the average mass of offspring at pnd5 in the 

second generation (t8=−0.181, P=0.861).

Similar to experimental females, experimental males paired with a novel female showed no 

difference in mating success. Specifically, 54.55% of females paired with LPS-treated males 

and 56.25% of females paired with saline-treated males became pregnant. This difference in 

rates of pregnancy between saline- and LPS-treatment was not significant (P=0.619) (Fig. 5). 

Of the females that did successfully reproduce with an experimental male, there was no 

significant difference in size of the litters (t7=1.027, P=0.339), nor was there a significant 

difference in rate of infanticide (t7=0.580, P=0.580). There was also no difference in uterine 

horn scarring ratio across treatments (t7=1.513, P=0.174), and similarly, we found no 

difference in the average mass of offspring at pnd5 in the second generation across 

treatments (t7=−0.569, P=0.587).

4.6 Early-life immune activation did not affect investigation

The frequency (t8=1.477, P=0.178) and duration (t8=1.155, P=0.281) of nose-to-nose 

investigation was not affected by LPS treatment in females, and the frequency (t8=1.396, 

P=0.200) and duration (t8=0.287, P=0.782) of nose-to-anogenital investigation was not 

affected by LPS treatment in females (Table 1).

Similarly, in males, the frequency (t8=0.836, P=0.428) and duration (t8=0.304, P=0.769) of 

nose-to-nose investigation was not affected by LPS, and the frequency (t8=0.610, P=0.559) 

and duration (t8=0.009, P=0.993) of nose-to-anogenital investigation was not affected by 

LPS treatment in males (Table 2).

4.7 Early-life immune activation did not affect aggression

There was no significant difference in the frequency (t8=0.710, P=0.498) or duration (t8=

−0.725, P=0.489) of attacks, and there was no difference in the frequency (t8=−0.692, 

P=0.509) or duration (t8=0.993, P=0.350) of chases in LPS-treated females. Additionally, 

there was no difference in the latency to first attack in LPS-treated females (t8=−0.513, 

P=0.622) (Table 1).

Similarly, in males, there was no significant difference in the frequency (t8=1.140, P=0.287) 

or duration (t8=0.818, P=0.437) of attacks in LPS-treated animals. There was also no 

difference in the frequency (t8=0.691, P=0.509) or duration (t8=0.737, P=0.482) of chases, 

and there was no difference in the latency to first attack in LPS-treated males (t8=0.030, 

P=0.977) (Table 2).

4.8 Early-life immune activation did not affect grooming behavior

There was no difference in the frequency (t8=1.446, P=0.186) or duration (t8=0.883, 

P=0.403) of grooming in LPS-treated females (Table 1). Similarly, there was no difference 

in the frequency (t8=0.458, P=0.659) or duration (t8=0.046, P=0.965) of grooming in LPS-

treated males (Table 2).
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5. Discussion

Environmental stressors, including those that activate the immune system, often influence 

physiology and behavior; however, the long-term consequences of those stressors are not 

fully understood. In the current study, we built upon our previous findings, showing that an 

early-life immune challenge influences female physiology and opposite-sex behavior [10]. 

In doing so, we tested the effects of early-life immune activation on adult same-sex social 

behavior and fecundity (e.g., mating success and infanticide). We paired hamsters and 

mimicked a bacterial infection in early life, and in adulthood, hamsters were paired with a 

novel animal of the same sex to assay social behaviors and were given the opportunity to 

mate with a novel individual. We found that although LPS-treated females exhibited 

impaired reproductive physiology and function in adulthood, similar to the results we found 

in our previous study, LPS-treated females successfully reproduced, and their offspring 

showed no significant differences (e.g., no difference in body mass or infanticide). This may 

suggest that the physiological changes in response to neonatal immune challenge may not 

have long-term effects on reproductive functioning in some contexts. Further, when given 

the opportunity to mate, affected females are able to compensate for their impaired 

reproductive physiology. These results are particularly important when investigating the 

effects of early-life stress on physiology alone, as we have found that reproductive success 

(i.e., fecundity) is not directly associated with measures of reproductive physiology in some 

cases.

5.1 Changes in reproductive physiology may not predict mating success

Though females in our study showed impaired reproductive physiology and function, we 

found that those same females showed no changes in their ability to mate or in the measures 

of fecundity studied here. These data suggest that changes in physiology may not necessarily 

correspond to changes in fitness. Previous studies have shown similar connections. For 

example, both male meadow voles and prairie voles show a decrease in testosterone and an 

increase in corticosterone and interleukin-1β (IL-1β) in response to LPS, however, when 

novel females are paired with LPS-treated prairie voles, but not meadow voles, females 

spend less time with LPS-treated males when compared with saline-treated males. Further, 

both LPS-injected male prairie voles and meadow voles spend less time engaging in social 

behavior with females [36]. These data suggest that although LPS treatment influenced 

measures of physiology in both species, those physiological measures do not necessarily 

coincide with behavioral responses in both species, including those important in mating and 

reproduction. In another study, infection with Trichinella spiralis affected female odor 

preference of male meadow voles, however, infection did not affect mate preference, 

suggesting that although there were clear changes in physiology as shown in the changes in 

odor preference, those physiological changes did not correspond with changes in mating 

abilities [37].

In a different study, male and female prairie voles exhibited an increase in corticosterone 

concentrations in response to exogenous LPS. Following treatment, female prairie voles 

were paired with a novel male for 6 hours. During a subsequent partner-preference test, they 

found that LPS-treated females spent significantly more time with familiar males, and 
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saline-treated females spent significantly more time with unfamiliar males. Males, however, 

exhibited no partner preference [38]. These data suggest that behavioral changes may be 

sex-specific, and although they found changes in physiology in both sexes, behavioral 

changes may not always coincide with alterations in physiology.

In our current study, however, we did not provide a choice between LPS- and saline-treated 

individuals, nor did we challenge the individuals with other environmental factors that may 

be disadvantageous. For example, in the wild, conditions are unpredictable (e.g., scarce food 

sources, temperature fluctuations) and can greatly influence the physiological response to an 

immune challenge. Further studies should therefore be done to investigate whether early-life 

infection would affect mating success in a natural environment, where conditions may be 

unfavorable.

5.2 Sex modulates the response to stressors

Sexually dimorphic responses to both physiological and behavioral stressors have been seen 

in various species [39]. In particular, the HPA response to stressors is often sex-dependent 

and is connected to the overall immune response following such a challenge [40]. On 

average, female rats have a greater endocrine response to both physiological and 

psychological stressors, and females often show a greater average concentration of 

glucocorticoids than males [41]. During an immune challenge, not only are the HPA axis 

and the immune system mediating an appropriate response, but the HPG axis also plays a 

vital role influencing the physiological reaction [6–8].

Interestingly, it is believed that gonadal steroid hormones may play an important role in 

regulating these effects [42–44], and testosterone may actually decrease the amount of 

circulating ACTH and glucocorticoids in response to a stressor, whereas estradiol may be 

associated with an increase in these molecules [42,45]. The paraventricular nucleus (PVN) 

of the hypothalamus exhibits estrogen and androgen receptors, suggesting that sex steroids 

may be acting at the level of the hypothalamus to regulate the physiological response to 

stress, however, the precise manner in which the HPA and the HPG axis interact is not 

completely understood [46]. These studies and others suggest that the HPA and HPG axis 

are important in the regulation of appropriate physiological and behavioral responses in the 

face of infection and inflammation, and the interaction of these two axes may be playing a 

significant role in the sex-dependent responses to early-life immune activation that we saw 

in the current study.

5.3 Social context influences physiology and behavior

It has long been suggested that an individual’s social environment can greatly influence an 

animal’s physiological and behavioral response [reviewed in 47,48]. For example, zebra 

finches that are group housed show no change in social behavior when treated with 

exogenous LPS, however, socially-isolated finches show reduced activity. Though finches in 

both social environments exhibit an increase in proinflammatory cytokine, IL-6, suggesting 

that there may be a tradeoff between showing sickness behaviors in response to infection and 

exhibiting social behavior in these different contexts (Lopes, Adelman, Wingfield, & 

Bentley, 2012). In a different study, male Aztec mice (Peromyscus aztecus) housed with 
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females had significantly larger paired testes, higher spermatozoon counts, and higher serum 

testosterone levels when compared with males housed individually [50], suggesting that 

social context may play a particularly important role in reproductive physiology.

Further, animals may avoid exhibiting sickness behaviors in order to put themselves in a 

better position for territory defense, mating, or offspring survival. For example, house 

finches choose to avoid an infected partner more often, however, those individuals that avoid 

sick conspecifics more often show lower natural antibody levels than non-avoiders [51]. 

These data suggest that finches alter their behavior based on not only social environment but 

also their ability to fight off infection in that social environment. In our previous work, we 

have shown that early-life immune activation affects female investigation and aggression 

towards a male conspecific and female reproductive physiology. In the present study, 

however, we found that though females showed similar alterations in their reproductive 

physiology, they were still able to successfully mate and reproduce. These data suggest that 

there may not be dichotomous trade-offs between immunity and reproduction; but rather, the 

context in which an animal is placed in may impact their behavior to a greater degree.

5.4 Timing of stressors can impact physiological and behavioral responses

In many animal models, sex differences in behavior emerge later in life, often after a 

secondary stressor [52], and therefore further investigation into how subsequent stressors 

might affect physiological and behavioral outcomes is important. Though we did not find 

LPS to be associated with a significant difference in the concentration of cortisol following 

injection stress, it is possible that continual handling stress instead of this one-time stressor 

could yield different results. Further, it is possible that changes in HPA responsiveness due 

to early-life immune activation may occur after a secondary stressor. For example, in one 

study, postnatal LPS treatment had no immediate effect on anxiety-like behavior or spatial 

memory in adult mice, but following a second LPS challenge in adulthood, animals showed 

impaired spatial memory and neurogenesis [53]. Additionally, neonatal rats infected with E. 
coli show no immediate memory changes in adulthood, however, when infected neonates 

experience an LPS challenge in adulthood, they also exhibit impaired recent memory, 

decreased hippocampal astrocytes, and decreased brain IL-1 [54]. These studies suggest that 

some physiological and behavioral effects of postnatal infection may not take place until a 

secondary stressor is introduced. Further work suggests that these changes may be partially 

reversible. In a subsequent study, rats treated with neonatal E.coli or saline received 

caspase-1 inhibitor as adults, which prevents the synthesis of the proinflammatory cytokine, 

IL-1. Treatment with this caspase-1 inhibitor prevented LPS-induced memory impairment, 

providing evidence that the changes seen in behavior may be, in part, mediated by the 

inflammatory response that occurs during a neonatal infection (Bilbo, et al., 2005).

Furthermore, there has been considerable research investigating the effects of maternal 

immune challenge during pregnancy on offspring physiology and behavior. Specifically, 

work in our lab suggests that prenatal LPS is associated with a greater cortisol response 

following an intruder encounter and higher frequency of bites during that agonistic 

encounter in male offspring when compared with male offspring from control-treated dams 

(French et al., 2013). In another study, prenatal LPS was associated with altered male sexual 
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behavior and physiology. Specifically, the number of males that successfully ejaculated and 

testis mass were both reduced in males prenatally exposed to LPS (Bernardi et al., 2010). 

Additionally, in separate study, during the fetal period, there were alterations in males whose 

mothers were exposed to LPS during pregnancy. Specifically, there were significant 

abnormalities in Leydig cells; anogenital distances were reduced; and in adulthood, testis, 

prostate, and seminal vesicle mass were reduced in males whose mothers were treated with 

LPS during pregnancy. These studies and others suggest that prenatal exposure to LPS can 

have long-lasting effects on the reproductive system. Our current research, however, 

examines the effects of postnatal LPS on reproductive development a nd behavior, and future 

research should investigate the effects of immune activation on development at varying times 

in the developmental process (e.g., prenatally), as well as in conjunction with secondary 

stressors.

Conclusions

The neonatal period is an extremely sensitive time in the life of an individual, and infection 

during this critical time can greatly influence the development of the reproductive system 

and the immune system. Our work suggests that, although female physiology is more 

strongly affected by an early-life immune challenge, both LPS-treated males and females 

exhibit no significant changes in fecundity (e.g., no difference in litter size, mass, or 

infanticide). These data indicate that even when a stressor affects physiology, there may not 

be long-term effects on reproduction or survival, at least under the conditions of the present 

study. Taken together, the results of this study are particularly important when investigating 

the intricate relationships between physiology and behavior. Animals exposed to early-life 

stress may in fact be capable of compensating for changes in physiology in order to survive 

and reproduce.
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Highlights

• LPS treatment impaired reproductive physiology and function in females.

• LPS treatment did not affect male reproductive physiology or function.

• Male and female same-sex social behavior was not affected by early-life 

sickness.

• LPS-treated males and females exhibited no changes in fecundity.
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Figure 1. 
Graphical depiction of how early-life infection can influence physiology and behavior. 

Early-life immune activation can affect physiology and behavior in sex-dependent ways. We 

have previously shown that postnatal LPS affects reproductive physiology and pre-

copulatory behavior (e.g., investigation and aggression) in female hamsters, but not in males 

[10]. In the present study, we investigated whether these changes in physiology consequently 

affect the ability to interact with same-sex individuals (e.g., investigation, aggression), 

behavior that is important for finding and attracting a mate, and whether early-life LPS 

treatment influences mating and reproductive success in males and females in a lab setting. 

There are complex interactions taking place among the endocrine systems and its effector 

organs, reproductive function, and behavior that is necessary for fitness and reproduction in 

various contexts.
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Figure 2. 
Mean ± SEM of (a) body mass and (b) food intake over time in male and female hamsters. 

There were no significant effects of treatment or the time × treatment interaction on body 

mass in males, however, there was a significant effect of time (postnatal week) on body mass 

in males in both treatment groups. There were no significant effects of treatment, time, or 

the time × treatment interaction on food intake in males. In females, there were no 

significant effects of treatment or the time × treatment interaction on body mass, however, 

there was a significant effect of time (postnatal week) on body mass in both LPS- and saline-

treated females. There was no significant effect of treatment alone on food intake in females; 

however, there were significant effects of time and the time × treatment interaction on food 

intake in females. White circles represent saline-treated males; white triangles represent 

saline-treated females; black circles represent LPS-treated males; and black triangles 

represent LPS-treated females.
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Figure 3. 
Experimental timeline and effects of treatment on reproductive measures in males and 

females. (a) 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. (b-g) Effects of 

LPS treatment on reproductive physiology in female and male hamsters. (b) LPS-treated 

females reached reproductive maturity later than saline-treated females, however, there was 

no significant difference in day of vaginal opening; (c) there was a lower percentage of 

normal estrous cycles in LPS-treated females (gray bars) when compared with saline-treated 

females (white bars); (d) LPS-treated females had significantly smaller ovaries when 

compared with saline-treated females; (e) LPS-treatment did not affect estimated testis 

volume (ETV) at pnd25; (f) there were no effects of treatment or the treatment × time 

interaction on testosterone concentrations following kisspeptin challenge; however, both 

treatment groups exhibited a significant increase in testosterone concentrations after 

kisspeptin injection; and (g) male paired testes mass was not affected by LPS treatment. Bar 

heights represent mean ± SEM Groups with different letters indicate statistically significant 

differences between group means (p < 0.05); groups sharing the same letter are statistically 

equivalent.
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Figure 4. 
Mean ± SEM of serum cortisol pre and post injection stress in female (a) and male (b) 

hamsters. LPS-treatment did not affect the baseline concentration of cortisol, nor did it affect 

the concentration of cortisol following injection stress in males or in females. In females, 

however, there was a significant effect of time (pre or post injection) on cortisol 

concentration in both saline- and LPS-treated females. No other values were significantly 

different (p > 0.05).
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Figure 5. 
Mean ± SEM of measures of fecundity in adult male and female hamsters. (a) Uterine horn 

scarring-to-offspring ratio in female hamsters; (b) number of pups born to experimental 

females; (c) number of offspring lost to infanticide by experimental females; (d) average 

mass of offspring at pnd5 born to experimental females; (e) uterine horn scarring-to-

offspring ratio in female hamsters mated with experimental males; (f) number of pups born 

to females paired with experimental males; (g) number of offspring lost to infanticide by 

females paired with experimental males; and (h) average mass of offspring at pnd5 born to 

females paired with experimental males. No values were significantly different across 

treatment groups (p > 0.05).
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Table 1

Means ± SEM of investigation, aggression, and grooming behaviors in female hamsters across treatment 

groups. No values were significantly different across treatment groups (p > 0.05).

Female Behavior Saline LPS

Frequency of Anogenital Sniffing 9.455 ± 1.846 6.417 ± 1.069

Duration of Anogenital Sniffing 17.009 ± 3.882 15.433 ± 3.88

Frequency of Head/Neck Sniffing 13.182 ± 1.976 7.250 ± 0.986

Duration of Head/Neck Sniffing 21.345 ± 4.181 13.050 ± 4.198

Total Frequency of Investigation 22.636 ± 3.599 13.667 ± 1.734

Total Duration of Investigation 38.355 ± 6.92 28.483 ± 6.886

Frequency of Chases 0.091 ± 0.091 0.333 ± 0.333

Duration of Chases 0.036 ± 0.036 0.475 ± 0.475

Frequency of Attacks 6.091 ± 1.217 5.333 ± 1.333

Duration of Attacks 4.482 ± 0.890 5.317 ± 1.999

Latency to Attack 84.091 ± 21.959 97.727 ± 21.652

Frequency of Grooming 2.00 ± 0.714 1.667 ± 0.284

Duration of Grooming 2.182 ± 0.826 2.05 ± 0.546
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Table 2

Means ± SEM of investigation, aggression, and grooming behaviors in male hamsters across treatment groups. 

No values were significantly different across treatment groups (p > 0.05).

Male Behavior Saline LPS

Frequency of Anogenital Sniffing 14.313 ± 2.271 11.545 ± 1.875

Duration of Anogenital Sniffing 34.763 ± 4.869 35.236 ± 6.698

Frequency of Head/Neck Sniffing 16.938 ± 2.308 15.091 ± 2.588

Duration of Head/Neck Sniffing 36.750 ± 6.455 40.873 ± 7.159

Total Frequency of Investigation 31.250 ± 4.193 26.636 ± 4.235

Total Duration of Investigation 71.513 ± 10.615 76.109 ± 12.442

Frequency of Chases 1.375 ± 0.491 0.909 ± 0.368

Duration of Chases 1.963 ± 0.763 1.173 ± 0.578

Frequency of Attacks 8.625 ± 1.008 5.818 ± 1.476

Duration of Attacks 12.281 ± 2.880 8.900 ± 2.685

Latency to Attack 74.375 ± 16.361 73.6 ± 19.725

Frequency of Grooming 1.688 ± 0.373 1.455 ± 0.282

Duration of Grooming 1.625 ± 0.382 1.600 ± 0.352
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