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Abstract
In many mammals, the availability of familiar conspecifics in the home environment can affect
immune function and morbidity. Numerous sex differences exist in immune responses, but whether
the social environment impacts the immune system differently in males and females is not fully
understood. This study examined behavioral and physiological responses to simulated bacterial
infection in adult male and female Wistar rats housed either with 3 same-sex non-siblings (Group)
or alone (Isolate). Rats were injected with bacterial lipopolysaccharide (E. coli LPS; 150 µg/kg, i.p.),
and behavioral (orectic, locomotor, and social) and physiological (thermoregulatory, cytokine, and
corticosterone) inflammatory responses were measured. Among males, LPS-induced fever,
suppressed locomotor activity, and inhibited feeding behavior and the magnitude of these responses
were greater in Isolate relative to Group housed individuals. In contrast, among females group
housing exacerbated behavioral and physiological symptoms of simulated infection. LPS treatments
elicited IL-1β production in all groups, but plasma IL-1β concentrations were higher and peaked
earlier in Isolate relative to Group males, and in Group relative to Isolate females. Furthermore,
plasma concentrations of TNFα and IL-2 were higher in Group relative to Isolate males. Plasma
corticosterone concentrations did not vary as a function of social housing conditions. Together, the
data indicate that the social environment markedly influences innate immune responses. Group
housing exacerbates inflammatory responses and sickness behaviors in females, but attenuates these
responses in males. These sex differences are mediated in part by differential effects of the social
environment on pro- and anti-inflammatory cytokine production.

Keywords
innate immune responses; IL-1β; corticosterone; sex-differences; social behavior

© 2010 Elsevier Inc. All rights reserved.
Correspondence to: Jason R. Yee, Ph.D., Brain-Body Center, University of Illinois at Chicago, 1601 W. Taylor St., M/C 912, Chicago,
IL 60612 USA, Phone: 312-996-9555, Fax: 312-996-7658, jyee@psych.uic.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.
Conflict of interest statement: All authors declare that there are no conflicts of interest.

NIH Public Access
Author Manuscript
Brain Behav Immun. Author manuscript; available in PMC 2011 August 1.

Published in final edited form as:
Brain Behav Immun. 2010 August ; 24(6): 942–951. doi:10.1016/j.bbi.2010.03.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Social isolation is a powerful risk factor for increased morbidity and mortality (Cacioppo et
al., 2000; House et al., 2001; House et al., 1988). The stable presence or absence of familiar
conspecifics has long been known to alter immune responsiveness in rodent models, with social
isolation in particular generally associated with impaired measures of immune function
(Edwards et al., 1980; Plaut et al., 1969; Rabin et al., 1987a; Vessey, 1964). Social isolation
impacts diverse aspects of the immune system: individual- relative to group-housing results in
decreased mitogen-stimulated lymphocyte proliferation (Bartolomucci et al., 2003; Jessop et
al., 1988), decreased antigen-specific IgG production (Demas et al., 2004; Klein et al., 1997;
Shanks et al., 1994), delayed wound healing (Detillion et al., 2004), increased parasitic load
(Schuster & Schaub, 2001), and increased tumor growth following tumor cell transplantation
(Kerr et al., 1997; Kerr et al., 2001; Strange et al., 2000) across different animal models. The
role of social organization (i.e., solitary vs. group living species) on isolation-induced changes
in immunity has received limited empirical study (but see, Klein et al., 1997).

Independent of social organization, male mammals are at greater risk than females for broad-
based morbidity and mortality. This is especially true for the symptoms of bacterial infection,
which are exacerbated in males relative to females (Brabin & Brabin, 1992; Grossman,
1985; Schuster & Schaub, 2001). This sexual diphenism is regulated in part by a higher
expression of the LPS-binding Toll-like receptor-4 (TLR4) and CD14 in macrophages of males
relative to females (Marriott et al., 2006). In addition, endogenous male sex steroids suppress
some aspects of cell-mediated immune function (Gaillard & Spinedi, 1998).

Although rats are a canonical model organism for the study of psychoneuroimmunological
mechanisms, interactions between sex and social organization are seldom considered in studies
of immune function. We hypothesized that the social environment would alter immunological
and behavioral responses to a simulated bacterial infection in a sex-specific manner. To test
this hypothesis, male and female Wistar rats that had been raised in social isolation or in social
groups were treated with LPS; over the days that followed, body temperature, locomotion, food
intake, and social behavior were quantified. To identify immunological and neuroendocrine
mechanisms that mediate social and sex differences in LPS-elicited innate immune responses,
blood cytokine and corticosterone concentrations were determined during the hours before and
after LPS treatment.

Materials and Methods
Animals and Photoperiod Treatments

Male and female Wistar rats (HsdRccHan:WIST) (n = 75) were bred at the University of
Chicago from stock purchased from Harlan (Indianapolis, IN, USA). Pups were weaned at 21–
25 days of age and housed with same-sex non-siblings in groups of 3/cage (Group) or 1/cage
(Isolate). Final sample sizes are indicated in Fig. 1. In the Group condition, only one (focal)
animal received the injection (LPS or saline) on any given experimental run. Otherwise, Group
and Isolate animals were treated and handled in an identical manner. At all times, rats were
housed in in polypropylene cages (25.9 × 47.6 × 20.9 cm) at 22±1°C and 50±5% humidity and
had ad libitum access to food (Teklad 8640; Harlan, Indianapolis, IN, USA) and filtered tap
water. Rats were housed under a light-dark cycle that provided 14 h of light and 10 h of darkness
per day (onset of darkness: 12:00h C.S.T.). A dim (<0.1 lux) red light remained on at all times
to facilitate behavioral observations during the scotophase. Experiments began when rats were
90 – 150 days of age. All procedures conformed to guidelines of “Principles of Laboratory
Animal Care” (NIH publication No. 86-23, revised 1985) and the USDA Guidelines for the
Care and Use of Laboratory Animals, and were pre-approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Chicago.
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Body temperature and activity telemetry
Body temperature (Tb) and locomotor activity were recorded telemetrically from rats (n = 39)
bearing temperature-sensitive radiotransmitters (G2 Emitter; Respironics Inc.; Bend, OR)
which were implanted i.p. under deep surgical anesthesia (sodium pentobarbital, 100 mg/kg,
i.p.) according to methods described in detail elsewhere (Prendergast et al., 2002). After
recovery from surgery, rats were returned to their home cages and received buprenorphine (0.5
mg/kg, s.c.) as an analgesic at 12 h intervals for 48 h. One week later, Isolate and Group cages,
each containing one radiotransmitter-bearing animal (i.e. the focal animal), were placed on
receiver boards (ER-4000; Respironics Inc.); Tb data were collected every 5 min and
transmitted to a PC using VitalView software (Respironics Inc.).

Injection treatments
After ≥ 2 days of baseline data collection, rats received an i.p. injection of either 150 µg/kg of
E. coli lipopolysaccharide (LPS; serotype 0127:B8; Sigma) or 0.9% sterile physiological saline
(SAL) 10–30 minutes before the onset of darkness in a counter-balanced, blocked design, with
all focal animals receiving both LPS and SAL treatments in random order. In the Group
condition, only one animal received the injection on any given experimental run. Injection
volumes ranged from 0.1–0.4 ml. Successive injections were separated by 7 days. LPS is the
biologically-active fragment of endotoxin from gram-negative bacteria; it is nonreplicating.
This dose and strain of LPS was used because it reliably elicits physiological and behavioral
symptoms of infection in Wistar rats (Bluthe et al., 2001; Dogan et al., 2000; Dogan et al.,
2002). During the 2 days prior to, and for 3 days after, injection treatments, physiological
(Tb) and behavioral (locomotor activity, food intake, social interactions) measures were
obtained. Estrous cycles were not monitored in female rats. Ovarian cyclicity affects tolerance
to repeated LPS injections (Engeland et al., 2006), and responsiveness to IL-1β treatments
(Avitsur et al., 1995), however, naive behavioral and physiological responses to LPS do not
change across the estrous cycle (Engeland et al., 2006).

Food intake
The uneaten portion of food (both food in the cage hopper and crumbs on the cage floor) was
weighed (± 0.1 g) each day before the onset of darkness (11:30 – 12:00h) and again immediately
after lights on (22:00 – 22:30h) to determine nightly food intake for each cage. Food weights
were used to identify the magnitude of anorexia and to validate behavioral measures of feeding
in Isolate rats (see Results); food weights obtained from Group cages were not further analyzed.

Behavioral data collection and analysis
Behavior in each cage was recorded individually with infrared video cameras (Q-See, Model
#QSOCWC, DPSI, Anaheim, CA, USA) mounted on tripods and positioned approximately 50
cm from the side of each cage. Video output was recorded digitally on a programmable recorder
(Lorex, L174V-081; Lorex Inc., Markham, Ontario, Canada). Video coding of feeding
behavior and social behavior was conducted using the Etholog behavioral scoring program
(Ottoni, 2000).

In some rodents, subordinate status attenuates behavioral responsiveness to LPS treatment
(Cohn and de Sa-Rocha, 2006); however, social hierarchies within male and female rat groups
were not characterized in the current study, thus it was not possible to determine relations
between dominance/subordinance status and immune/behavioral responses to LPS.

Night time feeding behavior was quantified using a discontinuous one-zero time-sampling
procedure (Tyler, 1979), in which 10 minutes of video from each of the 10 hours of the dark
phase was scored by a trained observer who was blind both to the injection treatment condition
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and the sex of the rat. Behavioral acts scored were: (1) the number of visits to the food hopper
in which the focal animal was observed eating food, and (2) the amount of time spent eating
at the food hopper (in a rearing position, with head directed toward the hopper performing
chewing motions). The focal animal was identified on video by the presence of stainless steel
ear tags (National Band & Tag Company; Newport, KY).

Social behaviors were quantified by scoring the number of (1) social contacts initiated and (2)
social contacts received by the focal (injected) rat. Social contacts between all familiar
cagemates were exclusively affiliative (side-by-side contact, anogenital investigation, nose-
to-nose contact, contact with forepaws); none of the observed interactions resulted in injury.
In addition, the total amount of time spent huddling was also scored. Huddling was
operationally defined as the duration of time the focal rat spent in direct physical contact with
one or more cagemates while all participants were sedentary.

Blood collection
A separate cohort of rats (n = 36) that did not receive radiotransmitter implants provided data
on cytokine and glucocorticoid responses to LPS challenge. With the exception of
radiotransmitter implantation surgery, all social (Group, Isolate), sex (male, female), and
injection (LPS, SAL) methods were identical to those described above. One week prior to
injection treatments, rats were anesthetized using a mixture of 3% isoflurane and medical
oxygen, and 1 ml of whole blood was obtained via the right retro-orbital sinus using a sterilized
Pasteur pipette coated with sodium heparin. Rats were subsequently injected with 150 µg/kg
LPS or SAL at the time of lights-off (12:00h C.S.T.), and additional blood samples of 500–
1000 µl were obtained 2 and 6 h and 10 h after LPS treatment, as described above. Blood
collection at these times were performed in the dark, assisted by a dim (<0.1 lux) overhead red
light. Immediately after each blood collection event, rats were administered 1 ml of warm
sterile 0.9% physiological saline s.c. All bleeding was performed in a separate room that was
acoustically isolated from the main housing chamber. Final sample sizes for each treatment
group are indicated in Fig. 5 and 6.

Following collection, blood samples were gently mixed with 100 units of sodium heparin, kept
on ice for 60 – 90 min, and centrifuged at ∼300 × g for 30 min at 4°C. Plasma was stored at
−80° C until assayed for IL-1β and corticosterone concentrations by enzyme-linked
immunosorbent assays (EIAs; see below).

Corticosterone assay
Corticosterone was measured using an EIA (Correlate-EIA Kit, Assay Designs) according to
the manufacturer’s instructions. The EIA uses a polyclonal antibody to corticosterone to
competitively bind plasma corticosterone and alkaline-phosphatase conjugated corticosterone.
Briefly, plasma samples were thawed at room temperature, diluted 1:30 in assay buffer, and
applied to a microplate. Following incubation and automated washing (SkanWasher 400,
Molecular Devices, Sunnyvale, CA), plates were read on a microplate reader at 405 nm, and
values were determined by extrapolation from a standard curve using SoftMaxPro 5.0 software
(Molecular Devices). The corticosterone EIA had a sensitivity of <27.0 pg/ml, an intra-assay
CV of 7.7% and an inter-assay CV of 9.7%. All samples, standards, and replicates were assayed
in duplicate.

IL-1β EIA assay
IL-1β was measured by EIA (Quantikine, Rat IL-1β Kit; R&D Systems) according to the
manufacturer’s instructions. Briefly, plasma samples were thawed and centrifuged at room
temperature, and diluted 1:3 in assay buffer. Diluted samples and standards were added in
duplicate to a microplate coated with an affinity-purified polyclonal antibody specific for rat
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IL-1β. After binding to the immobilized antibody, wells were washed, HRP-conjugated
secondary antibodies were added, wells were washed again, and a colorimetric reaction was
performed to permit visualization of a reaction product. Finally, the optical density of each
microplate well was read at 450 nm using a microplate reader (Emax, Molecular Devices) with
correction at 570 nm. Sample values were determined by extrapolation from a standard curve.
The IL-1β EIA had a sensitivity of <5.0 pg/ml, an intra-assay CV of 5.5%, and an inter-assay
CV of 4.6%. All samples, standards, and replicates were assayed in duplicate.

Multiplex cytokine assay
In a subset of samples which corresponded to the peak of IL-1β production (+2 h and +6 h
post-LPS treatment; as determined in the time-course above), protein concentrations of
IL-1β and 8 additional cytokines (TNFα, IFNγ, GM-CSF, IL-2, IL-4, IL-6, IL-10, and IL-1α)
were determined using the Bioplex Protein Array system (Bio-Rad, Hercules, CA), according
to methods described in de Jager et al. (2003). Briefly, plasma samples were thawed at 20°C
and assayed for cytokine levels using a multiplex bead-based immunoassay kit (Bio-Rad).
Cytokine assays were performed according to the manufacturer’s protocol.

Statistical Analyses
All statistical analyses were performed using StatView 5.0.1 (SAS Institute, Cary, NC).
Dependent variables were compared between sex, social conditions, and injection treatments
using factorial ANOVA. Dependent variables that were sampled repeatedly were first
compared with repeated-measures ANOVA with time as a within-subject factor, and
separately, by timepoint. Post-hoc pairwise comparisons were conducted using Fisher’s
protected least significant difference to limit experiment-wise error when the overall ANOVA
was significant. Reliability of behavioral recordings for the assessment of food intake was
determined by Pearson rank correlation (r). Values of r ≥ 0.70 were considered reliable; this
value was chosen because, for example, with a Pearson correlation coefficient of 0.70 between
food intake and food hopper visits, approximately half of the variance in food weight would
be accounted for by the number of visits to the food hopper (i.e., R2 = 0.49) (Martin & Bateson,
2002). Differences were considered statistically significant if P≤0.05.

Results
Fever

Overall, males experienced significantly greater body temperature changes in response to LPS
treatment than females (sex × treatment × time: F (24, 648) = 1.6, p < 0.05). In several
experimental groups, LPS treatments induced a dual change in Tb, characterized by
hypothermia followed by fever (Fig. 1; cf. Dogan et al., 2000). Housing condition (Isolate,
Group), sex (male, female), and treatment (LPS, SAL) interacted to affect the pattern of change
in Tb on the day of injection (housing × sex × injection × time : F (24,648) = 1.6, p < 0.05).
Isolate males exhibited a dual change in Tb characterized by hypothermia beginning ∼2 h after
LPS treatment, and followed by a fever which began ∼6 h post-treatment (Fig. 1A; p < 0.05);
Group males exhibited a hypothermic response to LPS, but did not exhibit fever (Fig. 1C). In
contrast to males, Isolate female rats injected with LPS did not exhibit significant changes in
Tb relative to saline-injected controls (Fig. 1B). Group females, however, exhibited a dual
change in Tb following LPS treatment, comparable to that observed in Isolate males (Fig. 1D;
p < 0.05): hypothermia was evident beginning ∼2 h after LPS treatment, and was followed by
fever occurring ∼6 h after treatment.
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Locomotor activity
During the scotophase immediately following injection treatments, rats treated with LPS were
less active in the home cage (Fig. 2; treatment × time: F (10, 310) = 9.4, p < 0.05). Overall,
males were significantly more affected by LPS treatment than females (sex × treatment × time:
F (10, 310) = 2.6, p < 0.05). In males, Isolates injected with LPS exhibited decreased locomotor
activity throughout the scotophase in relation to SAL animals (p < 0.05), while Group males
injected with LPS did not decrease activity in comparison to SAL. Group females exhibited
decreased locomotor activity throughout the scotophase following LPS treatment (p < 0.05),
similar to Isolate males; however, LPS treatment did not significantly decrease locomotor
activity over the same timecourse in Isolate females.

Post-hoc pairwise comparisons at each timepoint also indicated a differential effect of housing
condition across the sexes. Locomotor activity was reduced in LPS-treated Isolate males
(relative to SAL) in 7 of 10 total one-hour blocks (hours 4–10) following injection (p < 0.05,
all comparisons), but only in 3 of 10 total one-hour blocks (hours 4–6) following injection in
Group males. In contrast to males, activity levels of Isolate females injected with LPS were
diminished in only 2 of 10 total one-hour blocks (at hours 8 and 10), while Group females
injected with LPS exhibited a decrease in activity in 6 of 10 total one-hour blocks (at hours 3,
5, 6, 8, 9, and 10)(p < 0.05, all comparisons).

Behavioral anorexia
Among Isolate rats, the amount of time spent at the food hopper was significantly correlated
with the amount of food consumed (Pearson’s r = 0.77), validating the use of the 10-minute
time sampled technique for estimating food intake (Martin and Bateson, 2002).

Housing condition (Isolate, Group), sex (male, female), and treatment (LPS, SAL) interacted
to affect the number of visits to the food hopper (housing × sex × injection: F (1, 70) = 3.9,
p < 0.05). Isolate males decreased the number of visits to the food hopper after LPS treatment
relative to saline-treated controls (p < 0.05), but Group males did not differ in the number of
food hopper visits after LPS treatment (p > 0.05). In contrast to males, LPS inhibited visits to
the food hopper in Group females (p < 0.05), but not in Isolate females (p > 0.05).

Analyses of the total duration of time spent eating yielded a similar pattern of results (Fig. 3B).
Significant main effects for housing and sex conditions revealed that males spent more time
eating than females (F (1, 70) = 12.4, p < 0.05), and Isolate rats spent more time eating than
Group rats (F (1, 70) = 9.2, p < 0.05). In males injected with LPS, neither Isolate nor Group
rats significantly differed from saline-treated controls (p > 0.05, both comparisons). Isolate
females injected with LPS did not spend less time eating relative to SAL, but Group females
injected . with LPS spent significantly less time eating (p < 0.05).

Body weight
Animals treated with LPS experienced greater body weight declines the day after the injection
in relation to animals treated with saline (F (1,70) = 39.5, p < 0.05). Post-hoc analysis revealed
that each sex × housing condition (i.e. Isolate-male, Group-male, Isolate-female, Group-
female) experienced a decline in body weight following LPS treatment compared to saline-
injected controls (p < 0.05, all comparisons). There was no sex-specific effect of housing in
the response to LPS (sex × housing × treatment: F (1, 70) = 0.53, p > 0.05).

Social behavior
In Group male and female rats, treatment with LPS decreased the number of affiliative
interaction initiations (Fig. 4A; treatment × time: F (1, 34) = 15.0, p < 0.05). However, no sex
difference was evident in the effect of LPS on this measure (treatment × sex × time: F (1, 34)
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= 0.65, p > 0.05). LPS treatment also decreased the number of times an individual received an
affiliative interaction (Fig. 4B; treatment × time: F (1, 34) = 6.07, p < 0.05). Males and females
likewise did not differ in the effect of LPS on this measure of social behavior (treatment × sex
× time: F (1, 34) < 0.1, p > 0.05). In contrast, huddling behavior was markedly increased
following LPS treatment (Fig. 4C; treatment × time: F (1, 34) = 8.17, p < 0.05); this increase
was comparable in males and females (treatment × sex × time: F (1, 34) = 2.12, p > 0.05).

Corticosterone
LPS elicited significant increases in plasma corticosterone concentrations in all groups, with
peak concentrations achieved within 2 h of LPS injection (Fig. 5A; treatment × housing × sex:
F (1, 60) = 74.17, p < 0.05). Corticosterone concentrations were significantly higher in females
relative to males throughout the scotophase following injection treatments (Fig. 5B; sex: F (1,
32) = 54.87, p < 0.05). Corticosterone concentrations following LPS treatment were not
affected by housing condition in either sex (Fig. 5B; sex × housing × time: F (1, 32) = 0.47,
p > 0.05).

Cytokines
Plasma IL-1β concentrations were measured by EIA at prior to (0 h), and 2 h, 6 h, and 10 h
after treatment with LPS. Both housing condition (Isolate, Group) and sex (male, female)
interacted to affect both overall plasma IL-1β concentrations (sex × housing: F (1, 32) = 5.9,
p < 0.05) and its pattern of change throughout the scotophase following LPS injections (Fig.
6; sex × housing × time: F (3, 96) = 5.7, p < 0.05). Peak IL-1β occurred earlier in males (at +2
h) relative to females (at +6 h). Post-hoc comparison by timepoint revealed that amongst LPS-
injected males, Isolate animals displayed higher IL-1β concentrations than Group animals at
2 h post-treatment (p < 0.05); in contrast, amongst LPS-injected females, Group animals
displayed higher IL-1β concentrations than Isolate animals at 6 h post-treatment (p < 0.05).

Plasma concentrations of 9 cytokines (including IL-1β) were run by multiplex at times (+2 and
+6 hours, post-LPS) that corresponded to the peaks in IL-1β concentration obtained by EIA.
Multiplex determination of plasma IL-1β concentrations replicated findings obtained by EIA.
Housing condition and sex interacted produce a trend in overall IL-1β concentrations (sex ×
housing: F (1, 32) = 3.4, p = 0.07), but interacted to significantly alter IL-1β concentrations
over time (sex × housing × time: F (1, 32) = 4.1, p < 0.05). Also as obtained by EIA, Isolate
males exhibited higher concentrations of IL-1β production relative to Group males at 2 h post-
LPS treatment (F (1,15) = 6.9, p < 0.05). However, IL-2 concentrations were elevated at 6 h
(F (1, 15) = 5.6, p < 0.05) and TNFα concentrations were elevated at 2 h (F (1, 15) = 8.0, p <
0.05) in Group relative to Isolate males. Concentrations of all other cytokines were comparable
between Isolate and Group animals injected with LPS (see Table 1).

Discussion
The presence of same-sex conspecifics altered behavioral and physiological responses to
simulated bacterial infection differently in male relative to female rats. Male rats housed in
social isolation exhibited larger changes in body temperature, greater and more enduring
suppression of locomotor activity, and greater anorexia relative to males housed in social
groups with familiar conspecifics. In marked contrast, among females, these symptoms of
infection were greater when rats were housed in social groups, relative to in isolation. Social
control of LPS-induced IL-1β production may be partially responsible for this pattern of
outcomes, as IL-1β concentrations were significantly higher in Isolate males and Group
females (i.e. groups that exhibited exacerbated sickness responses). No clear effect of the social
environment was evident in corticosterone responses to LPS. The concordance between
IL-1β production and behavioral and febrile responses to LPS obtained in the present study is
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consistent with an extensive literature documenting a primary role for IL-1β in the expression
of sickness behaviors (Bluthe et al., 1991; Bluthe et al., 1992; Kelley et al., 1997; Kent et al.,
1992). The present work suggests that the social environment exerts markedly dissimilar effects
on early innate immune responses to pathogens, which culminate in sex differences in symptom
severity.

Fever, anorexia, and suppression of locomotor behavior are classic sickness behaviors (Bluthe
et al., 2000; Dantzer, 2001; Hart, 1988; Kelley et al., 2003) and are mediated in large part by
the proinflammatory cytokines IL-1β and TNFα (Dantzer, 2001; Kent et al., 1992; Konsman
et al., 2002). The present results further suggest that differences in IL-1β production may
account for the observed sex differences in thermoregulation and behavior. These findings,
obtained initially by EIA, were subsequently confirmed by multiplex measurements of
IL-1β. Taken together, these data strongly suggest that sex and the social environment interact
to affect an individual’s capacity for IL-1β production. How long or how frequently an animal
must be exposed to conspecifics for the social modulation of innate immune function to
manifest remains unanswered by the present results. Data on this issue, however, may have
implications for how the social environment affects the immune system.

The majority of other measured cytokines did not differ systematically between Group and
Isolate animals, in either sex (see Table 1). However, TNFα and IL-2 concentrations were
elevated in Group relative to Isolate males at 2 h and 6 h (respectively) following LPS
treatments. Increased IL-2 production accompanied by more robust behavioral and
thermoregulatory responses to LPS in Group males is consistent with an anti-inflammatory
role for this cytokine. IL-2 is critical for the development of (CD4+/CD25+) regulatory T cells
(Tregs) (Sakaguchi et al., 2009;Setoguchi et al., 2005;Thornton et al., 2004a;Thornton et al.,
2004b). Tregs can suppress proliferation of naive and memory T cells and inhibit production
and release of proinflammatory cytokines through several mechanisms (Fontenot et al.,
2005;Piccirillo et al., 2004;Ziegler et al., 2006). However, the degree to which Treg-mediated
effects of IL-2 are relevant to the observed effects of the social environment on behavioral and
physiological responses to LPS are not presently known.

LPS-induced TNFα concentrations were also elevated in Group relative to Isolate males. These
data are difficult to reconcile with the established role of TNFα in mediating acute phase
inflammatory responses. Paradoxically, TNFα concentrations were lowest in the experimental
condition (i.e. Isolate males) that responded with the most robust behavioral, thermoregulatory,
and IL-1β responses to LPS treatment. TNFα responses to LPS typically peak early (within 1
h) whereas IL-1β responses lag in time, peaking 2 to 6 hours later (Chensue et al., 1991).
Perhaps lower TNFα at +2 h in Group males reflected a robust peak in TNFα in this group that
was rapidly terminated. This conjecture cannot be addressed within the present dataset, as
earlier (+1 h) blood samples were not obtained.

The mechanisms by which sex and the social environment interact to alter LPS-mediated
IL-1β production are not known. Corticosterone, which suppresses the production of and
signaling by proinflammatory cytokines (Barnes, 1998; Beishuizen & Thijs, 2003; Besedovsky
et al., 1986; Del Rey et al., 1987), did not explain the observed pattern of IL-1β secretion.
Consistent with prior reports (Handa et al., 1994; Kitay, 1961), females produced greater
plasma corticosterone concentrations than did males. However, sex differences in
corticosterone concentrations were unaffected by the social environment. This observation is
consistent with previous work in mice, which demonstrated that differences in antibody
production between isolated and group-housed animals were not explained by serum
corticosterone concentrations (Rabin et al., 1987b).
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Thermoregulatory changes were stimulated by systemic LPS administration and, in a majority
of groups, resulted in a dual Tb change in which hypothermia preceded fever. Such a biphasic
course of thermoregulatory responses to LPS has been reported previously, and depends on
several factors, including environmental conditions, dose, host strain, and bacterial serotype
(Avistur et al., 1995; Dogan et al., 2002; Kluger et al., 1998; Long et al., 1991; Moltz, 1993;
Romanovsky et al., 1997). Higher doses of LPS and subthermoneutral ambient temperatures
(Ta) both exacerbate the magnitude of hypo- and hyperthermia (Dogan et al., 2000; Dogan et
al., 2002; Leon, 2004). We interpret greater magnitude changes in Tb (relative to saline-injected
controls) to indicate a more robust acute phase response (cf. Dogan et al., 2000; 2002).
Accordingly, in males isolation resulted in the greatest deviations in thermoregulation relative
to saline, whereas in females group-housing produced the most profound changes in
thermoregulation. Group males injected with LPS exhibited an initial decline in Tb, but no
fever Isolate females injected with LPS did not differ from saline controls at any timepoint.
The pattern of enhanced thermoregulatory responses to LPS in Isolate males and Group females
was consistent with the pattern of IL-1β responses observed in this study.

Juvenile rats are commonly used as social stimuli in behavioral investigations of endotoxin
and/or cytokines. This methodology is motivated in part by the relative absence of sexual or
aggressive interactions that occur between juvenile and adult rats (Bluthe et al., 1992). In the
present study the use of familiar adults rather than novel juveniles revealed an unexpected and
an ecologically adaptive pattern of results. Consistent with the existing literature using juvenile
stimulus animals, the initiation and reception of affiliative social behaviors with familiar adult
cagemates was decreased following LPS treatment; however, the duration of time spent in side-
by-side contact (huddling) with cagemates was markedly increased in LPS-treated rats. Thus,
the use of age-matched familiar conspecifics has allowed identification of a social behavior,
huddling, that increases in frequency during the expression of sickness behaviors. One possible
function of the increased affiliative drive to huddle may be to facilitate thermoregulation during
the energetically costly interval of anorexia and fever of the acute phase response
(Bartolomucci, 2007). This observation underscores the concept that, rather than being
omnibus in nature, social behaviors are highly specific; indeed, categorically different
responses to infection may be observed when ecologically-appropriate stimuli are implemented
and behavior is examined over long time intervals. The ambivalent social state that occurs
during illness may provide a useful model for further investigations of how cytokines affect
distinct aspects of social behavior.

Thermoregulatory, locomotor, and ingestive responses to LPS were exacerbated in Isolate
males and Group females but body mass responses did not exhibit a similar pattern. Rats in all
groups exhibited a comparable loss of body weight. This outcome is consistent with existing
reports that observed sex differences in food intake, but that did not observe sex differences in
the more integrative response of body weight (Pitychoutis et al., 2009).

A number of prior reports document sex differences, the absence thereof, and the social effects
thereupon in multiple aspects of the response to LPS treatment (Ashdown et al., 2007; Engeland
et al., 2003; Franklin et al., 2003; Gayle et al., 2006). It is impossible to reconcile every outcome
in the present report with all prior reports on sex differences in LPS-induced sickness responses,
as idiosyncratic methodological differences confound such direct comparisons. For example,
in the present report we observed no significant febrile response to LPS in Isolate females,
whereas Ashdown et al. (2007) reported a clear elevation in Tb among single-housed females
injected with LPS. However, in Ashdown et al. LPS was administered at the dark-to-light phase
transition, whereas in the present report LPS was injected at the onset of the dark phase. The
nocturnal circadian rise in Tb among control-treated rats likely renders modest febrile responses
statistically unresolvable. The timing of LPS treatment likewise influences subsequent changes
in locomotor activity levels (Franklin et al., 2007). Additionally, in contrast to the present
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report, Engeland et al. (2003) reported enhanced suppression of locomotor activity by LPS in
males relative to females; but differences in rat strain, LPS strain, LPS dosage and social group
size preclude direct reconciliation of these data. Moreover, some reports do not specify whether
group-housed LPS-treated rats are injected simultaneously or discretely. In this study, only one
animal per cage was treated with LPS. It is conceivable, that the expression of sickness
behaviors may be altered by the presence of sick animals in the immediate environment.
Ultimately, many methodological differences - including species, host strain, strain of LPS,
timing of injection, dosage, and dependent measures – preclude direct reconciliation of every
outcome in the present report with prior published data. However, the present data identify sex
differences in sickness behaviors that are parallelled by changes in peripheral proinflammatory
cytokine production; this model may be useful for future dissections of the neuroimmune
mechanisms mediating sex differences in sickness responses.

The adaptive significance of robust IL-1β and sickness response in Isolate males and Group
females may be interpretable within an ecological context. Rats in nature typically live in large
groups in which exposure to the opposite sex is available (Barnett, 1955; Calhoun, 1961;
Calhoun, 1962; Lore & Flannelly, 1977). However, environmental conditions in laboratory
studies reflect a highly contrived scenario, in which segregation from the opposite sex is the
norm. According to life-history trade-off theory, animals divert finite energy resources toward
physiological functions that increase reproductive success, and in polygynous mammals,
maximization of reproductive success is presumed to occur by prioritization of mate quantity
in males and mate quality in females (Bateman, 1948; Kelly & Jennions, 2009; Rolff, 2002).
Under conditions of social isolation, male rats are devoid of sexual partners, but also of potential
competitors. Therefore, when contending with an acute infection, a socially-isolated male
might maximize its fitness by prioritizing robust immune resonses at the cost of maintaining
characteristics that would make it attractive to potential mates. Female rats, on the other hand,
typically live communally and share the same nest and burrow with other females and their
young; close living quarters offer an increased opportunity for the social transmission of
infectious disease. In this ecological context, female rats may have evolved to respond to group-
living with enhanced innate immune responses. In general, normal (i.e. robust)
proinflammatory cytokine responses may only be elicited under conditions which match a
species-specific, ecologically normal (i.e., species-appropriate) scenario: solitary males and
communal-living females.

A sizable literature on the clinical outcomes of human sepsis points toward a sexual diphenism
characterized by increased male susceptibility (Adrie et al., 2007; Coyle et al., 2006; Schroder
et al., 2000; Suffredini, 2007; Wichmann et al., 2000). Indeed, investigations into the
immunological effects of gonadal steroids have demonstrated an immunoenhancing effect of
estrogens and immunosuppressive effect of androgens (Jarrar et al., 2000; Knoferl et al.,
2002a; Knoferl et al., 2002b; Mouihate et al., 2003; Wichman et al., 1996). However, some
large-scale studies have produced inconsistent findings in which women may experience
greater risk for negative outcomes than men (Crabtree et al., 1999; Eachempati et al., 1999),
or intragender developmental fluctuations in circulating gonadal steroids (for example,
menopause in women) fail to yield the predicted change in risk (Sperry et al., 2008). Taken
together, these studies suggest that factors in addition to gonadal steroids participate in the sex
differences in symptoms of infection. The results of the present experiment suggest that gender-
based differences in how individuals respond to the presence or absence of social partners may
play an important role in determining the innate immune response to a simulated bacterial
infection.

In summary, social isolation of male rats resulted in greater LPS-induced changes in body
temperature, suppression of locomotor activity, and anorexia compared to male rats living in
social groups. In contrast, female rats housed in social groups exhibited greater symptoms of
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infection compared to those that were housed in social isolation. Taken together, the data
indicate that the presence of same-sex conspecifics attenuates innate immune inflammatory
responses and sickness behaviors in males, but potentiates these symptoms in females. Further
investigations that specify the effect of the environmental context on host immunity may help
to clarify the role of sex in immune function.
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Figure 1.
Mean (±SEM) hourly change in body temperature of male (A, C) and female (B, D) Wistar
rats housed 1/cage (Isolate; panels A and B) or 3/cage (Group; panels C and D) prior to and
following treatment with lipopolysaccharide (150 µg/kg i.p.; LPS) or saline (at time 0).
Open:filled bars above each plot indicate the daily light:dark cycle. Within each panel: * p <
0.05 vs. saline.
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Figure 2.
Mean (±SEM) hourly locomotor activity counts of male (A) and female (B) Wistar rats housed
1/cage (Isolate) or 3/cage (Group) prior to and following treatment with LPS (150 µg/kg i.p.)
or saline (at time 0). The daily light:dark cycle is depicted by a black and white bar above each
graph. Within each panel, * p < 0.05 vs. SAL within Housing condition. Time interval over
which LPS values differed pairwise from SAL values within sex (p < 0.05) are indicated along
the abscissa with dark bars.
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Figure 3.
The total number of visits to the food hopper (A) and total duration of time spent eating (B) of
male and female Wistar rats housed 1/cage (Isolate) or 3/cage (Group) and treated treatment
with LPS (150 µg/kg i.p.) or SAL are presented as the mean (±SEM). Feeding behavior was
sampled in 10-min bins, once per h, for the first 10 h (scotophase) following injections. * p <
0.05 vs. SAL value within sex and social condition.
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Figure 4.
The total number of initiated (A) and received (B) social interactions, and the total duration of
time spent in side-by-side social contact (C) of male and female Wistar rats housed 3/cage
(Group) and treated with LPS (150 µg/kg i.p.) or saline are presented as the mean (±SEM).
Social behavior was sampled in 10-min bins, once per h, for the first 10 h (scotophase)
following LPS and saline treatment. Values represent the total frequency or duration over 10
hourly 10-minute bins at baseline (24 hours prior to treatment) and following injection. See
Methods for description of behavioral criteria. * p < 0.05 vs. saline value.
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Figure 5.
Mean (±SEM) plasma concentrations of corticosterone measured by specific EIA. Male and
female Wistar rats were housed 1/cage (Isolate) or 3/cage (Group) prior to (A) and following
injections (B) (150 µg/kg i.p.). # p < 0.05 vs. SAL value within housing condition and sex. *
p < 0.05, male vs. female.
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Figure 6.
Mean (±SEM) plasma concentrations of IL-1β measured by specific EIA. Male and female
Wistar rats were housed 1/cage (Isolate) or 3/cage (Group) prior to and following treatment
with LPS (150 µg/kg i.p.). * p < 0.05 vs. Group-male value; # p < 0.05 vs. Isolate-female value.

Yee and Prendergast Page 21

Brain Behav Immun. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yee and Prendergast Page 22

Ta
bl

e 
1

M
ea

n 
(±

SE
M

) p
la

sm
a 

cy
to

ki
ne

 c
on

ce
nt

ra
tio

ns
 (p

g/
m

L)
 a

s m
ea

su
re

d 
2 

h 
an

d 
6 

h 
af

te
r L

PS
 tr

ea
tm

en
t (

15
0 

µg
/k

g 
i.p

.) 
in

 m
al

e 
an

d 
fe

m
al

e 
W

is
ta

r r
at

s t
ha

t
w

er
e 

ho
us

ed
 1

/c
ag

e 
(I

so
la

te
) o

r 3
/c

ag
e 

(G
ro

up
).

M
al

e
Fe

m
al

e

2 
h

6 
h

2 
h

6 
h

Is
ol

at
e

G
ro

up
Is

ol
at

e
G

ro
up

Is
ol

at
e

G
ro

up
Is

ol
at

e
G

ro
up

IL
-1
β

22
91

 ±
58

0
88

7 
±

12
6*

64
8 

± 
12

5
86

5 
±

14
4.

1
40

3 
± 

76
72

9 
± 

37
4

81
4 

± 
19

3
14

87
 ±

 4
87

IL
-1
α

21
 ±

 4
23

± 
4

14
 ±

 6
21

 ±
 7

.2
88

 ±
 6

9
14

 ±
 2

27
 ±

 5
33

 ±
 8

IL
-2

26
19

 ±
59

2
39

07
 ±

50
7

19
76

 ±
62

7
36

47
 ±

38
3.

3*
24

70
 ±

10
93

32
28

 ±
43

2
33

72
 ±

11
55

31
99

 ±
 5

07

IL
-4

14
7 

± 
30

23
5 

± 
28

12
0 

± 
48

20
2 

± 
33

.7
94

 ±
 3

2
16

0 
± 

15
17

9 
± 

51
18

7 
± 

27

IL
-6

73
57

 ±
10

80
92

03
 ±

10
31

53
10

 ±
13

57
66

39
 ±

67
2.

7
88

45
 ±

11
96

85
00

 ±
86

1
86

93
 ±

21
13

65
83

 ±
 8

15

IL
-1

0
46

4 
± 

67
91

7 
± 

23
0

69
7 

± 
42

6
11

17
 ±

49
1.

8
37

1 
± 

59
40

0 
± 

30
82

1 
± 

14
6

65
6 

± 
96

TN
Fα

71
4 

± 
19

8
17

41
 ±

28
3*

54
2±

 3
00

88
0 

±
33

4.
8

13
84

 ±
42

0
90

0 
± 

16
4

49
8 

± 
11

1
35

2 
± 

35

IF
N
γ

57
9 

± 
10

4
20

63
 ±

68
3

68
6 

± 
43

1
15

04
 ±

71
6.

9
49

4 
± 

23
6

43
0 

± 
54

12
21

 ±
55

6
91

8 
± 

12
9

G
M

-
C

SF
38

 ±
 6

76
 ±

 1
9

64
 ±

 3
9

99
 ±

 4
3.

2
31

 ±
 6

38
 ±

 3
82

 ±
 2

6
60

 ±
 1

1

* p 
< 

0.
05

 v
s I

so
la

te
 v

al
ue

, w
ith

in
 se

x.

Brain Behav Immun. Author manuscript; available in PMC 2011 August 1.


