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Summary

Seasonal changes in day length enhance or suppress aspects of immune function in mammals.
Following adaptation to short, winter-like short photoperiods, cytokine and behavioral responses to
lipopolysaccharide (LPS)-induced simulated infections are attenuated in LPS-naive Siberian
hamsters. This experiment examined whether diminished initial responses to LPS in short days are
accompanied by decrements in the development of innate immunological memory that leads to
endotoxin tolerance. Male hamsters exposed to short days (9h-light/day; SD) or kept in their natal
long-day photoperiod (15h-light/day; LD) for 12-13 weeks were injected with bacterial LPS (625
pa/kg, i.p.) or sterile saline. Ten days later all hamsters were challenged with LPS (625 ug/kg, i.p.),
and behavioral sickness responses (anorexia and reductions in nest building) were assessed. In LD
hamsters, behavioral responses to the second LPS injection were markedly attenuated but still
evident, indicative of partial tolerance. SD hamsters, in contrast, failed to exhibit anorexic or
thermoregulatory responses to the second LPS injection, indicative of complete behavioral tolerance
to LPS. Thus despite engaging greater naive responses to LPS, LD hamsters exhibited incomplete
LPS tolerance relative to SD hamsters. The expression of behavioral tolerance to endotoxin is
relatively diminished during the breeding season, a time of year when naive responses to endotoxin
are at their greatest. During winter, enhancements in behavioral endotoxin tolerance may conserve
energy and facilitate survival in the face of energetically-challenging conditions.
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Introduction

Sick animals exhibit profound, transient changes in behavior and motivational state,
collectively termed ‘sickness behaviors’ (Hart, 1988). In the case of bacterial infections,
sickness behaviors are initiated by the activity of cells in the innate immune system, principally
macrophages. Following recognition of bacterial cell wall lipopolysaccharide (LPS),
macrophages synthesize and secrete pro- (IL-1p, IL-6, and TNF-a) and anti- (IL-10, IL-1ra)
inflammatory cytokines, which act on central and peripheral targets to trigger changes in
physiology and behavior (Dantzer, 2001). The ensuing motivational reorganization includes
reductions in ingestive, social, and sexual behaviors, induction of an anhedonic state, lethargy,
and thermoregulatory changes. Sickness behaviors generated during the acute phase response
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(APR) to infection forestall bacterial replication, facilitate leukocytogenesis, and are critical
to survival (Kluger, 1975; Hart, 1988).

Innate inflammatory responses to microbes are not immodifiable. Rather, environmental
factors can exacerbate or attenuate infection-induced cytokine production and the generation
of sickness behaviors (e.g., Aubert et al., 1997). Among the environmental cues capable of
robust modulation of the response to LPS are changes in day length (photoperiod). After
exposure to short, winter-like photoperiods, male Siberian hamsters challenged with a
simulated gram-negative bacterial infection (systemic LPS) exhibit lower IL-1p, IL-6, and
TNF-a production, and marked decreases in the magnitude and persistence of anorexic and
thermoregulatory responses, relative to hamsters exposed to longer, summer-like photoperiods
(Bilbo et al., 2002; Prendergast et al., 2003). Several other components of the hamster immune
system have also been shown to be enhanced under winter relative to summer photoperiods,
including skin inflammatory responses and lymphocyte subsets (Bilbo et al., 2002). These and
other data (see Nelson, 2004, for review) have formed the empirical foundations of the ‘winter
immunoenhancement hypothesis’, which proposes that photoperiodic adjustments in immune
function may reflect an adaptive reallocation of metabolic resources away from reproductive
physiology and towards host defense and survival at times of year when reproduction is
unlikely to be successful (Nelson & Demas, 1996). ‘Immunoenhancement’, here, refers to
survival and fitness, and does not imply quantitative increases in all immunological responses
following adaptation to short days. Because acute-phase sickness responses are extremely
energetically expensive (Bilbo et al., 2002), the attenuation of LPS-induced sickness behaviors
during winter accelerates behavioral recovery from severe infections. Earlier termination of
fever and resumption of foraging may be adaptive in winter environments where ambient
temperatures are relatively lower and food is scarce (Nelson, 2004).

If engaged repeatedly or sustained for prolonged intervals, inflammatory responses can lead
to any of several pathophysiological conditions, including metabolic syndrome, somatic
wasting, and septic shock (Nathan, 2002). Constraints on the extent of LPS-induced
inflammation are afforded by cellular negative-feedback mechanisms that are engaged in
parallel with the initial inflammatory response to LPS (Sly et al., 2004; Foster et al., 2007).
This negative regulation induces a state of ‘LPS tolerance’, characterized by organismal and
macrophage hyporesponsiveness to restimulation by LPS, thereby decreasing the likelihood
of sepsis. Following an initial (naive) treatment with LPS, subsequent LPS treatments elicit
attenuated cytokine and behavioral (fever, food intake) responses in tolerant animals (Langhans
etal., 1991; Nava & Carta, 2000). The degree of tolerance varies in a dose-dependent manner
with the amount of the initial LPS treatment (Beeson, 1947; Labeta et al., 1993). In addition
to protecting against sepsis, LPS tolerance also substantially decreases the energetic
consequences of reexposure to LPS (e.g., diminished anorexia and fever). Once instated, LPS
tolerance can endure for weeks, reflecting a form of short-term memory in the innate immune
system (Valles et al., 2005; Gantner & Singh, 2007).

Whether photoperiod affects the development of LPS tolerance remains unresolved. On one
hand, the relatively greater proinflammatory response to LPS under long, relative to short days
may be accompanied by a relatively greater concurrent activation of negative regulators of
inflammation (i.e., mechanisms that induce tolerance), and therefore greater behavioral
tolerance might be predicted in long days. Alternatively, however, if winter adaptations in the
immune system are also manifest in mechanisms that control the development of LPS tolerance,
then one would predict LPS tolerance to be facilitated in hamsters adapted to short
photoperiods, consistent with the winter immunoenhancement hypothesis. A modest
attenuation of LPS tolerance under long, relative to short, days has been reported in a population
of female meadow voles (Engeland et al., 2003); however, asymmetries in the proportion of
voles that were concurrently pregnant in long-days (40%) versus short-days (0%) preclude a
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definitive interpretation of the data. Moreover, in meadow voles photoperiod does not affect
the magnitude of the initial, acute response to LPS (Engeland et al., 2003). To directly address
this issue, this experiment tested whether adaptation to a short photoperiod facilitates or impairs
the development of behavioral tolerance to LPS. LPS-induced anorexia and suppression of nest
building behavior were measured, as these are the two most robustly photoperiodic sickness
behaviors yet described in rodents (Wen et al., 2007), and each bears critically on winter energy
balance.

Animals and photoperiod manipulations

Procedures in this experiment conformed to the NIH Guidelines for the Care and Use of
Laboratory Animals and were approved by the University of Chicago Institutional Animal Care
and Use Committee. Siberian hamsters (Phodopus sungorus; n=45) from our laboratory
breeding colony were raised 2—4 per cage (28x17x12 cm) under a 15L:9D photoperiod (LD;
lights-off: 1800h) with ad libitum access to food and filtered water. Ambient temperature was
20 = 0.5°C and relative humidity was 53 + 2% throughout the experiment. At 3-4 months of
age (week 0), hamsters were either transferred into 9L:15D (SD; lights-off: 1800h; n=25) or
remained in LD (n=20). On weeks 0 and 12, testis volumes were determined under light
isoflurane anesthesia to assess gonadal responses to the photoperiod manipulations. SD
hamsters that failed to exhibit >40% decrease in testis size by week 12 (n=4) were regarded as
nonresponsive to SD and excluded from all analyses (Wen et al., 2007).

Induction of LPS tolerance

Results

On week 12, naive responses to LPS were evaluated according to established behavioral
methods in our laboratory (Wen et al., 2007). To elicit naive responses to LPS, hamsters were
injected i.p. with either bacterial LPS (E. coli 026:B6; 625 pg/kg; Sigma; LD, n=10; SD, n=10)
or 0.1 ml of sterile 0.9% saline (LD, n=10; SD, n=11) 30 minutes before the onset of darkness.
Food in the cage hopper was weighed (£0.1 g) at the time of injection and at 24 h intervals
thereafter to determine daily food intake. On the night following injection, coincident with
lights-off, each hamster was also provided with access to a small piece of cotton batting (~3
g) which was weighed before, and again 3 hours after, presentation. This provided a measure
of thermoregulatory behavior: energetic challenges increase the use of nesting material
(Puchalski et al., 1988; Kauffman et al., 2003), and the availability of a nest reduces food intake
in this species (Kauffman et al., 2003; Wen et al., 2007). Ten days later (week 13.5), behavioral
tolerance was assessed by injecting all hamsters with LPS (625 pg/kg, i.p.) and measuring food
intake and nesting material use over the next 72 h using procedures identical to those described
for week 12. Statistics. ANOVA was used to compare behavioral responses to LPS among
hamsters that had previously been treated with LPS (LPS-LPS) and those that had previously
been treated with saline (SAL-LPS). Behavioral responses among saline-injected controls
(SAL) provided a baseline against which to assess suppression of LPS-induced sickness
behaviors by prior LPS exposure (i.e., LPS tolerance). Pairwise comparisons of mean food
intake values were conducted using Fisher’s PLSD tests. Nesting material use was compared
between groups using a Kruskal-Wallis test followed by Mann-Whitney U tests.

A single LPS-treatment caused anorexia in both LD (P<0.0001) and SD (P<0.05) hamsters
(Fig. 1A, 1B). Although diminished in magnitude, anorexic responses following the second
LPS treatment (on week 13.5) were evident in LD (P<0.01), but were completely absent in SD
(P>0.8) (Fig. 1A, 1B). The hypophagic effect of endotoxin treatment among LPS-LPS hamsters
in housed in LD endured for >72 h after the second endotoxin treatment (Fig 1B).
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LPS likewise suppressed nest-building among naive animals in both photoperiods (LD:
P<0.0001; SD: P<0.05; Fig. 2). However, a second treatment with LPS suppressed nest-
building behavior in LD hamsters (P<0.005; Fig. 2A), but failed to do so in SD hamsters (P>0.9;
Fig. 2B).

Discussion

The present results demonstrate that the effects of LPS from E. coli. on Siberian hamster food
intake and nest-building behavior disappear with repeated injection. This work confirms in
Siberian hamsters data from several other mammals (humans, rats, mice, rabbits) indicating
that a single exposure to LPS results in the eventual development of behavioral tolerance
(Beeson, 1947; Langhans et al., 1991; Nava & Carta, 2000; Nathan, 2002). In LD hamsters,
tolerance to the effects of LPS on food intake and nest building were partially evident, but
significant anorexia and suppression of nest building still occurred after the 2" LPS treatment,
indicating that behavioral tolerance to LPS was not absolute. In contrast, behavioral symptoms
of simulated infection were entirely absent in SD hamsters following repeated LPS treatment.
Thus, adaptation to short photoperiods markedly enhanced the expression of behavioral
tolerance to endotoxin. Taken together, these data extend the scope of photoperiodic
adaptations in the immune system of Siberian hamsters to include mechanisms that govern the
manifestation of behavioral endotoxin tolerance.

Sickness behaviors are critical to survival, but they are energetically costly behavioral
adaptations (Hart, 1988). Fever, suppression of food intake, and deficits in nest construction,
however transient, constitute an extreme energetic challenge. The immediate energetic costs
of sickness may be amplified during winter, when food is scarce and ambient temperatures are
relatively lower (Bilbo et al., 2002). Adaptation to short photoperiods attenuates the magnitude
of LPS-induced sickness behaviors in hamsters: proinflammatory cytokine production is
decreased in SD relative to LD, as are anorexia, anhedonia, and suppression of nest building
(Bilbo et al., 2002; Wen et al., 2007; present data). Collectively, these adaptations conserve
energy during winter, and are broadly consistent with the winter immunoenhancement
hypothesis (Nelson & Demas, 1996) which proposes that selection may favor individuals that
suppress energetically-expensive immune responses during the winter. Enhanced behavioral
tolerance to LPS in SD provides further evidence in support of the winter immunoenhancement
hypothesis. Ten days after the initial LPS treatment, a second injection with LPS elicited a
~20% reduction in food intake and a 40% decrease in nesting material use in LD hamsters, but
failed to affect these behaviors in SD hamsters. Short photoperiods thus appear to modulate
behavioral responses to infection in at least two capacities: the naive response to endotoxin is
suppressed and behavioral tolerance to endotoxin is enhanced. Collectively, these processes
likely facilitate the conservation of energy in the face of recurrent infections in nature.

LPS tolerance is mediated by the selective silencing of “tolerizable” proinflammatory genes
via chromatin modifications (Foster et al., 2007). The inhibition of acute-phase
proinflammatory cytokine responses, together with enhanced antimicrobial responses to LPS
in tolerant individuals (Foster et al., 2007), has led to the view that tolerance is an adaptive
process (West & Heagy, 2002). Other work, documenting impaired prognosis in tolerant
patients, has challenged aspects of this argument, however, at least as it regards septic patients
in clinical settings (Munoz et al., 1991; Heagy et al., 2000). This transient suppression provides
a ligand-specific short-term memory in the innate immune system (Gantner & Singh, 2007).
The present data are somewhat surprising, in light of data from other rodent model systems
which have established that the degree of endotoxin tolerance correlates positively with the
magnitude of the initial response to LPS (Beeson, 1947; Labeta et al., 1993). A full
understanding of the molecular mechanisms by which behavioral tolerance becomes impaired
in LD relative to SD was beyond the scope of the present study. Exposure to LD may be
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associated with relative decrements in any of the multiple mechanisms that contribute to
negative regulation of the proinflammatory response during the window of LPS tolerance (Sly
etal., 2004; Foster etal., 2007). Alternatively, suppression of proinflammatory gene expression
following initial LPS treatment may occur to acomparable degree in both LD and SD hamsters,
but, because naive proinflammatory cytokine responses to LPS are already suppressed in SD
(Bilbo et al., 2002; Prendergast et al., 2003), the additional suppression afforded by tolerance
may be sufficient to completely inhibit cytokine production in SD hamsters, but only
accomplish a partial silencing in LD hamsters. In this latter scenario, mechanisms that constrain
the naive proinflammatory response to LPS in SD hamsters would largely account for the
observed photoperiodic differences in behavioral tolerance.

To summarize, the present results indicate that Siberian hamsters exhibit tolerance to the
hypophagic and behavioral thermoregulatory effects of LPS, but that tolerance is markedly
enhanced following adaptation to SD photoperiods. The net effect of enhanced LPS tolerance
in SD is a complete abrogation of energetically-expensive behavioral responses to infection.
This adaptation may facilitate overwinter survival in nature.
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Mean (£SEM) 24 h food intake (left panel) and cumulative 72 h food intake (right panels) of
male Siberian hamsters housed in long days (A) or short days (B) for 12—13 weeks, then treated
with sterile 0.9% saline (SAL), SAL followed 10 days later by 625 pg/kg bacterial
lipopolysaccharide (SAL-LPS), or 625 ug/kg lipopolysaccharide followed 10 days later by a
second treatment with 625 g/kg of bacterial lipopolysaccharide (LPS-LPS). All injection
treatments were delivered i.p. Within each panel: *P<0.05, **P<0.01, and ***P<0.001 vs.
SAL value; # P<0.05 and ## P<0.01 vs. SAL-LPS value.
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Figure 2.

Mean (£SEM) 3 h nesting material use of male Siberian hamsters housed in long days (A) or
short days (B), then treated with SAL, SAL-LPS, or LPS-LPS. Photoperiod and injection
treatments as described in Figure 1. Within each panel: *P<0.05, **P<0.01, and ***P<0.001
vs. SAL value; #P<0.001 vs. SAL-LPS value.
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