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Abstract
Peripheral stimulation of the innate immune system with LPS causes exaggerated
neuroinflammation and prolonged sickness behavior in aged mice. Regular moderate intensity
exercise has been shown to exert anti-inflammatory effects that may protect against inappropriate
neuroinflammation and sickness in aged mice. The purpose of this study was to test the hypothesis
that voluntary wheel running would attenuate LPS-induced sickness behavior and
proinflammatory cytokine gene expression in ~22-month-old C57BL/6J mice. Mice were housed
with a running wheel (VWR), locked-wheel (Locked), or no wheel (Standard) for 10 weeks, after
which they were intraperitoneally injected with LPS across a range of doses (0.02, 0.08, 0.16, 0.33
mg/kg). VWR mice ran on average 3.5 km/day and lost significantly more body weight and body
fat, and increased their forced exercise tolerance compared to Locked and Shoebox mice. VWR
had no effect on LPS-induced anorexia, adipsia, weight-loss, or reductions in locomotor activity at
any LPS dose when compared to Locked and Shoebox groups. LPS induced sickness behavior in a
dose-dependent fashion (0.33>0.02 mg/kg). Twenty-four hours post-injection (0.33mg/kg LPS or
Saline) we found a LPS-induced upregulation of whole brain TNFα, IL-1β, and IL-10 mRNA, and
increased IL-1β and IL-6 in the spleen and liver; these effects were not attenuated by VWR. We
conclude that VWR does not reduce LPS-induced exaggerated or prolonged sickness behavior in
aged animals, or 24h post-injection (0.33mg/kg LPS or Saline) brain and peripheral
proinflammatory cytokine gene expression. The necessity of the sickness response is critical for
survival and may outweigh the subtle benefits of exercise training in aged animals.

Introduction
Peripheral infection stimulates the innate immune system to produce pro-inflammatory
cytokines, such as tumor necrosis factor (TNF)-α, interleukin(IL)-1β, and IL-6, which signal
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through various communication pathways to induce a ‘mirror image’ of cytokine expression
within the brain (Dantzer, 2001; Dantzer and Kelley, 2007; Dantzer et al., 2008). Centrally,
these pro-inflammatory cytokines act directly or indirectly on neurons and supporting cells
(e.g. microglia, astrocytes) to alter autonomic nervous and endocrine system output to
regulate the body’s response to infection. IL-1β, for example, induces activation of the
hypothalamic-pituitary-adrenal axis and the production of corticosteroids which attenuate
the pro-inflammatory response in a negative feedback loop (Besedovsky et al., 1986).
Moreover, these cytokines invoke a constellation of motivated behavioral adaptations (e.g.
‘sickness behavior’), which allocate energy and resources towards the immune response, and
support recovery from infection. Sickness behaviors include: loss of appetite and body
weight, fatigue, withdrawal from normal social activities, altered cognition, hyperalgesia,
and fever (Dantzer and Kelley, 2007; Dantzer et al., 2008). The importance of such
behaviors is bolstered by the powerful observation that forced tube feeding of anorexic sick
mice to normal ad libitum levels results in greater mortality to Listeria monocytogenes
(Murray and Murray, 1979).

Anybody who has been ill has experienced sickness behavior, which, depending on the
pathogen, infectious load, and host factors, can either be mild or severely debilitating.
Fortunately for most, these symptoms are transient. One host factor affecting sickness
behavior is aging. Normal aging is accompanied by changes in immune function that can
result in greater infectious disease susceptibility in humans (Gavazzi and Krause, 2002) and
animals (Goldmann et al., 2010). Older subjects exhibit exaggerated behavioral and
cognitive deficits following immune activation (Abraham and Johnson, 2009; Chen et al.,
2008; Godbout et al., 2005; Kohman et al., 2007). Important for the current study, 24 hr
following peripheral lipopolysaccharide (LPS, 0.33 mg/kg) administration, aged mice
exhibited significantly decreased social behavior, locomotor activity, food intake, and body
weight whereas young mice are fully recovered at that time (Godbout et al., 2005). LPS is a
component of the Gram negative bacterial cell wall, and is commonly used to stimulate the
innate immune system in a similar manner to bacterial infection. However, unlike bacteria
which continue replicating and stimulating the immune system, LPS is short lived and non-
replicating, and thus an excellent and widely used model to assess cytokine-induced sickness
behavior. LPS interacts in a complex fashion with toll-like receptor (TLR)-4 on host
immune cells including macrophages where it signals through nuclear factor kappa beta
(NF-κB) to induce pro-inflammatory gene expression (Beutler 2003). The protracted
behavioral effects associated with aging can be attributed, in part, to exaggerated and less
resilient inflammatory responses in the periphery and within the central nervous system, as
aged animals show higher pro-inflammatory cytokines levels in the brain in response to
peripheral immune activation (Chen et al., 2008; Dilger and Johnson, 2008; Godbout et al.,
2005). The biological basis of this aging phenomenon is not entirely understood, but
putative mechanisms indicate an age-related dysregulation of peripheral inflammation,
priming of microglia cells, and dysregulated neuron/microglia interaction (Dilger and
Johnson, 2008; Wu et al., 2009; Wynne et al., 2010).

Strategies to prevent or attenuate age-associated exaggerated or prolonged inflammation and
sickness behavior could assist elderly in recovery from infectious episodes. Our lab has a
longstanding interest in exploring the ability of regular exercise to alleviate dysregulated
inflammation in aging, obesity and infectious challenges (Keylock et al., 2008; Lowder et
al., 2006; Vieira et al., 2009a; Vieira et al., 2009b). Studies examining the effects of exercise
training on various responses to LPS in younger rodents have produced mixed results (Chen
et al., 2007; Conn et al., 1995; Criswell et al., 2004; Oliveira et al., 2011; Rowsey et al.,
2006; Wu et al., 2007; Wu et al., 2011). For example, Criswell et al (2004) found 12 weeks
of treadmill running led to an exaggerated serum TNF-α response when compared to
sedentary rats. In contrast, Chen et al (2007) found the exact opposite; 4 weeks of treadmill
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training attenuated the serum TNF-α response to LPS. No studies have examined whether
exercise training can affect exaggerated central and peripheral inflammation induced by LPS
in aged animals, and whether this translates to attenuated inflammation-induced sickness
behavior in aged animals.

Therefore, using a paradigm (LPS-induced sickness behavior) that has previously been
shown to be sensitive to endogenous and exogenous factors (Godbout et al., 2005; Park et
al., 2011), we sought to examine the influence of 10 weeks of voluntary wheel running
(VWR) on LPS-induced sickness behaviors and whether changes in these behaviors were
accompanied by changes in central and peripheral proinflammatory cytokine gene
expression in aged mice. We purposefully did not include young mice in these experiments
because the aging effect has been well documented (Abraham and Johnson, 2009; Godbout
et al., 2005) and our primary interest was whether exercise training impacts age-associated
protracted sickness behaviors. We hypothesized voluntary wheel running would induce anti-
inflammatory effects and attenuate LPS-induced sickness behaviors in aged mice.

Materials and Methods
Animals

Nineteen month-old male C57BL/6 mice were obtained from the National Institute of Aging
(Bethesda, MD), and singly housed in cages with corn-cob bedding in a temperature (23°C)
and humidity (45–55%) controlled environment with a 12h dark/light cycle (lights off 0900–
2100). Mice were allowed ad libitum access to food and water for the entire duration of the
study and were given 2 weeks to acclimate to the housing conditions prior to study
commencement. Mice that appeared moribund or lost significant body weight (>20%)
during the experiments were excluded. All experiments were conducted under the guidelines
of the University of Illinois, Urbana-Champaign Animal Care and Use Committee.

Voluntary Wheel Training
Following acclimation, mice were randomized to a voluntary wheel running (VWR), locked
wheel (Locked), or ‘normal’ (Standard) housing condition for a duration of 10 weeks. The
VWR mice were individually housed in a plexiglass cage (48 L × 26 W × 15 H cm) that
contained a wireless low-profile running wheel (circumference 37.82 cm)(Med Associates,
St. Albans, Vermont). Wheel revolutions were wirelessly relayed via telemetry to a
computer in the facility. To discern between cage enrichment and wheel running effects, we
used two different control groups. Locked mice were housed in cages identical to VWR
mice, except their wheels were locked in place; this provided cage enrichment (i.e. novel
object), but did not allow for exercise training. Standard mice were housed in smaller cages
(30 L × 19 W × 12 H cm) without any type of environmental enrichment.

LPS administration
After ten weeks of training, all mice were removed from their respective housing conditions
cage and singly housed in clean cages (30 L × 19 W × 12 H cm) for a 24h period prior to
treatment in order to washout any acute effects of the last wheel training session as acute
exercise has been shown to affect LPS responses (Starkie et al., 2003; Tanaka et al., 2010).
This was necessary to be able to separate exercise training effects versus influences due to
the last exercise session. Following this 24h period, mice were randomized and injected
intraperitoneally (i.p.) with saline or Escherichia coli LPS (lot 3129, serotype 0127:B8,
Sigma) at one of four different doses (0.02 mg/kg, 0.08 mg/kg, 0.16 mg/kg, 0.33 mg/kg).
The purpose of the different LPS doses was to ascertain whether potential exercise-induced
effects occurred in a dose-dependent manner. This range of LPS doses was selected based
upon previous studies demonstrating that 0.33mg/kg LPS produced prolonged sickness
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behavior in aged, compared to young mice (Godbout et al., 2005), and 0.02mg/kg being the
lowest dose capable of inducing statistically significant changes in sickness behaviors when
compared to saline treated mice.

Treadmill Running Test
To assess VWR induced training adaptations, we measured forced exercise fatigability in a
cohort of saline-injected mice, 96h post-injection. Mice ran until exhaustion on a motor-
driven treadmill at gradually increasing speeds from 6–21m/min. Exhaustion was defined as
the point at which the mouse refused to run despite prompting by mild prodding with the
hand for a period of 10 s; electric shock was not used in this test.

Measurement of sickness behavior
Sickness behavior was assessed by changes in body weight, food and fluid intake, and
locomotor activity (LMA). Body weight was measured daily for eight days post-injection,
while food and fluid intake were measured for seven and four days, respectively. Decreased
LMA in a novel environment is a sensitive measure of sickness behavior (Dantzer, 2001).
For this test, mice were individually placed into a clean, novel cage (30 L × 19 W × 12 H
cm) devoid of bedding or litter, and LMA was video-recorded for a 5-minute period. Videos
were analyzed by dividing the cage into four virtual quadrants and counting the number of
quadrant entrances over the 5-minute period; counting was done by a trained observer who
was blind to experimental treatments.

Study design
In the first experiment, body weight, food and fluid intake, and LMA were measured at
numerous time-points after injection of saline or one of 4 different LPS doses. In a separate
but identical experiment, mice were killed by CO2 exposure at 24 h post-Saline or 0.33 mg/
kg LPS injection for tissue collection to coincide with sickness behavior data collected in the
first experiment. This time-point and LPS dosage were chosen based upon previous research
demonstrating clear age-related differences in the sickness and inflammatory response to i.p.
LPS (Godbout et al., 2005). Separate mice were used for behavioral and tissue experiments
because behavioral manipulation may confound sensitive measures of tissue gene
expression. Tissues were dissected out after transcardial perfusion with ice-cold PBS saline.

RNA extraction and reverse transcription
Total RNA from whole brain, epididymal adipose, spleen, and liver was extracted with
Qiagen RNeasy Mini Kits (Valencia, CA). We chose these tissues because they demonstrate
age-associated exaggerated inflammation following LPS challenge (Godbout et al., 2005;
Starr et al., 2009; Wu et al., 2009). Reverse transcription reactions were completed in an
Eppendorf Mastercycler Thermocycler (Hamburg, Germany) using an Applied Biosystem
(Foster City, CA) High Capacity reverse transcriptase kit with 2,000 ng total RNA and
random primers for each reaction.

Real-Time RT-PCR
Quantitative real-time reverse transcription PCR was performed on an Applied Biosystems
Prism 7900 using TaqMan gene expression assays for TNF-α (Mm0043258_m1), IL-1β
(Mm00434228_m1), IL-6 (Mm00446190_m1), IL-10 (Mm00439616_m1), BDNF
(Mm01334042_m1), and glyceraldehyde 3-phosphate dehydrogenase (Mm999999_g1)
purchased from Applied Biosystems (Foster City, CA). Reactions were performed in
duplicate according to the manufacturer’s instructions. Relative quantitative measurement of
target gene expression was conducted using the ΔΔCt method with glyceraldehyde 3-
phosphate as the endogenous house-keeping gene and VWR saline treated mice were used
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as the referent group. We chose to analyze TNF-α, IL-1β, IL-6, and IL-10 because they are
critical mediators of inflammation-induced sickness behavior and are affected by aging
(Dantzer, 2001; Dilger and Johnson, 2008; Godbout et al., 2005). BDNF is a critical
neurogenic growth factor that is highly influenced by exercise (Zoladz et al. 2010). Our
group has shown that inflammatory stimuli such as LPS can reduce brain BDNF (Park et al
2011).

Statistical Analysis
Data were analyzed using SPSS v18 (Chicago, IL). All data were tested for normality using
the Shapiro-Wilk test. Data not approximating a normal distribution were logarithmically
transformed before parametric statistical analysis. In these instances, we report the non-
transformed data in the figures for clarity with F and p values from statistical analysis run on
transformed data. Mortality data were analyzed using a Mantel-Cox log-rank test.
Intervention induced differences in body weight and fatigability were detected using one-
way analysis of variance (ANOVA)(intervention = VWR, Locked, Standard). Intervention
induced differences in gene expression were detected using a 3 (VWR, Locked, Standard) ×
2 (Saline 0.33 mg/kg LPS) ANOVA. Because our primary objective was to assess exercise
induced changes in sickness behavior, we analyzed data at each LPS dosage. We did,
however, analyze LPS doses independent of intervention to ensure the selected LPS doses
affected sickness behavior in a dose-dependent manner. LPS-induced changes in food and
fluid intake, body weight and LMA were analyzed using a similar 3 (housing condition) × 2
(LPS, Saline) ANOVA with repeated measures. When appropriate, differences between
treatments at each time point were determined using the Fisher’s least significant difference
post-hoc multiple pairwise comparisons. Data are expressed as mean ± SEM. The alpha
level was set at p ≤ 0.05 and all tests were two-tailed.

Results
Effects of VWR on LPS-induced mortality, body weight, and fatigability in aged mice

There were no statistically significant pre-intervention differences in body weights between
housing conditions (F2,203=1.42; p=0.239) (Table 1). VWR mice ran an average of 3.54 km
per day (Table 1). There were no statistically significant differences in daily running
distance between any of the wheel running groups across LPS dose experiments
(F4,61=1.158; p=0.339). VWR mice lost significantly more body weight and epididymal fat
compared to Locked and Standard mice (Table 1). Interestingly, mice housed with a Locked
wheel lost significantly more body weight (but not epididymal fat) when compared to
Standard housed mice (F2,203=3.58; p=0.00) (Table 1). To assess VWR-induced
improvements in muscle endurance, we subjected cohorts (n = 8–12) of mice from each
intervention to a forced treadmill exercise test to exhaustion. VWR mice ran the longest
before reaching exhaustion, more than doubling the length of time run compared to the
Locked and Standard groups (F2,29=37.18; p=0.00) (Table 1). Mortality was observed at all
LPS doses in these old mice (Table 2) and there were no differences between VWR, Locked,
and Standard groups for any of the LPS doses (χ2 = 3.80; p = 0.15, χ2 = 0.18; p = 0.94, χ2

= 2.21; p = 0.33, and χ2 = 2.63; p = 0.27, for the 0.02, 0.08, 0.16 and 0.33 mg/kg doses,
respectively) (Table 2). We did not have enough mice to asses potential intervention-
induced differences in mortality, but when comparing mortality across LPS doses, there was
no statistically significant LPS dose-effect, indicating that aged mice are extremely sensitive
to LPS independent of LPS dose (χ2 = 4.532; p = 0.21) (Table 2).

Effects of VWR LPS-induced Sickness Indicators
Food intake—For clarity, we present all saline treated groups in Figure 1a as there were
no statistically significant differences between them. As expected, 0.33 mg/kg LPS resulted
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in a significant reduction in food intake compared to saline injected mice at 24h and 48h
postinjection (Figure 1b), but there were no statistically significant differences between
groups (time × intervention × treatment interaction: F14, 700 =1.04; p=0.41). At the 0.02,
0.08, and 0.16 mg/kg LPS doses, we observed a significant reduction in food intake 24h-
post injection, but similar to the 0.33 mg/kg LPS dose, there were no statistically significant
differences between groups (time × intervention × treatment interactions: F14, 693 =0.94,
p=0.51; F14, 672 =0.74, p=0.74; F14, 707 =0.72, p=0.76 for the 0.02, 0.08 and 0.16 mg/kg
doses, respectively) (Figure 1c–e). Comparison across LPS doses revealed statistically
significant differences in LPS-induced anorexia, with the 0.02 mg/kg dose reducing food
intake to a lesser extent at 24h and 48h compared to all other LPS doses, and the 0.33 mg/kg
dose reducing food intake to a greater extent than all other LPS doses at 24h, 48h, and 96h.
Food intake returned to baseline levels at 48, 48, 72, 96h for the 0.02, 0.08, 0.16, and 0.33
mg/kg doses, respectively. At the 3 lower doses of LPS, we observed a hyperphagic
response once food intake returned to baseline levels (Figures 1c–e).

Fluid intake—For clarity, we present all saline treated groups in Figure 2a as there were no
statistically significant differences between them. Like LPS-induced anorexia, all LPS doses
significantly reduced fluid intake 24h post-LPS injection, but there were no intervention
induced differences between 3 of the doses (time × intervention × treatment interactions:
F8, 396 =0.78, p=0.62; F8, 384 =1.84, p=0.068; F8, 408 =0.29, p=0.97 for the 0.02, 0.08 and
0.33 mg/kg doses, respectively) (Figure 2b–e). We did find a 3-way interaction at the 0.16
mg/kg dose (F8, 404 =2.11, p=0.033), but post-hoc analysis revealed that the interaction was
not a function of intervention-induced differences in LPS response, but rather fluid intake
differences between saline injected groups. More specifically, VWR saline-treated mice
demonstrated significantly higher fluid intake at 24h and 48h post-injection, compared to
Locked and Standard saline-treated mice. Comparison across LPS doses revealed
statistically significant differences in LPS-induced adipsia at 24 and 48h post-injection, with
0.02 mg/kg reducing fluid intake to a lesser extent compared to all other LPS doses at 24h
and compared to 0.16 and 0.33 mg/kg doses at 48h. The 0.33 mg/kg dose reduced fluid
intake to a greater extent than all other LPS doses at 24h; there were no statistically
significant fluid intake differences between the 0.16 and 0.08 mg/kg doses. By 48h, fluid
intake had recovered near baseline, and there were no significant differences between LPS
doses.

Body weight loss—For clarity, we present all saline treated groups in Figure 3a
separately from LPS-treated groups. Interestingly, we found that the VWR saline-treated
mice had higher body weight when compared to locked and standard housed mice (Figure 3
a). We believe this to be because the VWR mice were removed from their wheels thus
reducing their daily energy expenditure. All LPS injected mice lost statistically significant
amounts of body weight post-LPS (Figure 3b–e). There were no significant differences
between groups at the 0.02 and 0.33 mg/kg doses (time × intervention × treatment
interactions: F16, 792 =0.56, p=0.91; F16, 800 =1.38, p=0.15 for 0.02, 0.33 mg/kg,
respectively) (Figure 3b,e). We did find significant 3-way interactions at the 0.08 and 0.16
mg/kg doses (F16, 768 =2.14; p=0.006 and F16, 808 =2.12; p=0.006 for 0.08 and 0.16 mg/kg,
respectively)(Figure 3c,d). Similar to fluid intake, these interactions were not a function of
intervention-induced differences in LPS response, but rather body weight differences
between saline injected groups (Figure 3a). Comparison across LPS dose revealed a
significant effect, where 0.02 mg/kg LPS reduced body weight to a lesser extent at 8, 24, 48,
72, and 96h compared to all other LPS doses. There were no statistically significant body
weight loss differences between all other doses.
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Locomotor activity—For clarity, we present all saline treated groups in Figure 4a as there
were no statistically significant differences between them. We assessed LMA at 8, 24, 48,
and 72h post-injection, and as expected we observed a significant LPS-induced decrease in
LMA. However, there were no significant effects of housing condition (time × intervention
× treatment interactions: F6, 294 =0.31, p=0.93: F6, 285 =0.33, p=0.92; F6, 300 =0.84, p=0.54;
F6, 297 =0.77, p=0.60 for 0.02, 0.08, 0.16 and 0.33 mg/kg, respectively) (Figure 4b–e).
Comparison across LPS doses indicated that at 8, 24, 48, and 72h post-injection, the 0.02
mg/kg dose induced the smallest reduction in LMA compared to the higher three doses,
which were not statistically different from each other at any time-point.

Effects of VWR on LPS-induced brain gene expression 24 hr post-LPS
To corroborate our behavioral data, we investigated whether VWR could mitigate LPS-
induced (e.g. 0.33mg/kg) gene expression changes in the brain. LPS administration resulted
in a significant increase in brain TNF-α (treatment F1,56 = 55.5; p < 0.001), IL-1β (treatment
F1,56 = 54.4; p < 0.001), and IL-10 (treatment F1,56 = 23.87; p < 0.001), but not IL-6
(treatment F1,56 = 2.22; p = 0.14) mRNA in all groups (Figure 5). VWR, as applied in this
study, could not attenuate the reduction in brain BDNF mRNA expression (intervention ×
treatment F2,56 = 0.23; p = 0.79) (Figure 5). There were no intervention main effects or
intervention by treatment interactions (p’s for interactions = 0.43, 0.77, 0.95, 0.98, 0.79 for
TNF-α, IL-1β, IL-6, IL-10 and BDNF, respectively) indicating that VWR had no effect on
expression of these genes within the brain 24 hr post-LPS. These data support our findings
of a lack of effect of VWR on sickness behavior induced by LPS.

Effects of VWR on LPS-induced peripheral pro-inflammatory cytokine gene expression
As peripheral inflammation induces brain inflammation (Dantzer, 2001), we sought to
determine if VWR attenuated LPS-induced inflammatory cytokine expression in peripheral
tissues. In the spleen (Figure 6a), LPS significantly reduced TNFα (treatment F1,56 = 109; p
< 0.001) and increased IL-1β (treatment F1,56 = 17; p < 0.001) and IL-6 (treatment F1,56 =
9.5; p < 0.005) mRNA in all groups 24hr post-LPS. There were no intervention main effects
or intervention by treatment interactions (p’s for interactions = 0.09, 0.36, and 0.59 for TNF-
α, IL-1β, and IL-6 respectively). In the liver (Figure 6b), LPS significantly increased TNF-α
(treatment F1,56 = 18.82; p < 0.001), IL-1β (treatment F1,56 = 29.818; p < 0.001), and IL-6
(treatment F1,56 = 8.25; p = 0.006) in all intervention groups 24hr post-LPS. There were no
intervention main effects or intervention by treatment interactions (p’s for interactions =
0.66, 0.50, and 0.92 for TNF-α, IL-1β, and IL-6 respectively). These data support our brain
gene expression and behavior observations.

Discussion
We investigated whether a voluntary wheel running intervention could attenuate
exaggerated and prolonged LPS induced sickness behavior in aged mice. Ten weeks of
voluntary wheel running induced expected training adaptations including weight and fat loss
and increased forced exercise performance. VWR, locked wheel, and standard housed mice
injected with LPS exhibited a significant reduction in food and fluid intake post-injection
resulting in weight loss that, depending on LPS dose, did not return to baseline until up to 6
days post-injection. In addition to the anorexic/adipsic-induced weight loss, LPS also
induced a significant reduction in locomotor activity. Contrary to our hypothesis, there were
no differences in sickness behavior responses to LPS between VWR, Locked, and Standard
mice. To further support the lack of an exercise effect on sickness behavior, we calculated
correlations between average daily wheel running distance and peak sickness behavior (i.e.
24h body weight, 24h food intake, 24h fluid intake, 8h LMA), and as expected they were not
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significant. These data indicate that exercise training does not protect aged mice from
exaggerated or prolonged sickness behavior in this model.

An understanding of the evolutionary basis of an appropriate sickness response may help
reconcile this finding that did not support our a priori hypothesis. Sickness behavior is a
critical survival mechanism primitive to all organisms and could be too essential of a
response to be affected by exercise training (Dantzer, 2001). Several studies have shown
inhibiting certain aspects of the sickness response results in decreased survival of infected
animals. For example, animals housed in a cold environment or treated with an antipyretic
drug display higher mortality rates following infection, suggesting an adequate febrile
response is critical for host defense and survival (Kluger, 1979). Additionally, mice gavage-
fed to levels of non-infected mice following bacterial infection exhibit reduced survival,
indicating the importance of anorexia in the sickness response (Murray and Murray, 1979).
The highly coordinated responses of sickness behavior are crucial to organism survival.
However, it is unclear whether exaggerated and/or prolonged sickness behavior is
detrimental or beneficial for the survival of aged organisms. It could be hypothesized that
due to immunosenescence and the longer time that it takes an aged host to clear infection
(Pawelec et al., 2010; Shanley et al., 2009), a prolonged sickness response in the aged may
be actually benefit recovery.

To examine if exercise affected brain pro-inflammatory cytokine expression independently
of sickness behavior, we analyzed brain TNF-α, IL-1β, IL-6 and IL-10 gene expression 24h
post LPS injection. We observed an LPS-induced upregulation of TNF-α, IL-1β, and IL-10
gene expression in the brain, but no upregulation of IL-6. Furthermore, VWR intervention
did not reduce the LPS-induced expression of TNF-α, IL-1β, or IL-10 in the brain,
corroborating our negative sickness behavior findings.

Peripheral cytokines act through various communication pathways to induce a ‘mirror
image’ of cytokine expression within the brain (Dantzer & Kelley, 2007; Dantzer et al.,
2008). Because acute exercise studies have demonstrated inhibition of LPS-induced TNF-α
peripherally (Starkie et al., 2003; Tanaka et al., 2010), we investigated if 10 wks of VWR
could reduce peripheral proinflammatory cytokine gene expression in response to LPS. As
in the brain, we found no differences in LPS-induced cytokine gene expression in the spleen
and liver of VWR, Locked, and Standard housed mice when measured 24h after LPS
injection.

While we observed no effects of VWR on pro-inflammatory cytokine expression in the brain
or periphery, we did find an interesting disconnect between the brain and the periphery. At
24h post-injection, we failed to see a LPS-induced up-regulation of IL-6 in the brain,
whereas IL-6 was the highest expressed cytokine in the periphery. The most logical
explanation for this is the temporal course of cytokine expression after immune challenge,
where TNF-α and IL-1β rapidly increase, followed later by an increase in IL-6. Our data
suggest central cytokine gene expression lags behind peripheral cytokine gene expression
following i.p. LPS, and supports previous work demonstrating that brain IL-6 is not
necessary for the observed sickness response (Lenczowski et al., 1999). While we cannot
speculate if IL-6 would demonstrate a VWR × LPS interaction at a later time-point, it is
intriguing to propose it could be the case, given the finding by Funk et al who demonstrated
VWR-induced IL-6 in the brain is responsible for neuronal protection following
inflammatory insult (Funk et al., 2011).

While several studies have demonstrated that acute exhaustive or prolonged exercise can
reduce inflammatory responses to LPS in mice (Tanaka et al., 2010) or humans (Starkie et
al., 2003), the effects of exercise training on LPS-induced inflammation and sickness

Martin et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



behavior are sparse, controversial, and difficult to interpret due to differences in a number of
variables including animal species, LPS dosage and route of administration, and exercise
training modality and duration.Chen et al. (2007) found 4 weeks of treadmill exercise
training attenuated septic responses (including arterial pressure, neutrophil count, creatinine,
blood urea nitrogen, blood liver enzymes) and reduced plasma TNF-α and IL-1β in response
to LPS (10 mg/kg i.v.). In Type 1 diabetic rats, 3 weeks of treadmill exercise training
increased survival time and reduced serum TNF-α in response to LPS (15 mg/kg i.v.) when
compared to sedentary controls (Hung et al., 2008). In contrast, Rowsey et al (2006) found
that 8 weeks of exercise training increased the febrile response to LPS (0.05 mg/kg i.p.) in
rats while having no effect on locomotor activity, while Criswell et al (2004) found that 12
weeks of treadmill training increased serum TNF-α and β-glucuronidase activity (5 mg/kg
i.p). In hamsters administered LPS (0.01 mg/kg i.p.), there were no effects seen on serum
IL-6 or febrile responses (Conn et al., 1995). In regard to brain inflammation, Wu et al
(2007) demonstrated that 5 weeks of moderate treadmill running attenuated LPS-induced
reductions in BDNF, its receptor TrkB, and alleviated LPS-induced cognitive dysfunction
albeit not by reducing TNF-α and IL-1β in the hippocampus. Similar protective exercise
effects, independent of inflammation within the brain, were seen with LPS-induced
dopaminergic neuron loss in a model of Parkinson’s Disease (Wu et al., 2011). In contrast,
Nickerson et al. found VWR increased hypothalamic, pituitary, and dorsal vagal IL-1β
protein in response to E. coli, while reducing circulating IL-1β, suggesting a training-
induced disconnect between peripheral and central inflammatory responses (Nickerson et
al., 2005). Caution should be taken directly comparing the above-cited studies, as numerous
reports have demonstrated differential peripheral and central training adaptations between
treadmill training and voluntary wheel running (Jeneson et al., 2007; Leasure and Jones,
2008).

Much of the recent work on exercise’s neuroprotective effects have focused on BDNF as a
primary mediator (Zoladz and Pilc, 2010). BDNF is a neurotrophin that acts primarily in the
hippocampus, cortex, and basal forebrain to promote neurogenesis and synaptic plasticity.
Inflammatory stimuli, such as LPS, reduce BDNF via an IL-1β dependent mechanism
causing suppressed neurogenesis, neuron survival, and synaptic plasticity (Cortese et al.,
2011). Numerous studies have demonstrated exercise training, in particular VWR, prevents
the decrease in hippocampal BDNF and attenuates neuronal damage and cognitive
impairment following inflammatory injury (Wu et al., 2007; Wu et al., 2011). Barrientos et
al. elegantly demonstrated VWR protected aged rats from E. coli-induced cognitive
impairments, and this was mediated by a reduction in hippocampal IL-1β and thus
protection of BDNF (Barrientos et al., 2011). Ex vivo stimulation of microglial from VWR
rats revealed reduced sensitivity to LPS, suggesting a potential mechanism for VWR
induced neuroprotection. Unfortunately, Barrientos et al. did not measure sickness behavior,
and it is difficult to interpret their results in the context of our study paradigm (i.e. E. coli vs.
LPS; cognitive vs. somatic). Indeed, little evidence supports a role for BDNF in the sickness
response indicating exercise-induced protection of BDNF would unlikely influence sickness
behavior. We found an LPS-induced reduction in whole brain BDNF, but no protective
effect of wheel running on sickness behavior, demonstrating the exercise-induced
upregulation of BDNF shown in the literature is not a global event but rather a spatially
dependent phenomenon predominately observed in the hippocampus. Although no studies
have directly compared sickness behavior and cognition in exercise-trained animals, the data
reporting beneficial effects of exercise on cognition have used working memory tasks,
which are primarily hippocampal-dependent, whereas locomotor activity and sickness
behavior are mediated by multiple brain regions including the hypothalamus, hippocampus,
amygdala, and prefrontal cortex (Dantzer, 2001). These observations support our hypothesis
that appropriate sickness behavior is necessary for survival and is a robust stimulus that
can’t be affected by exercise training.
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While our study clearly demonstrates no effect of voluntary wheel running on LPS-induced
sickness behavior in aged mice, we recognize certain limitations. Our study design did not
assess brain and peripheral cytokine gene expression at all LPS doses or across numerous
time-points. We chose to assess brain and peripheral tissue cytokine gene expression at 24h
post-0.33mg/kg LPS injection, based on observations by Godbout et al. demonstrating a
clear age-related difference in brain pro-inflammatory cytokine gene expression and
sickness behavior between young and aged mice at that time point and dose (Godbout et al.,
2005). Interestingly, our brain IL-6 gene expression data conflicts Godbout et al., who
observed a robust increase 24h post-LPS injection. We speculate this is due to different
mouse strains, as Godbout et al. used Balb/c mice, which are more sensitive to endotoxin
compared to C57bl/6 mice, and thus, would be expected to exhibit a more robust cytokine
upregulation (Silvia et al., 1990). Because we did not conduct a dose and time-course
analysis of pro-inflammatory cytokine gene expression, we cannot definitively conclude that
VWR had no effects on cytokine gene expression, and is possible subtle inflammatory
effects may persist in the brain that are not reflected by behavioral measures. However,
given that we performed the behavioral experiments first and there were no observed VWR-
induced changes in sickness behavior (our primary outcome), we chose to measure cytokine
gene expression at only one critical time point. Additionally, whole brain IL-1β mRNA may
not be the best measure given potential differences between IL-1β mRNA and protein levels
due the role of the inflammasome and pro-IL-1β cleavage. However, as stated above,
because we found no differences in LPS-induced sickness behavior, we decided not to
measure IL-1β protein expression. Lastly, removing VWR mice from their wheels prior to
LPS administration may be perceived as stressful to these animals. However, in order to
correctly interpret our exercise training data without the influence of acute wheel running,
this was necessary.

In conclusion, we demonstrate that 10 weeks of voluntary wheel exercise training does not
affect the LPS-induced exaggeration and prolongation of sickness behavior in aged mice,
nor does it have any effect on LPS-induced pro-inflammatory cytokine gene expression in
the brain or periphery 24h post 0.33mg/kg LPS injection. These data indicate that a sickness
response (even if prolonged and exaggerated as it is in elderly) is likely important for
survival and uninfluenced by prior exercise activity.

Acknowledgments
Supported by NIH RO1 AG-029573-S1 to K.W. Kelley.

References
Abraham J, Johnson RW. Central inhibition of interleukin-1beta ameliorates sickness behavior in aged

mice. Brain Behav Immun. 2009; 23:396–401. [PubMed: 19152833]

Barrientos RM, Frank MG, Crysdale NY, Chapman TR, Ahrendsen JT, Day HE, Campeau S, Watkins
LR, Patterson SL, Maier SF. Little exercise, big effects: reversing aging and infection-induced
memory deficits, and underlying processes. J Neurosci. 2011; 31:11578–11586. [PubMed:
21832188]

Besedovsky H, del Rey A, Sorkin E, Dinarello CA. Immunoregulatory feedback between interleukin-1
and glucocorticoid hormones. Science. 1986; 233:652–654. [PubMed: 3014662]

Chen HI, Hsieh SY, Yang FL, Hsu YH, Lin CC. Exercise training attenuates septic responses in
conscious rats. Med Sci Sports Exerc. 2007; 39:435–442. [PubMed: 17473769]

Chen J, Buchanan JB, Sparkman NL, Godbout JP, Freund GG, Johnson RW. Neuroinflammation and
disruption in working memory in aged mice after acute stimulation of the peripheral innate immune
system. Brain Behav Immun. 2008; 22:301–311. [PubMed: 17951027]

Martin et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conn CA, Kozak WE, Tooten PC, Gruys E, Borer KT, Kluger MJ. Effect of voluntary exercise and
food restriction in response to lipopolysaccharide in hamsters. J Appl Physiol. 1995; 78:466–477.
[PubMed: 7759414]

Cortese GP, Barrientos RM, Maier SF, Patterson SL. Aging and a peripheral immune challenge
interact to reduce mature brain-derived neurotrophic factor and activation of TrkB, PLCgamma1,
and ERK in hippocampal synaptoneurosomes. The Journal of neuroscience : the official journal of
the Society for Neuroscience. 2011; 31:4274–4279. [PubMed: 21411668]

Criswell DS, Henry KM, DiMarco NM, Grossie VB Jr. Chronic exercise and the pro-inflammatory
response to endotoxin in the serum and heart. Immunol Lett. 2004; 95:213–220. [PubMed:
15388263]

Dantzer R. Cytokine-induced sickness behavior: mechanisms and implications. Ann N Y Acad Sci.
2001; 933:222–234. [PubMed: 12000023]

Dantzer R, Kelley KW. Twenty years of research on cytokine-induced sickness behavior. Brain Behav
Immun. 2007; 21:153–160. [PubMed: 17088043]

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation to sickness and
depression: when the immune system subjugates the brain. Nat Rev Neurosci. 2008; 9:46–56.
[PubMed: 18073775]

Dilger RN, Johnson RW. Aging, microglial cell priming, and the discordant central inflammatory
response to signals from the peripheral immune system. J Leukoc Biol. 2008; 84:932–939.
[PubMed: 18495785]

Funk JA, Gohlke J, Kraft AD, McPherson CA, Collins JB, Jean Harry G. Voluntary exercise protects
hippocampal neurons from trimethyltin injury: possible role of interleukin-6 to modulate tumor
necrosis factor receptor-mediated neurotoxicity. Brain Behav Immun. 2011; 25:1063–1077.
[PubMed: 21435392]

Gavazzi G, Krause KH. Ageing and infection. Lancet Infect Dis. 2002; 2:659–666. [PubMed:
12409046]

Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, Johnson RW. Exaggerated
neuroinflammation and sickness behavior in aged mice following activation of the peripheral
innate immune system. FASEB J. 2005; 19:1329–1331. [PubMed: 15919760]

Goldmann O, Lehne S, Medina E. Age-related susceptibility to Streptococcus pyogenes infection in
mice: underlying immune dysfunction and strategy to enhance immunity. J Pathol. 2010; 220:521–
529. [PubMed: 20020512]

Hung CH, Chen YW, Shao DZ, Chang CN, Tsai YY, Cheng JT. Exercise pretraining attenuates
endotoxin-induced hemodynamic alteration in type I diabetic rats. Appl Physiol Nutr Metab. 2008;
33:976–983. [PubMed: 18923573]

Jeneson JA, de Snoo MW, Verlinden NA, Joosten BJ, Doornenbal A, Schot A, Everts ME. Treadmill
but not wheel running improves fatigue resistance of isolated extensor digitorum longus muscle in
mice. Acta Physiologica. 2007; 190:151–161. [PubMed: 17394571]

Keylock KT, Vieira VJ, Wallig MA, DiPietro LA, Schrementi M, Woods JA. Exercise accelerates
cutaneous wound healing and decreases wound inflammation in aged mice. American journal of
physiology. Regulatory, integrative and comparative physiology. 2008; 294:R179–R184.

Kluger, MJ. Fever: Its Biology, Evolution, and Function. Princeton, NJ: Princeton University Press;
1979.

Kohman RA, Tarr AJ, Byler SL, Boehm GW. Age increases vulnerability to bacterial endotoxin-
induced behavioral decrements. Physiol Behav. 2007; 91:561–565. [PubMed: 17499821]

Leasure JL, Jones M. Forced and voluntary exercise differentially affect brain and behavior.
Neuroscience. 2008; 156:456–465. [PubMed: 18721864]

Lenczowski MJ, Bluthe RM, Roth J, Rees GS, Rushforth DA, van Dam AM, Tilders FJ, Dantzer R,
Rothwell NJ, Luheshi GN. Central administration of rat IL-6 induces HPA activation and fever but
not sickness behavior in rats. Am J Physiol. 1999; 276:R652–R658. [PubMed: 10070124]

Lowder T, Padgett DA, Woods JA. Moderate exercise early after influenza virus infection reduces the
Th1 inflammatory response in lungs of mice. Exerc Immunol Rev. 2006; 12:97–111. [PubMed:
17201075]

Martin et al. Page 11

Brain Behav Immun. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Murray MJ, Murray AB. Anorexia of infection as a mechanism of host defense. Am J Clin Nutr. 1979;
32:593–596. [PubMed: 283688]

Nickerson M, Elphick GF, Campisi J, Greenwood BN, Fleshner M. Physical activity alters the brain
Hsp72 and IL-1beta responses to peripheral E. coli challenge. Am J Physiol Regul Integr Comp
Physiol. 2005; 289:R1665–R1674. [PubMed: 16081876]

Oliveira AG, Carvalho BM, Tobar N, Ropelle ER, Pauli JR, Bagarolli RA, Guadagnini D, Carvalheira
JB, Saad MJ. Physical exercise reduces circulating lipopolysaccharide and TLR4 activation and
improves insulin signaling in tissues of DIO rats. Diabetes. 2011; 60:784–796. [PubMed:
21282367]

Park SE, Dantzer R, Kelley KW, McCusker RH. Central administration of insulin-like growth factor-I
decreases depressive-like behavior and brain cytokine expression in mice. J Neuroinflammation.
2011; 8:12. [PubMed: 21306618]

Pawelec G, Larbi A, Derhovanessian E. Senescence of the human immune system. J Comp Pathol.
2010; 142(Suppl 1):S39–S44. [PubMed: 19897208]

Rowsey PJ, Metzger BL, Carlson J, Gordon CJ. Effects of chronic exercise conditioning on thermal
responses to lipopolysaccharide and turpentine abscess in female rats. Arch Toxicol. 2006; 80:81–
87. [PubMed: 16254718]

Shanley DP, Aw D, Manley NR, Palmer DB. An evolutionary perspective on the mechanisms of
immunosenescence. Trends Immunol. 2009; 30:374–381. [PubMed: 19541538]

Silvia OJ, Urosevic N. Variations in LPS responsiveness among different mouse substrains of C3H
lineage and their congenic derivative sublines. Immunogenetics. 1990; 50:354–357. [PubMed:
10630301]

Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK. Exercise and IL-6 infusion inhibit
endotoxin-induced TNF-alpha production in humans. FASEB J. 2003; 17:884–886. [PubMed:
12626436]

Starr ME, Evers BM, Saito H. Age-associated increase in cytokine production during systemic
inflammation: adipose tissue as a major source of IL-6. J Gerontol A Biol Sci Med Sci. 2009;
64:723–730. [PubMed: 19377014]

Tanaka Y, Kawanishi N, Shiva D, Tsutsumi N, Uchida M, Kitamura H, Kato Y, Yano H. Exhaustive
exercise reduces tumor necrosis factor-alpha production in response to lipopolysaccharide in mice.
Neuroimmunomodulation. 2010; 17:279–286. [PubMed: 20203534]

Vieira VJ, Valentine RJ, Wilund KR, Antao N, Baynard T, Woods JA. Effects of exercise and low-fat
diet on adipose tissue inflammation and metabolic complications in obese mice. Am J Physiol
Endocrinol Metab. 2009a; 296:E1164–E1171. [PubMed: 19276393]

Vieira VJ, Valentine RJ, Wilund KR, Woods JA. Effects of diet and exercise on metabolic
disturbances in high-fat diet-fed mice. Cytokine. 2009b; 46:339–345. [PubMed: 19362852]

Wu CW, Chen YC, Yu L, Chen HI, Jen CJ, Huang AM, Tsai HJ, Chang YT, Kuo YM. Treadmill
exercise counteracts the suppressive effects of peripheral lipopolysaccharide on hippocampal
neurogenesis and learning and memory. J Neurochem. 2007; 103:2471–2481. [PubMed:
17953674]

Wu R, Zhou M, Dong W, Ji Y, Miksa M, Marini CP, Ravikumar TS, Wang P. Ghrelin
hyporesponsiveness contributes to age-related hyperinflammation in septic shock. Ann Surg. 2009;
250:126–133. [PubMed: 19561473]

Wu SY, Wang TF, Yu L, Jen CJ, Chuang JI, Wu FS, Wu CW, Kuo YM. Running exercise protects the
substantia nigra dopaminergic neurons against inflammation-induced degeneration via the
activation of BDNF signaling pathway. Brain Behav Immun. 2011; 25:135–146. [PubMed:
20851176]

Wynne AM, Henry CJ, Huang Y, Cleland A, Godbout JP. Protracted downregulation of CX3CR1 on
microglia of aged mice after lipopolysaccharide challenge. Brain, behavior, and immunity. 2010;
24:1190–1201.

Zoladz JA, Pilc A. The effect of physical activity on the brain derived neurotrophic factor: from animal
to human studies. J Physiol Pharmacol. 2010; 61:533–541. [PubMed: 21081796]

Martin et al. Page 12

Brain Behav Immun. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research Highlight

Our data indicate no effect of 10 weeks of voluntary wheel running on
lipopolysaccharide-induced exaggerated sickness behavior and inflammation in aged
mice.
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Figure 1. Effects of VWR on LPS-induced changes in food intake in aged mice
LPS administration (a: Saline, b: 0.02 mg/kg LPS, c: 0.08 mg/kg LPS, d: 0.16 mg/kg LPS,
and e: 0.33 mg/kg LPS) resulted in significant (*) reductions in food intake, but there were
no intervention main effects or intervention by treatment interactions at any LPS dose. Mean
± sem; n = 23–28 for Saline groups, and n=8–13 for all LPS groups.
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Figure 2. Effects of VWR on LPS-induced changes in fluid intake in aged mice
LPS administration (a: Saline, b: 0.02 mg/kg LPS, c: 0.08 mg/kg LPS, d: 0.16 mg/kg LPS,
and e: 0.33 mg/kg LPS) resulted in significant (*) reductions in fluid intake, but there were
no intervention main effects or intervention by treatment interactions at any LPS dose. Mean
± sem; n = 23–28 for saline groups, and n=8–13 for all LPS groups.
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Figure 3. Effects of VWR on LPS-induced changes in body weight in aged mice
LPS administration (a: Saline, b: 0.02 mg/kg LPS, c: 0.08 mg/kg LPS, d: 0.16 mg/kg LPS,
and e: 0.33 mg/kg LPS) resulted in significant (*) reductions in body weight, but there were
no intervention by treatment interactions at any LPS dose. VWR saline-treated mice
exhibited significantly higher post-injection body weights at 8h compared to both Locked
(*) and Standard saline-treated mice (^) at 72, 96, and 168h. Mean ± sem; n = 23–28 for
saline groups, and n=8–13 for all LPS groups.
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Figure 4. Effects of VWR on LPS-induced reductions in locomotor activity (line crosses) in aged
mice
LPS administration (a: Saline, b: 0.02 mg/kg LPS, c: 0.08 mg/kg LPS, d: 0.16 mg/kg LPS,
and e: 0.33 mg/kg LPS) resulted in significant (*) reductions in locomotor activity in all
intervention groups, but there was no intervention main effect or intervention by treatment
interaction at any LPS dose. Mean ± sem; n = 23–28 for saline groups, and n=8–13 for all
LPS groups.
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Figure 5. Effect of VWR on LPS-induced brain cytokine and BDNF mRNA expression 24h post-
injection
LPS administration (0.33 mg/kg i.p.) resulted in significant (*) up-regulation of TNFα,
IL-1β, and IL-10 and a significant (*) down-regulation of BDNF. There were no significant
intervention main effects or intervention by treatment interaction effects for any gene
measured. IL-6 mRNA expression was unaffected by LPS or VWR. Mean ± sem; n = 8–14/
group.
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Figure 6. Effect of VWR on LPS-induced peripheral tissue inflammatory gene expression in (a)
spleen, and (b) liver 24h post-injection
LPS administration (0.33 mg/kg i.p.) resulted in significant (*) upregulation of IL-1β and
IL-6 in spleen and liver. TNF-α mRNA was significantly (*) elevated in response to LPS in
liver and significantly (*) reduced in spleen. Mean ± sem; n = 8–14/group.
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