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Abstract Chronic exercise conditioning has been shown
to alter basal thermoregulatory processes as well as the
response to inflammatory agents. Two such agents,
lipopolysaccharide (LPS) and turpentine (TPT) are in-
ducers of fever in rats. LPS, given intraperitoneally (i.p.),
involves a systemic inflammatory response whereas TPT
given intramuscularly (i.m.) elicits a localized inflam-
mation. We assessed if chronic exercise training in the rat
would alter the thermoregulatory response to LPS and
TPT. Core temperature (Tc) and motor activity were
monitored by radiotelemetry. Female Sprague Dawley
rats were divided into two groups (trained and sedentary)
and housed at an ambient temperature of 22�C. Animals
voluntarily trained on running wheels for 8 weeks. In the
first study, trained and sedentary female rats were in-
jected i.p. with LPS (50 lg/kg) or an equal volume of
0.9% normal saline. In another study, trained and sed-
entary female rats were injected i.m. with TPT (10 ll)/rat
or an equal volume of 0.9% normal saline. The time
course of the LPS fever was very short compared to TPT.
TPT injected animals displayed a smaller but more pro-
longed fever compared to LPS; however, training
accentuated the febrile response to LPS (DTc=0.6�C in
sedentary and 1.2�C in trained). Training had a slight
suppression on TPT-induced fever during the daytime
but had no effect on motor activity or nighttime Tc. In

contrast, exercise training led to a marked increase in the
pyrogenic effects of LPS. We conclude that the effect of
exercise training and source of infection (i.e., systemic
versus localized in muscle) on fever is directly linked to
type of pyrogenic agent.

Introduction

Fever is a common manifestation of injury, tumor
growth, infection, and inflammation. Lipopolysaccha-
ride (LPS), a classic laboratory pyrogen extracted from
the cell walls of gram-negative bacteria, causes a sudden,
rapid fever when injected intraperitoneally (i.p.) or
intravenously (i.v.). Most experimental studies have
used LPS as the pyrogenic stimulus and have reported
rapid and dramatic increases in circulating IL-6 (Klir
et al. 1994), with transient increases in IL-1 (Cannon
et al. 1990) and TNF (Michie et al. 1988). In response to
a relatively low dose of LPS, rats and mice develop �1–
2�C fever that can last 4–8 hours following injection.

In contrast, TPT injected intramuscularly (i.m.) cau-
ses a localized inflammation and elicits a gradual, slow
developing fever (Leon 2002). The slow acting, localized
inflammatory agent TPT is also a pyrogenic stimulus.
TPT acts directly on many tissues, including the brain,
and unlike LPS, only very small doses are required to
obtain the same physiological responses, i.e., increases in
body temperature, hypothalamic-pituitary-adrenal acti-
vation and an increase in acute phase proteins (Cartmell
et al. 2000; Luheshi et al. 1997). An increase in plasma
IL-6 has been associated with the febrile response of
TPT (Cartmell et al. 2000). However, blockers to TNF-a
(Cooper et al. 1994) and IL-1 (Luheshi et al. 1996) sig-
nificantly inhibit the fever and increased plasma IL-6
concentration elicited by TPT injection.

Chronic exercise training has a number of beneficial
effects on the immune system and host resistance that
could modulate the physiological response to fever
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(Cannon and Kluger 1983; Ostrowski et al. 1998, 1999;
Pedersen 2000; Pedersen and Toft 2000; Sugimoto et al.,
2000). It has been shown that exercise in rats (Rowsey
et al. 1993a, b; 2001, 2003; Rowsey and Kluger 1994;
Satinoff et al. 1991; Sugimoto et al. 2000) and hamsters
(Conn et al. 1990) results in a relatively large rise in core
body temperature during the nighttime, when rodents
are active or exercising, and small increases in the day-
time, when rodents are inactive (Rowsey et al. 1993a, b,
2001, 2003; Rowsey and Kluger 1994). The nighttime
rise in core temperature (Tc) is attributed to the increase
in heat production from running. It remains to be seen,
however, whether the exercise-induced elevation in
daytime temperature involves mechanisms characteristic
of an infectious fever or fever associated with an
inflammatory response. None of the studies to date have
investigated the effects of long-term exercise condition-
ing (physical training) on the mechanisms of rapid and
slow developing fevers.

The study reported here was designed to see if exer-
cise training would alter the physiological expression of
the sudden rapid and slow developing fevers induced by
LPS and TPT, respectively. Since long-term exercise
conditioning has been shown to cause nonspecific im-
mune changes, e.g. changes in temperature and an in-
crease in cytokine production, similar to those induced
by LPS and TPT, we hypothesized that exercise training
would alter the effects of the nonspecific immune re-
sponse induced by LPS, a sudden rapid fever, and TPT,
a slow developing fever.

Materials and methods

Sixty-four young adult female Sprague Dawley rats were
used in the two studies (LPS study, n=32 and TPT
study, n=32). Animals were obtained from Charles
River Laboratories (Raleigh, NC, USA) at 45 days of
age weighing between 90 and 110 g. The rats were
housed individually in acrylic cages lined with wood
shavings and maintained at an ambient temperature
(Ta) of 22�C and 12:12 light/dark photoperiod (lights on
at 0600 h). Animals were allowed at least 1 week to
acclimate to the animal facility before radio transmitters
were implanted. Rats were fed standard rodent chow
and given water ad libitum.

Each animal was surgically implanted with a radio
transmitter (Data Sciences International, St. Paul, MN,
USA) to provide telemetric monitoring of core temper-
ature and motor activity as described previously (Gor-
don 1994). Briefly, animals were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.), and a small
incision was then made in the ventromedial section of
the abdomen to allow for insertion of the transmitter
(Data Sciences, model TA10TA-F40) into the peritoneal
cavity. As a prophylactic measure, each animal received
30,000 units, i.m. of penicillin immediately after surgery.
The rats were allowed at least 1 week of recovery prior

to being placed on running wheels. Rats were then di-
vided by weight into exercise (provided running wheels)
and sedentary (no wheels) groups.

The output of the transmitter was monitored at 10-
minute intervals by a receiver board placed under each
rat’s cage. Motor activity was measured from the change
in position of the transmitter in relation to the antennae
located in the receiver board. Baseline core temperature
and motor activity were obtained at least 48 h before
experimentation, while animals remained in their home
cage undisturbed in the animal facility.

Exercise protocol

Animals were housed in a specifically designed cage with
a running wheel (Nalge designed for Minimitter Com-
pany, Sun River, OR, USA) that allowed physiological
telemetric monitoring. Dimensions of fully assembled
cages with the wheel were (length · width · height)
50·26.8·36.4 cm3.

A ‘‘training effect’’ was defined as a consistent day-
time elevated body temperature of exercised animals
above sedentary controls. Previous studies (Rowsey
et al. 1993a, b, 2001, 2003; Rowsey and Kluger 1994)
have shown that female Sprague Dawley rats voluntarily
run with sufficient duration and intensity to result in an
elevation of their day and nighttime core temperature.
After placement in the cage with running wheels, the
exercise animals showed changes in nighttime core
temperature almost immediately. An elevation in day-
time core temperature became apparent after approxi-
mately 2 weeks of running on wheels. Wheel revolutions
were recorded (revolutions per minute) each time an
electronic counter was engaged and an infrared beam
was broken.

Protocol

Turpentine study

After 8 weeks of housing with running wheels or no
running wheels, the exercise and sedentary rats were
randomly assigned to receive either 0.9% sterile saline or
10 ll, i.m. at 1000 h. Half of the exercise group and half
of the sedentary group were injected with TPT. The dose
of TPT used in this study has previously been shown to
cause a significant elevation in core temperature (Lu-
heshi et al. 1997). Control animals received an equal
volume of 0.9% sterile saline, im. Each of the four
groups was weighed immediately before injection. After
the initial injection of 0.9% sterile saline or TPT, the
exercise animals were allowed access to their running
wheels, and the sedentary animals were placed back in
their cages, with no wheels. Core temperature and motor
activity were monitored in both exercise and sedentary
animals for 2 days. Wheel revolutions (exercise animals
only) were also monitored.
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LPS study

After 8 weeks of housing with running wheels or no
running wheels, the exercise and sedentary rats were
randomly assigned to receive either 0.9% sterile saline or
50 lg/kg LPS, i.p. at 1000 h. Half of the exercise group
and half of the sedentary group was injected with LPS,
extracted from Escherichia coli (Sigma, lot #63H4011),
and dissolved in filtered 0.9% sterile saline. The dose of
LPS was chosen because it has previously been shown to
induce a fever response that lasted for approximately 3–
4 h (Gordon and Rowsey 1998). Each of the four groups
was weighed prior to injection. After injection, the
exercise animals were allowed access to their running
wheels, and the sedentary animals were placed back in
their cages, with no wheels. Core temperature and motor
activity were monitored in both exercise and sedentary
animals for 3 days. Wheel revolutions (exercise animals
only) were also monitored.

Data analysis

Multivariate repeated measures analysis of variance
(ANOVA), using daytime temperatures at pre-injection
and 2 days post-injection, was applied to each set of
measurements to determine whether long-term exercise
conditioning had an effect on the response to fever from
LPS, a short-acting pyrogen, and TPT, a pyrogen that
produces a gradual, slow fever.

Both daytime and nighttime temperatures were cal-
culated for each animal as the mean temperature. For
each 24-hour day, daytime temperature was represented
by the mean of the 10-minute observations taken from
1000 to 1350 h, and nighttime temperature was repre-
sented by the mean of the 10-minute observations taken
from 1900 to 2250 h. The Bonferroni adjustment was
used to control the Type-1 family-wise error rate at 0.05.

The change in core temperature is based on mean
temperature 24 h prior to dosing and 2 days after
administration of saline and/or LPS or TPT. The change
in motor activity was calculated from the relative change
in motor activity 24 h before and 2 days after dosing of
saline and LPS and/or TPT. The change in core tem-
perature and motor activity over this period was calcu-
lated and analyzed for statistical significance using a
two-way ANOVA followed by a Tukey’s t-test.

Results

Effects of exercise training on core temperature

With no access to running wheels, core temperature and
motor activity exhibited a typical circadian pattern for
all animals (Table 1). Exercise animals ran primarily at
night (approximately 50% of their nighttime) and
averaged a total distance of 7.6 km. There was little or
no activity during the daytime, except when rats were

disturbed such as for cage change or handling when
injected. After 8 weeks of access to running wheels, there
was a significant elevation in daytime and nighttime core
temperature of the exercise rats (Fig. 1a, b). On the
average, core temperature of the exercise group was
0.3�C higher than that of the sedentary group during the
daytime when there was little or no running activity.
During the nighttime, the core temperature of the
exercise group was 0.5�C higher than that of the sed-
entary group (Fig. 1a, b).

Effects of exercise training on turpentine fever

Injection of TPT or saline induced a stress-induced rise
in core temperature and motor activity in both exercise
and sedentary groups, which lasted several hours
(Fig. 2). Once core temperature subsided from the stress
of handling, TPT had no effect on daytime core tem-
perature during the first nine hours post-injection (first
day) in sedentary and trained groups. At night, (13–24 h
post-injection), the core temperatures of exercise animals
that were given saline and TPT were the same. During
the same time period (13–24 h post-injection), core
temperature of sedentary animals receiving TPT re-
mained slightly higher than that of the sedentary ani-
mals receiving saline; however, there was no significant
nighttime effect of TPT. Motor activity counts of saline-
injected animals were higher the first night after injection
compared to that of the exercise animals (Fig. 3).

Twenty-four hours after injection (25–36 h post-
injection), the exercise rats that were given TPT showed
a higher daytime core temperature than exercise rats that
received saline. Sedentary animals that were given TPT
also showed a higher daytime core temperature than
sedentary animals that received saline. However, TPT
had no effect on nighttime core temperature (37–48 h
post-injection) of exercise rats. Throughout the second
night post-injection, core temperature of sedentary ani-
mals injected with TPT remained higher than that of the
sedentary animals injected with saline (Fig. 2).

Table 1 Baseline (pre-running) mean ± SE core temperature and
motor activity

Group A: LPS Temperature Motor activity

Exercise
Day 37.24±0.03�C 2.93±0.20 counts
Night 37.96±0.02�C 7.21±0.21 counts
Sedentary
Day 37.20±0.03�C 1.76±0.22 counts
Night 37.97±0.02�C 4.12±0.21 counts

Group B: TPT Temperature Motor activity

Exercise
Day 37.12±0.02�C 2.43±0.17 counts
Night 38.07±0.01�C 8.03±0.17 counts
Sedentary
Day 37.19±0.02�C 2.03±0.14 counts
Night 38.07±0.01�C 6.67±0.09 counts

83



Effects of exercise training on LPS fever

Administering the saline vehicle and LPS to the sedentary
and exercise animals resulted in a transient elevation in
core temperature (Fig. 4) and motor activity (Fig. 5) that
was attributed to the stress of handling and injection.
Exercise training led to a marked increase in the pyro-
genic effects of LPS. That is, both sedentary and exercise
animals underwent an elevation in daytime core tem-
perature following LPS, but the febrile response was
greater in the exercise group. LPS increased the core
temperature of the exercise rats about 1.3�C at 4 h post-
injection while the sedentary rats’ peak core temperature
increase was about 0.7�C at 5 h post-injection. Core
temperature of the LPS-treated animals remained ele-
vated throughout the remaining daytime period. Core
temperature of the trained rats receiving saline remained
elevated about half of the nighttime period, which could
be attributed to their nighttime running (data not shown).

There was little or no change in motor activity of the
exercise and sedentary groups in spite of a transient in-
crease in core temperature following injection (Fig. 5).
During the daytime, motor activity was almost identical
in both exercise and sedentary animals. At night, motor

activity of the exercise animals was slightly higher than
in the sedentary animals.

Discussion

This study used exercise training in an animal model to
assess its putative impact on the thermoregulatory re-
sponses to two inflammatory agents. Regular voluntary
running altered the fever response to two different
pyrogenic agents: LPS (infectious) and TPT (local
inflammatory). LPS generally elicits a large, but brief
fever and TPT, elicits a smaller but long-lasting fever
response.

Rats exposed to exogenous pyrogens such as LPS will
maintain �1�C fever that lasts 4–8 h following injection.
LPS induces the production of many proinflammatory
cytokines that trigger an elevation in thermoregulatory
set point (fever) by causing the synthesis and release of
prostaglandin in the anterior hypothalamus (Klir et al.
1994; Michie et al. 1988; Leon 2002). In this study, fol-
lowing exposure to LPS, both sedentary and exercise rats
responded with a similar transient increase in core
temperature as a result of handling from injection. The

Fig. 1 Time course of daytime (Day) and nighttime (Night) core
temperature after 8 weeks of rats running voluntarily on exercise
wheels (Exercise) and rats with no running wheels (Sedentary),
prior to LPS or TPT injection. Day represents 12 h lights on and
night represents 12 h lights off

Fig. 2 Time course of core temperature of female Sprague Dawley
rats injected i.m. with TPT, 10 ll/rat or physiological saline. Arrow
indicates the time animals were dosed. Dark horizontal bar
represents the dark phase of the photoperiod. Asterisk indicates
significant difference between exercise and sedentary groups.
Injection day, p=0.32 treatment-interaction, p=0.78; day 1 post-
injection, p<0.01, treatment-interaction, p=0.007; day 2 post-
injection, p=0.62, treatment-interaction, p=0.55; day 3 post-
injection, p=0.41, treatment-interaction, p=0.25. Overall, night-
time temperatures did not differ over the entire study period,
p=0.68. Significant increase in nighttime temperature of sedentary
animals, p=0.02
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rise in temperature (fever response) post-LPS injection
between sedentary and trained animals was greater in the
trained animals. Conn et al. (1990) also found Tc to be
higher (�1.1�C) in trained hamsters administered LPS
(50 lg/kg) compared to their sedentary counterparts.

In contrast to LPS, TPT induces a localized non-
specific inflammatory response consisting of fever, an-
orexia, cachexia, and acute phase protein production
(Klir et al. 1994). When exposed to a relatively small
dose of TPT, both exercise and sedentary animals in this
study responded with a transient increase in core tem-
perature as a result of handling. The next day, the fever
response was evident in both exercise and sedentary
animals challenged with TPT that lasted throughout the
daytime period, suggesting that the delayed nonspecific
inflammatory response induced by a local inflammatory
agent is not enhanced by exercise conditioning as is seen
in the acute nonspecific immune response induced by a
pyrogenic infectious agent (LPS).

Just as in exercise, during infection (LPS) and local-
ized inflammatory (TPT) exposure, there is an elevated
core temperature, during the animal’s nonactive period
(daytime) that persists for several hours to days after
exposure. It is also important to note that the stage of
estrous for each animal was not determined because the
animal would become very stressed during that proce-
dure and consequently, temperatures would increase.

Checking the estrous of each animal would ultimately
interfere with the resting daytime temperatures of these
animals. In addition, the increase in daytime tempera-
ture is most likely not a result of the estrous cycle. The
stage of estrous appears to have little effect on the
accuracy of the thermoregulatory system during the day
(Yang et al. 1996).

In this study, daytime motor activity was almost
identical in sedentary and exercise animals. Thus, the
elevated daytime core temperature after exercise training
cannot be attributed to differences in activity, but to a
regulated response that could be cytokine mediated.
Exercise stimulates a number of the body’s defensive
responses, which are similar to the responses that occur
during infection and inflammation. For example, in all
three events (exercise, infection, and inflammation),
cytokines are released into the circulation and mono-
nuclear lymphocytes are activated (Luheshi et al. 1997;
Ostrowski et al. 1998, 1999; Pedersen 2000; Pedersen
and Toft 2000; Nara et al. 1999; Sprenger et al. 1992).
Thus, endogenous cytokines play a role in the induction
of the acute phase response under various conditions
unrelated to infection or inflammation. It can be
hypothesized that the exercise-induced elevation in core
temperature and release of endogenous cytokines may

Fig. 3 Time course of motor activity of female Sprague Dawley
rats injected i.m. with TPT, 10 ll/rat or physiological saline.
Abbreviations are the same as in Fig. 2. Injection day, p=0.57
treatment-interaction, p=0.61; day 1 post-injection, p<0.08,
treatment-interaction, p=0.37; day 2 post-injection, p=0.01,
treatment-interaction, p=0.45

Fig. 4 Time course of change in core temperature of female
Sprague Dawley rats injected i.p. with LPS, 50 lg/kg or
physiological saline. Arrow indicates the time animals were dosed.
Asterisk indicates significant difference between exercise and
sedentary groups. Injection day, p<0.005 treatment-interaction,
p=0.001; day 1 post-injection, p=0.048, treatment-interaction,
p=0.099; day 2 post-injection, p=0.500, treatment-interaction,
p=0.535; day 3 post-injection, p=0.262, treatment-interaction,
p=0.260. Nighttime temperatures did not differ over the entire
study period (4 days), p=0.10
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represent a nonspecific immune response designed to
defend the host against infection, inflammation or other
environmental assaults by modulating the activity of
endogenous cytokines.

Exercise induces numerous changes in various com-
ponents of the immune system. This study lends some
support to the hypothesis that long-term exercise con-
ditioning enhances one aspect of nonspecific host de-
fense, the acute phase response. The greater change in
temperature in response to injection of LPS in exercising
rats may be attributed to increase production of the
cytokine, interleukin-6 (IL-6). Working skeletal muscles
produce large quantities of IL-6 and may be linked to
some of the beneficial effects to health when one is
physically active (Ostrowski et al. 1998).

We concluded that as a result of the long-term exer-
cise conditioning, this change in thermoregulatory set-
point allowed exercise animals to react with a greater
acute phase response, i.e., change in temperature, when
injected with either LPS or TPT. Since there was no
difference in activity levels, we also speculate that exer-
cise enhanced the acute phase response by promoting
increased release of pyrogenic cytokines such as IL-1b or
IL-6, which are known to induce fever and acute phase
responses.

Although animal models and human studies suggest a
link between exercise-induced immune changes, the

clinical significance of these changes has yet to be
determined. The influence of a well-prescribed amount
of physical activity on immune function has important
implications for individual health, as well as disease
prevention and management. The survival and rigor of
the population will depend on cost-effective strategies
for health promotion, both in health and disease.

The effects of exercise and exercise-based immuno-
regulation may represent one of the frontiers for
healthcare. For example, individuals are constantly ex-
posed to nonnutrient chemicals in the environment,
many of which can be toxic. One such agent is chlor-
pyrifos. A commonly used organophosphate insecticide,
chlorpyrifos affects thermoregulation, causing an acute
period of hypothermia followed by a delayed fever that
lasts for 72 h. In previous studies, exercise training
attenuated the hypothermic and febrile effects of re-
peated (Rowsey et al. 2003) and single chlorpyrifos
exposure (Rowsey et al. 2001). On the other hand,
exercise training had little effect on TPT fever. Exercise
training may not have as much of an effect on localized
inflammation as in a systemic response such as LPS or
chlorpyrifos. Data from these studies and the current
study have led us to believe that while the rise in daytime
temperature of rats that voluntarily exercise at night is a
regulated response resulting in nonspecific immune
changes (i.e., increase in thermoregulatory set-point),
these nonspecific immune changes altered both the
hypothermia associated with chlorpyrifos exposure and
the fever responses associated with chlorpyrifos, LPS
and TPT exposure. However, it is possible that the dif-
ferential response of the exercised rats resulted not only
from different pyrogenic agents but also from different
kinetics of the agents due to the route of administration
(i.p. versus i.m.). It will be important in future studies to
address how route of dosing would effect exercise and
fever.
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