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Abstract

Exercise decreases the antinociceptive effects of opiate drugs. It has been hypothesized that the exercise-induced attenuation of opiate drug
action is the result of the development of cross-tolerance between endogenous opioids released during exercise and exogenous opiates. The
present study was designed to evaluate the role of exercise on non-opiate antinociception. Female Long–Evans rats were allowed ad lib access to
running wheels. After 3 weeks, antinociceptive responses of animals were measured using the tail flick test following the administration of
clonidine or nicotine. Nicotine and clonidine both produced dose-dependent increases in antinociceptive responses. Active animals were
significantly less sensitive to nicotine-induced antinociception than inactive animals. There was no difference between the two groups in
clonidine-induced antinociception. The results of these experiments suggest that exercise does not attenuate non-opioid, clonidine-induced
antinociception. However, exercise does attenuate nicotine-induced antinociception. Therefore, the effect of persistent exercise on analgesic drugs
is not specific to opiates.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic access to voluntary running wheel activity decreases
the antinociceptive effects of opiate drugs. This effect is ob-
served with several μ and κ opioid receptor agonists, as well as
with the morphine metabolite and μ receptor agonist, morphine-
6 glucuronide (M6G) (Kanarek et al., 1998; D'Anci et al., 2000;
Mathes and Kanarek, 2001; Smith and Yancey, 2003; Smith
et al., 2004). It is hypothesized that the decrease in antinoci-
ceptive potency of opiate agonists in active animals compared
to inactive animals is due to the development of cross-tolerance
with endogenous opioid peptides released during exercise (Ka-
narek et al., 1998).

While there exists a large body of evidence linking exercise
and opioids (e.g. Carr et al., 1981; Gambert et al., 1981; Blake
et al., 1984; Grossman and Sutton, 1985; Radosevich et al.,
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1989; Pierce et al., 1993), exercise affects many other biological
systems (e.g. Ardies et al., 1989; Dishman, 1997; Morishima
et al., 2006; McMaster and Carney, 1985; Mollenauer et al.,
1992). For example, prolonged running wheel activity protects
against norepinephrine (NE) depletion in the locus coeruleus
(LC) and attenuates escape deficit after uncontrollable foot-
shock (Dishman, 1997). HPLC analysis of brain monoamines
shows that exercising animals exposed to uncontrollable foot-
shock have higher NE levels in the LC than their sedentary
counterparts (Dishman, 1997). More recently, Morishima et al.
(2006) have demonstrated that rats genetically predisposed to
high levels of wheel running have increased extracellular NE
levels in the hippocampus, leading to the down regulation of
α24-noradrenergic receptors. McMaster and Carney (1985)
have reported that chronic treadmill running attenuates the
behaviorally disruptive effects of the anticholinergic drugs
scopolamine hydrobromide and scopolamine methylbromide in
rats. Therefore, it is possible that the attenuating effects of
exercise on drug action are a general phenomenon caused by
exercise-induced alterations in several physiological systems.
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Table 1
Average daily caloric intakes, body weights and wheel rotations in active and
inactive rats

Body weight
(g)

Caloric intake
(kcal)

Wheel rotations

Experiment 1
Active 261.25±6.92 89.83±3.97⁎⁎ 10569.4±869.3
Inactive 274.50±9.60 67.55±2.94

Experiment 2
Active 248.70±7.30 84.97±2.21⁎⁎ 12878.6±1639.6
Inactive 265.22±10.18 67.53±4.29

Experiment 3: nicotine
Active 225.33±5.07⁎ 75.83±4.38 7556.4±749.0
Inactive 244.80±4.94 65.01±3.13

All values expressed as mean±SEM.
Significant difference between active and inactive animals ⁎pb0.05 ⁎⁎pb0.01.
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The present experiments were designed to determine the
effects of exercise on antinociceptive drugs that act through
noradrenergic and cholinergic systems. Active and inactive
female rats were evaluated for antinociception following the
administration of clonidine or nicotine. Clonidine is an α2-
noradrenergic agonist used to control blood pressure in hu-
mans (Roehrich and Gold, 1987). Clonidine administration
often results in a non-opioid antinociception similar to that
seen after cold-water swimming (Roehrich and Gold, 1987;
Kiefel and Bodnar, 1991). Nicotine is an agonist of the
nicotinic acetylcholine receptor. Acting though the α4β2
subtypes of the nicotinic receptor, nicotine administration
leads to profound antinociception in several species (Damaj
et al., 2000).

2. Materials and methods

2.1. Animals

Fifty-six female virus and antibody free Long–Evans rats
weighing 200–250 g (Charles River Laboratories, Portage, MI)
were used. Animals were maintained in a temperature- and
humidity-controlled room with a reverse 12:12-h light/dark
cycle (lights off: 0800–2000 h).

Rats were housed individually in standard stainless-steel
hanging laboratory cages or in Wahmann (Baltimore, MD) LC-
34 activity wheels with stainless steel side cages. Active ani-
mals had 24 h access to the running wheels for at least 3 weeks
prior to nociceptive testing. Wheel turns were monitored by a
microswitch that recorded each 360° of rotation. In all expe-
riments, body weights of rats in the active and inactive groups
were similar at the start of the experiment.

All animals had ad libitum access to ground Purina labo-
ratory rodent chow (#5001) presented in Wahmann 306A food
cups with lids and tap water. Food and water intakes, body
weights and wheel rotations were recorded every other day.

2.2. Drugs

Clonidine HCl (Sigma, St. Louis, MO) and nicotine bitartrate
(Sigma, St. Louis, MO) were dissolved in 0.9% sterile saline
and administered in a volume of 1 ml/kg.

2.3. Nociceptive testing

Rats were tested for antinociception using the tail flick
method. Prior to the initiation of nociceptive testing, running
wheel doors were closed and remained closed for the duration of
the testing period. Animals, held in a clean cloth by the same
experimenter, were placed on the tail flick apparatus and their
tails gently smoothed into a groove with a photocell. A light
heat source focused on the tail was then activated and was
automatically turned off when the animal flicked its tail. To
prevent tissue damage, if the animal failed to flick its tail the
light source automatically turned off after 9 s. The intensity of
the light was set so that baseline tail flick latencies averaged
between 2 and 4 s. Baseline latencies were defined as the
median of 3 tail flicks, each separated by approximately 20 s.
All testing was done during the dark portion of the daily diurnal
cycle.

2.4. Experiment 1: clonidine antinociception

Eight rats housed in standard laboratory cages and eight rats
housed in running wheels were tested. Baseline tail flick laten-
cies were determined immediately prior to drug administration.
Clonidine was administered IP in a cumulative dosing paradigm
where the animals were injected every 30 min with increasing
doses of the drug as described by Duttaroy et al. (1997). The
resulting cumulative doses used were 0.05, 0.1, 0.2, 0.4 and
0.8 mg/kg. Decay of the drug's antinociceptive effect was also
evaluated. Tail flick latencies were measured 30, 60, 90 and
120 min after the last clonidine injection.

2.5. Experiment 2: clonidine antinociception

To increase the maximum dose of clonidine being examined,
antinociception was evaluated following the administration of
0.18, 0.32, 0.56, 1.0 and 1.8 mg/kg clonidine, IP, in drug-naïve
active and inactive rats. Experimental procedures were carried
out as described above.

2.6. Nicotine antinociception

Ten drug-naïve rats housed in standard laboratory cages and
ten drug-naïve rats housed in running wheels were used. Base-
line tail flick latencies were determined immediately prior to
drug administration. Nicotine was administered SC in a cumu-
lative dosing paradigm. As previous work had demonstrated
that nicotine's antinociceptive actions occurred more rapidly
than those of clonidine (Kiefel and Bodnar, 1991; Mandillo and
Kanarek, 2001), the rats were injected with increasing doses of
nicotine every 5 min. The resulting cumulative doses were 0.03,
0.1, 0.3, 1.0 and 3.0 mg/kg nicotine base. To evaluate the decay
of the drug's antinociceptive actions, tail flick latencies were
measured every 5 min for 40 min after the last nicotine
injection.



Fig. 1. There were no differences between active and inactive rats in the
magnitude (A) or duration (B) of clonidine-induced antinociception at low
doses.

Fig. 2. There were no differences between active and inactive rats in the
magnitude of clonidine-induced antinociception at higher doses (A). There was
a significant decrease in clonidine-induced antinociception over the 120-min
recovery period ( p=0.020), but the duration of antinociception did not differ
between active and inactive animals (B).
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2.7. Data analysis

Antinociceptive responses were expressed as percent maxi-
mal possible effect (%MPE) as defined by Dewey and Harris
(1975), which was calculated as follows:

%MPE ¼ ½ð test latency−baseline latencyÞ=
ð maximal latency−baseline latencyÞ�⁎100:

Data were analyzed using SPSS (SPSS Inc., Chicago, IL).
Main effects within each experiment were determined by
repeated measures ANOVA. Independent samples t-tests were
used to analyze daily food and water intakes and body weight
data.

2.8. Ethical statement

All pharmacological and experimental procedures were
approved by the Tufts University Institutional Animal Care and
Use Committee prior to the onset of these experiments.
3. Results

3.1. Food and fluid intakes and body weights

In all three experiments, daily caloric intakes of rats running
in activity wheels were greater than those of inactive rats
(Table 1). Similarly, in all three experiments water intakes were
significantly greater in the active animals than in inactive
animals. In both studies in which clonidine was used, although
active animals weighed less than inactive animals at the time of
nociceptive testing, these differences in body weight were not
significant (Table 1). In the nicotine study, active animals
weighed significantly less than active animals at the time of
nociceptive testing. In all three studies, running wheel activity
increased gradually over the 3-week period prior to testing. For
the week immediately preceding antinociceptive testing, active
animals averaged 10,569.4 ±869.3 rotations per day in
experiment 1, 12,878.6±1639.6 rotations per day in experiment
2 and 7556.4±749.0 in experiment 3.
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3.2. Experiment 1: clonidine-induced antinociception

Repeated measures ANOVA revealed a significant dose-
dependent effect of clonidine administration on tail flick laten-
cies (F(4,56)=15.138, pb0.001) such that higher doses of the
drug induced greater levels of antinociception. There was no
effect of activity (F(1,14)=0.304, p=0.590) (Fig. 1) on clo-
nidine-induced antinociception. Likewise, there was no differ-
ence between active and inactive animals in the time of recovery
from clonidine-induced antinociception (F(1,14)=0.004, p=
0.950). In fact, antinociceptive responding did not decrease over
the time period tested in either of the two groups (F(2,28)=
1.547, p=0.231) (Fig. 1).

3.3. Experiment 2: Clonidine-induced antinociception

Similar to the results of the first clonidine experiment, repeated
measures ANOVA revealed a significant dose-dependent effect
of clonidine administration on tail flick latencies (F(4,68)=4.027,
pb0.01) but no effect of activity (F(1,17)=0.046, p=0.832)
(Fig. 2). Antinociceptive responding significantly decreased as a
Fig. 3. Overall, active rats were significantly less sensitive to the antinociceptive
effects of nicotine administration than their inactive counterparts ( pb0.001)
(A). ⁎pb0.05, significant difference between active and inactive rats at each
dose of nicotine. Antinociceptive responding declined over time in both groups.
However, the duration of antinociception was shorter in active animals than in
inactive animals (B).
function of time since the last injection (F(2,28)=3.580, p=
0.020); however, there were no differences between active and
inactive animals in recovery time from clonidine-induced anti-
nociception (F(1,17)=0.003, p=0.995). Antinociceptive res-
ponding in both the active and inactive animals was significantly
higher 30 min after the last clonidine injection than it was at
120 min after the last injection (t=−2.183, pb0.05).

3.4. Nicotine-induced antinociception

Repeated measures ANOVA revealed a significant dose-
dependent effect of nicotine administration on tail flick latencies
(F(4,68)=43.732, pb0.001) such that antinociceptive respond-
ing increased as a function of increasing drug dose (Fig. 3).
Additionally, active animals were significantly less sensitive to
the antinociceptive properties of nicotine than inactive animals
(F(1,17)=14.747, p=0.001) (Fig. 3). Because a number of
active rats failed to obtain MPEs of 50%, IED25s instead of
IED50s were compared in active and inactive rats. IED50s of
active rats (2.12±0.23 mg/kg) were significantly greater than
those of inactive animals (1.32±0.22 mg/kg) (F(1, 17)=6.32,
pb0.05).

There was no difference between active and inactive ani-
mals in the time of recovery from nicotine-induced antinoci-
ception (F(1,17)=1.665, p=0.214). However, antinociceptive
responding did decrease as a function of time in both groups
(F(6,102)=12.326, pb0.001) (Fig. 3).

4. Discussion

Animals allowed access to running wheels for 3 weeks
showed significantly less antinociception following nicotine
administration than their inactive counterparts. However, there
was no difference in the antinociceptive potency of clonidine
between the active and inactive rats or in the rate of recovery
from nicotine- or clonidine-induced antinociception between
active animals and inactive animals. The results of these expe-
riments show that the decrease in sensitivity to antinociceptive
drugs seen in active animals is not specific to opiate agonists.
However, the attenuating effect of running wheel activity does
not generalize to all antinociceptive drugs.

Research has demonstrated that running wheel activity
attenuates the antinociceptive potency of opioid drugs (Kanarek
et al., 1998; D'Anci et al., 2000; Mathes and Kanarek, 2001;
Smith and Yancey, 2003; Smith et al., 2004). The experiments
described within this manuscript are the first to describe the
effects of running wheel activity on non-opioid analgesics.
Although interactions between both nicotine and clonidine with
the endogenous opioid system have been previously described
(e.g. Tanda and Di Chiara, 1998; Mathieu-Kai and Besson,
1998; Wewers et al., 1999; Hahn et al., 2000; George et al.,
2000; Berrendero et al., 2002; for a review, see Millan, 2002;
Martin and Eisenach, 2001; Furst, 1999), these two analgesic
agents exert their effects primarily through cholinergic and
noradrenergic receptor activation, respectively.

Spinally mediated nicotine-induced antinociception results
from the activation of the α4β2 nicotinic AchR subtype located
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throughout the peripheral and central nervous systems (Bitner
et al., 1998; Damaj et al., 2000). This activation leads to the
increased release of several neurotransmitters, including NE (Li
and Eisenach, 2002) and Ach. Although a large body of
evidence exists examining the effects of exercise on cholinergic
mechanisms within the cardiovascular and musculoskeletal
systems, little data are available examining the effects of
exercise on acetylcholine within the CNS. It is possible that
exercise-induced alterations in cholinergic and noradrenergic
mechanisms contributed to the decrease in nicotine-induced
antinociception in exercising rats.

On the other hand, several studies have suggested that
nicotine exerts some of its effects through interactions with the
endogenous opioid system (e.g. Tanda and Di Chiara, 1998;
Mathieu-Kai and Besson, 1998; Wewers et al., 1999; Hahn
et al., 2000; George et al., 2000; Berrendero et al., 2002). For
instance, the κ opioid agonists U50,488, U69,593 and IC-977
block the locomotor stimulating effects of nicotine adminis-
tration (Hahn et al., 2000). This effect can be reversed with
κ opioid receptor antagonists, indicating the involvement of
the κ opioid receptor in nicotine-induced locomotor activity.
Similarly, chronic nicotine administration leads to an up-regu-
lation of μ opioid receptors in the striatum of male and female
rats while, at the same time, decreasing striatal met-enkephalin
levels (Wewers et al., 1999). Likewise, pretreatment with the κ
opioid agonists U50488 and TRK-820 attenuates mecamyl-
amine precipitated withdrawal symptoms in nicotine-depen-
dent rats (Ise et al., 2002). Davenport et al. (1990) reported that
nicotine administration prior to the central administration of β-
funaltrexamine (β-FNA), an irreversible μ opioid receptor
antagonist, attenuated β-FNA antagonism of morphine-induced
antinociception. The authors hypothesized that nicotine admin-
istration led to endogenous opioid peptide release, which
activated the μ opioid receptor and blocked β-FNA's effect
(Davenport et al., 1990). Similarly, μ opioid receptor knock-out
mice show a decreased response to the antinociceptive, reward-
ing and locomotor effects of nicotine administration compared
to their wild-type counterparts (Berrendero et al., 2002). More-
over, naloxone attenuates nicotine-induced antinociception in
mice (Zarrindast et al., 1997). Cross-tolerance to the antinoci-
ceptive and hypothermic effects of nicotine and morphine has
also been demonstrated (Zarrindast et al., 1999, 2001). Thus, the
decreased antinociceptive potency of nicotine in active rats
compared with inactive controls may be due to nicotinic in-
teractions with the endogenous opioid system.

Likewise, there is an abundance of data that shows that
clonidine and opiates work synergistically to attenuate pain. In
fact, clonidine is used clinically as an adjuvant to opiate
analgesia. One of the benefits of using clonidine and other
noradrenergic agonists in addition to opiate treatment is that
noradrenergic agonists continue to elicit antinociception in sub-
jects that have developed tolerance to opiate treatment (Millan,
2002; Martin and Eisenach, 2001; Furst, 1999). Running wheel
activity leads to decreased opiate-induced antinociception, pre-
sumably the result of the development of cross-tolerance be-
tween endogenous opioids and exogenous opiates (Kanarek
et al., 1998; Mathes and Kanarek, 2001; Smith and Yancey,
2003; Smith et al., 2004). The results of the present study show
that clonidine is equipotent in inducing antinociception in active
and inactive animals. Therefore, consistent with the clinical data,
animals that demonstrate an apparent tolerance to the anti-
nociceptive effects of opiates are still sensitive to the antino-
ciceptive effects of clonidine.

The studies discussed herein were performed using female
rats. Females were chosen because in previous studies in our
laboratory, it was observed that females were more sensitive to
the pain relieving action of nicotine than males (Mandillo and
Kanarek, 2001) and run more in activity wheels than males
(Kanarek et al., 1998). However, it is recognized that sex
differences in pain sensitivity and responses to analgesic drugs,
including nicotine and clonidine, are not uncommon findings
(e.g. Kiefel and Bodnar, 1991; Craft and Milholland, 1998;
Carstens et al., 2001; Mandillo and Kanarek, 2001). For exam-
ple, both Craft and Milholland (1998) and Mandillo and Kana-
rek (2001) reported that the antinociceptive effects of nicotine
were greater in female rats than in males. In contrast to these
findings, Carstens et al. (2001) found that depending on the
testing procedure, there were either no differences in nicotine-
induced antinociception in male and female rats, or that males
were more sensitive to the antinociceptive properties of nicotine
than females. With respect to clonidine, few studies have
address the role of sex in determining the pain relieving
properties of the drug. However, as with nicotine, the results of
studies which have addressed this issue are not consistent, with
some pointing to sex differences in clonidine-induced antino-
ciception (Kiefel and Bodnar, 1991; Nag and Mokha, in press)
and others indicating no sex differences in pain sensitivity
following drug administration (Kroin et al., 2003). A number of
variables may contribute to the inconsistent findings with
respect to the effects of sex on drug-induced analgesia. These
factors included genetic background, the type of pain test
employed, the intensity of the painful stimulus and the efficacy
of the drug being tested (Craft, 2003). Detailed studies using
these variables, as well as sex, will be needed for a more
complete understanding of the role of activity in determining the
antinociceptive potency of nicotine and clonidine.

Because female rats were used, it is important to address the
possible effects that ovarian hormones may have had on the
results. Alterations of ovarian hormones across the estrous cycle
have been linked to changes in pain sensitivity (e.g. Cruz et al.,
1996; Frye et al., 1993; Martinez-Gomez et al., 1994). Previous
research from this laboratory has shown that voluntary running
wheel activity does not alter the duration of the estrous cycle as
measured using vaginal swabs (Mathes and Kanarek, 2001).
The duration of estrous cycle in both active and inactive rats
ranged from 3 to 6 days with the majority of the animals having
cycles that were 4 or 5 days long. All phases of the estrus cycle
were represented on any given day. In light of these findings, it
is unlikely that any differences in pain sensitivity between
active and inactive animals are due to exercise-induced alte-
rations in ovarian hormones.

In summary, running wheel activity attenuates the antino-
ciceptive effects of nicotine without altering the effects of
clonidine. The fact that exercise attenuates the antinociceptive
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effects of nicotine brings into question whether the effects of
exercise on opiate-induced antinociception are due to cross-
tolerance or to alterations in other physiological mechanisms.
These results thus prompt the need for more investigation to
uncover the mechanism by which long-term exercise alters the
antinociceptive potency of drugs.
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