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ABSTRACT. The authors investigated the effect of the opioid 
antagonist naloxone on wheel-running behavior in Balb/c mice. 
Naloxone delayed the acquisition of wheel-running behavior, 
but did not reduce the expression of this behavior once acquired. 
Delayed acquisition was not likely a result of reduced locomotor 
activity, as naloxone-treated mice did not exhibit reduced wheel 
running after the behavior was acquired, and they performed nor-
mally on the rotarod test. However, naloxone-blocked conditioned 
place preference for a novel compartment paired previously with 
wheel running, suggesting that naloxone may delay wheel-running 
acquisition by blocking the rewarding or reinforcing effects of the 
behavior. These results suggest that the endogenous opioid system 
mediates the initial reinforcing effects of wheel running that are 
important in acquisition of the behavior.
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heel running (WR) is a spontaneous behavior per-
formed by a wide range of domestic and labora-

tory animal species (Sherwin, 1998). Since WR was first 
observed more than a century ago (Stewart, 1898), numer-
ous hypotheses have been forwarded as to what WR repre-
sents. Some hypotheses, such as general activity (Anderson, 
1937) or exercise (Eikelboom, 1999), have suggested that 
WR is a motor phenomenon. Others have suggested that WR 
represents exploration (Draper, 1967), an escape response 
(de Kock & Rohn, 1971; Johnson, Moore, & Morin, 1988), 
a response to water and food deprivation (Bolles, 1975; 
Gross, 1968), and various social behaviors (Calhoun, 1945).  
Sherwin (1998) suggested that WR is a motivated behavior 
and that it consequently may work as a reinforcer. In support 
of this latter view, both hamsters and rats learn to execute an 
operant response to obtain access periods to a running wheel 
(Belke & Heyman, 1994; Iversen, 1993; Pierce, Epling, & 
Boer, 1986), and WR produced a conditioned place prefer-
ence (CPP) in rats (Antoniadis, Ko, Ralph, & McDonald, 
2000; Lett, Grant, Byrne, & Koh, 2000; Ralph et al., 2002). 
However, the biochemical basis of WR as a motivated 
behavior has not been carefully examined.

Sustained physical exercise is a powerful inducer of 
beta-endorphin secretion, and it has been proposed that 
WR reinforcement is comparable to the “jogger’s high” 
(de Diego Acosta et al., 2001; Hoffmann, Terenius, & Tho-
ren, 1990; Strand, 1999; Werme, Thoren, Olson, & Brene, 
2000). Accordingly, a few reports have suggested that the 
endogenous opioid system may mediate WR reinforcement 
(Epling & Pierce, 1992; Hoffmann et al., 1990; Kanarek, 
Gerstein, Wildman, Mathes, & D’Anci, 1998; Lett, Grant, 

& Koh, 2001; Lett, Grant, Koh, & Flynn, 2002). Support-
ing a potential role for opiate signaling in WR reinforce-
ment, researchers have found that the reinforcing effects of 
several drugs are affected by manipulations of the opioid 
system (Agmo, Federman, Navarro, Padua, & Velazquez, 
1993; Agmo & Gomez, 1993; Lett et al., 2001; Mehrara & 
Baum, 1990; Paredes & Martinez, 2001).

The following set of experiments examined the role 
of opioid signaling in WR acquisition, maintenance, and 
reinforcement. The first experiment examined the effects of 
opioid receptor antagonism on WR acquisition. The second 
and third experiments examined whether opioid systems 
mediated WR acquisition through a locomotor or a rein-
forcement mechanism. 

Method

General methods are described and the specific proce-
dures or manipulations and statistical analysis are explained 
for each individual experiment in their respective sections.

Subjects 

Adult male Balb/c mice (25–35 g) were kept on a 12-hr 
light–dark schedule (with lights off at 20:00). Rodent chow 
and water were available ad libitum to the mice in their 
home cages.

Drugs

In all experiments, we subcutaneously administered the 
opioid receptor antagonist naloxone hydrochloride (5 mg/kg;  
Rhone-Poulenc Farma, Mexico City) diluted in saline solu-
tion. This dose has been shown to block morphine reward 
in mice (Gibert-Rahola, Maldonado, Mico, Leonsegui, & 
Saavedra, 1988).

Exercise Wheels

Exercise wheels (20-cm diameter) were made of wire 
and were located inside glass cages (20 cm × 30 cm × 
30 cm). Wheel turns were detected by a magnetic sensor 
placed on the roof of the cage, and the number of revolu-
tions per session was quantified by computer. To block a 
wheel, a small piece of metal wire was attached to one of 
its support legs.

W
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EXPERIMENT 1

Method

In the first experiment, we explored the role of the opioid 
system in the acquisition of WR. To this end, we examined 
the effect of naloxone on the acquisition of wheel running 
behavior over a 10-day period. To evaluate whether nalox-
one affected long-term retention of WR (Mowrer & Jones, 
1945), we examined WR again without the use of drugs 15 
and 16 days after the last injection (i.e., Days 25 and 26 of 
the experimental procedure). 

Procedure

Mice (N = 10/group) were injected with either saline or 
naloxone (5 mg/kg) dissolved in saline 15 min before a 
30-min access period to the wheel. The acquisition period 
consisted of 10 consecutive daily sessions. During each ses-
sion, the total number of wheel turns was recorded. Fifteen 
days after the last session, all mice were given 30 min of 
drug-free access to the wheel on 2 consecutive days. 

Statistical Analysis

A two-way repeated measures analysis of variance 
(ANOVA) was used to determine the effect of drug treat-
ment (saline vs. naloxone) and test day (repeated factor). 
Fisher’s least significant difference test was used as a post 
hoc test. 

Results

 Naloxone treatment significantly reduced WR during the 
acquisition period in treated mice as compared with saline-
treated controls: Group × Day, F(9, 162) = 18.26, p < .001. 
Nevertheless, naloxone-treated mice still acquired WR, 
and by Day 10, naloxone- and saline-treated mice exhib-
ited similar levels of WR (see Figure 1A). Thus, naloxone 
delayed the initial acquisition of WR, suggesting that opioid 
receptors are involved in the acquisition phase of WR. 

To evaluate retention of the WR behavior, WR scores 
on the last day of the acquisition phase (Day 10) were 
compared with those obtained 15 and 16 days later in the 
absence of naloxone. On the last day of acquisition (Day 
10), the mean number of wheel turns was 336 ± 64 in the 
naloxone-treated group and 434 ± 68 in the saline-treated 
mice. On Days 25 and 26, the means were 267 ± 29.8 (Day 
25) and 404 ± 17.4 (Day 26) for the naloxone-treated mice 
and 426.2 ± 32.1 (Day 25) and 462.9 ± 46.4 (Day 26) for 
the saline-treated mice. This difference was significant on 
Day 25 (p < .05), but not on Day 26 (see Figure 1B).

EXPERIMENT 2

Method

The results of the first experiment are consistent with 
past research indicating that WR represents either a loco-
motor phenomenon (i.e., reasoning that naloxone reduced 
locomotor activity and hence delayed acquisition) or a 

motivated behavior (i.e., reasoning that naloxone reduced 
the rewarding or reinforcing effects of WR, hence delay-
ing acquisition). The second experiment sought to examine 
the locomotor question. The literature contains conflicting 
reports on the effects of naloxone on rodent locomotor 
activity. Some reports suggest that it reduces locomotion 
(Arnsten & Segal, 1979; DeRossett & Holtzman, 1982; 
Sisti & Lewis, 2001), and others suggest that it has no 
effect (Amir, Solomon, & Amit, 1979; Carey, Ross, & Enns, 
1981). We used two tests to examine the effects of naloxone 
on motor activity: the rotarod test (a test of general activity) 
and a test of the expression of previously established WR. 

Procedure

Rotarod testing. To determine whether naloxone affected 
general locomotor activity, we examined the effect of nal-
oxone in the rotarod test. Rotarod testing was performed on 
a commercially available apparatus (Smartrod, Omni-Rotor 
Treadmill, Omnitech Electronics, Columbus, OH) consist-
ing of a 16-cm raised cylinder, 10 cm in diameter. Mice (N 
= 10) were injected with either saline, 5 mg/kg naloxone, or 
10 mg/kg naloxone 15 min prior to placement on the rotarod 
at a speed of 18 rpm. Each mouse was treated with all three 
solutions (saline, 5 mg/kg of naloxone, and 10 mg/kg of 
naloxone) using a Latin Square design. Locomotor activity 
was defined as the time (in seconds) from initial placement 
on the cylinder to falling within a 3-min interval.

Expression of wheel running. Before testing began, mice 
were given free access to an exercise wheel for 30 min each 
day for 10 consecutive days. After this WR acquisition 
period, mice were injected daily with saline 15 min prior 
to placement in the exercise-wheel cages for 30 min. This 
was repeated for 10 consecutive days (Days 1–10). For 
Days 11–20, half of the mice were injected with 5 mg/kg 
of naloxone, and the other half were injected with saline. 
At the end of each session, the total number of wheel turns 
was recorded.

Statistics

For rotarod activity, we used a repeated measures ANOVA 
to determine if naloxone affects motor capacity. For WR, 
we used a two-way repeated measures ANOVA to deter-
mine the effect of treatment (saline vs. naloxone) and day 
(repeated factor). Fisher’s least significant difference test 
was used as a post hoc test.

Results

Rotarod activity is unaffected by naloxone treatment. 
Naloxone treatment did not significantly alter the latency to 
fall from the rotarod cylinder: saline, 139 ± 15 s; 5 mg/kg 
naloxone, 158 ± 14 s; 10 mg/kg naloxone, 148 ± 13 s; F(2, 
18) = 0.33, p > .5. This suggests that naloxone does not 
affect general locomotor activity in Balb/c mice.

Naloxone treatment did not attenuate the expression 
of previously acquired WR. Mice treated with naloxone 
15 min prior to WR on Days 11–20 showed a small but  
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FIGURE 1. Wheel-running acquisition is delayed in naloxone-treated mice. For 10 days, 
Mice received either saline or naloxone (5 mg/kg) 15 min prior to a 30-min exposure to 
the running wheel. Naloxone-treated mice exhibited delayed acquisition of wheel-running 
behavior (Figure 1A). Asterisks indicate a significant difference between saline-treated and 
naloxone-treated mice, *p < .05.
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nonsignificant decrease in the number of wheel turns as 
compared with the saline-treated group: three-way ANOVA–
day, drug (naloxone vs. saline), and period (before treatment 
vs. after treatment), F(9, 388) = 0.42, p > .5 (see Figure 2). 
This may represent a training effect or increased WR per-
formance resulting from continued WR reinforcement (see 
Experiment 3 and Discussion). However, naloxone-treated 
mice exhibited WR behavior at levels similar to those seen 
during the acquisition and maintenance periods—Days 
1–10 versus Days 11–20, F(1, 9) = 2.795, p > .1—suggest-
ing that naloxone did not reduce locomotor activity.

EXPERIMENT 3

Method

The results of the second experiment suggest that a loco-
motor deficit cannot account for the delayed acquisition of 

WR in naloxone-treated mice. Naloxone-treated mice per-
formed normally in the rotarod test and exhibited WR levels 
similar to those seen in the drug-free acquisition phase. 
The third experiment therefore examined whether nalox-
one affected WR reinforcement. To this end, we examined 
whether Balb/c mice express a CPP for an environment 
paired with WR and whether such a CPP could be reduced 
by naloxone. 

Apparatus

The CPP apparatus consisted of three different compart-
ments. The two lateral compartments (23 cm × 37 cm × 32 
cm) had distinct visual, olfactory, and tactile properties, 
which served as the conditioned stimuli. The first compart-
ment was painted white, and the floor was covered with 
clean wood shavings. The second compartment was painted 
black, had no bedding, and was wiped with a 2% acetic-acid  
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FIGURE 2. Naloxone-treated mice can express previously acquired WR. Values are expressed as the number of wheel turns (M ± 
SE) during the daily 30-min sessions. Naloxone-treated mice did not decrease WR behavior after it was already acquired. Saline-
treated mice exhibited a slight but nonsignificant increase in WR in comparison with naloxone-treated mice. 
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solution immediately prior to conditioning. The third (mid-
dle) compartment (22 cm × 24 cm × 32 cm), which was 
painted grey, joined the lateral compartments, which were 
accessible through sliding doors (10 cm × 10 cm). Mice 
were observed through a wall of fine wire mesh in the 
middle compartment. All conditioning and testing occurred 
in a room illuminated with dim white light. 

Procedure

The place-preference paradigm was based on a previ-
ously published procedure (Agmo & Gomez, 1991). Briefly, 
the procedure consisted of three phases: pretest (Day 1), 
conditioning (Days 2–7) and test (Day 8). In the pretest, 
each mouse’s side preference was determined by giving it 
free-range access to all compartments of the CPP box. The 
mouse was initially placed in the central gray compartment, 
and the time that each mouse spent in each compartment was 
recorded for 10 min. A mouse was considered to be in a com-
partment when its head and both front legs were inside it. The 
lateral compartment where the mouse spent the longest time 
was designated as “preferred” and the other compartment 
where it spent less time was designated as “nonpreferred.” 

During conditioning (Days 2–7), mice were first exposed 
to either WR or to a blocked wheel for 30 min; then they 
were immediately confined within one of the compartments 
for an additional 30 min. WR was paired with the least pre-
ferred compartment. WR and Blocked Wheel Running were 
presented in a fully counterbalanced order. 

The final phase was the CPP test (Day 8). The time spent 
on each was measured in the same manner as during the 
initial 10-min pretest. The interval between the last condi-
tioning session and the test was at least 24 hr and was never 
greater than 72 hr. 

Four groups of mice (Ns = 10/group) were examined 
for CPP. The first group received saline 15 min prior to 
WR or BWR exposure (Group WR-S). The second group 
received naloxone 15 min prior to WR or BWR exposure 
(Group WR-Nx). As a control, the third group of mice was 
pretreated with saline and then exposed to BWR on both the 
preferred and nonpreferred sides (Group BWR-S). Finally, 
the fourth group of mice was given naloxone 45 min prior 
to conditioning, to ensure that naloxone did not change 
baseline preferences for the compartments. 

Statistics

To examine whether an experimental condition produced 
CPP, a difference score was taken between the pretest and 
the test, 

(tRCtest − tRCpre) − (tNRCtest − tNRCpre), 

where tRC is the time spent in the reinforced compartment 
(in seconds) and tNRC is the time spent in the nonrein-
forced compartment (in seconds). In each subgroup, the 
difference score results were analyzed using a paired t test 
between pretest and test. 

Results

Exposure to WR induced CPP in mice. Mice receiving 
saline pretreatment spent a significantly greater amount 
of time in the WR compartment after conditioning: WR-S 
mice, t(9) = 2.94, p < .05 (see Figure 1). This preference 
was unlikely to represent habituation to the less preferred 
compartment, as the mice that received saline and that were 
exposed to BWR on both sides do not express a preference 
(BWR-S mice, ns; see Figure 1). 

Naloxone pretreatment prevented CPP for WR. In con-
trast to what we observed in saline-pretreated mice, those 
pretreated with naloxone did not increase the time spent in 
the WR compartment (WR-Nx mice, ns; see Figure 1), sug-
gesting that the antagonist blocked the reinforcing effects 
of WR. Naloxone pretreatment on its own did not alter the 
amount of time spent in the least preferred compartment 
(Nx mice, ns; see Figure 1), suggesting that the drug pre-
treatment does not alter the innate preference exhibited in 
the pretest. 

GENERAL DISCUSSION

The results of the present study suggest that the delayed 
acquisition of WR in naloxone-treated mice results from 
an attenuation of WR reinforcement and not from reduced 
locomotor activity. Specifically, WR produced CPP in 
saline-treated mice but not in naloxone-treated mice. It does 
not appear that naloxone significantly affected locomotor 
activity, as naloxone-treated mice exhibited normal rotarod 
behavior. In addition, mice treated with naloxone expressed 
WR of equal magnitude to that seen at the end of a drug-
free acquisition period. Taken together, these results suggest 
that WR is rewarding and that opioid signaling is important 
for this rewarding effect. 

The slight but nonsignificant difference in the number of 
wheel turns between saline and naloxone-treated mice sug-
gests that WR may be further reinforced in saline-treated 
mice, but not in naloxone-treated mice (see Figure 3). In 
light of the effects of naloxone on CPP induced by WR, 
this likely reflects further reinforcement of WR in mice not 
receiving naloxone. A second possibility is that only the 
facilitating effects of opioid signaling on WR are prevented 
by the administration of an opioid antagonist. Indeed, 
morphine had a biphasic effect on WR, first working as an 
inhibitor of WR, then later as a facilitator of it (Schultz, 
Dayan, & Montague, 1997). A third possible explanation 
is that naloxone is inducing an aversive state that cannot 
be overcome by WR (Vaccarino, Plamondon, & Melzack, 
1992). This is unlikely to be the primary explanation for the 
present results, as naloxone did not inhibit previously estab-
lished WR (see Experiment 2). Finally, saline-treated mice 
may display greater resistance to forgetting than naloxone-
treated mice. According to the theory of forgetting (Hilgard 
& Marquis, 1961; Mowrer & Jones, 1945), withholding 
the reinforcer causes the previously reinforced behavior to 
be forgotten. Resistance to forgetting is weaker when the 
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reinforcing event is of low magnitude. Thus, naloxone may 
have reduced the reinforcing impact of WR, hence making 
it easier to forget. Such a reduction is not only manifested in 
the blunted response to WR seen in Experiment 2, but more 
decisively in the decreased response 15 days after the last 
dose of naloxone in Experiment 1. 

Although blocking opioid receptors may blunt WR rein-
forcement, it does not prevent expression of previously 
acquired WR behavior. It is likely that WR reinforcement 
entails additional nonopioid neural systems. Likely candi-
dates are dopamine and glutamate, which have been shown 
to be important for the reinforcing properties of other natu-
ral and drug rewards (Kalivas, Volkow, & Seamans, 2005; 
Le Moal & Simon, 1991; Wise, 2004).

It has been shown that rodents exhibit greater mobil-
ity in the running wheel than in other similar devices, 
such as circular tunnels (Eayrs & Williams, 1966) and 
treadmills (Collier & Hirsch, 1971), which involve simi-
lar movements and energetic expenditure. As argued by 
Sherwin (Sherwin, 1998), WR does not readily compare 
with any natural behavior and probably involves different 
motivational systems than other motor activity. Because 
of the unique nature of WR, it is doubtful that other types 
of locomotor activity induce the same rewarding effect 
observed here. In other reward behaviors, control over a 
behavior has been shown to be crucial in the induction of 
a positive affective state (Paredes & Martinez, 2001). For 
example, male and female rats develop CPP after mating 
only if they have the opportunity to control the rate of 
sexual stimulation they receive (Paredes & Martinez). In 

this way, the involvement of other factors in the motiva-
tional mechanism of WR, such as the location, novelty, 
complexity, and control of the wheel, could influence the 
rewarding aspect of WR.

Although the present experiments suggest that wheel 
running can act as a reinforcer, WR-induced CPP was not 
an absolute preference. The paradigm here was biased, and 
although saline-treated mice increased their time spent on 
the nonpreferred side, they did not spend more than 50% of 
their time on this side during the test. This suggests that WR 
is a less potent reinforcer than many drugs of abuse, such as 
morphine and cocaine, which induce absolute CPP in many 
studies (Tzschentke, 1998, 2007).

The results of the present experiments therefore suggest 
that the reinforcing mechanism of WR is dependent on opi-
oid receptor activation. Further studies will be required to 
elucidate if this extends to other forms of locomotor activity 
and to determine how other neurotransmitter systems may 
affect wheel running. 
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