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Abstract
Background—Relapse to drug use after a period of abstinence is a persistent problem in the
treatment of cocaine dependence. Physical activity decreases cocaine self-administration in
laboratory animals and is associated with a positive prognosis in human substance-abusing
populations. The purpose of this study was to examine the effects of long-term access to a running
wheel on drug-primed and cue-induced reinstatement of cocaine-seeking behavior in male and
female rats.

Methods—Long-Evans rats were obtained at weaning and assigned to sedentary (no wheel) and
exercising (access to wheel) groups for the duration of the study. After 6 weeks, rats were
implanted with intravenous catheters and trained to self-administer cocaine for 14 days. After
training, saline was substituted for cocaine and responding was allowed to extinguish, after which
cocaine-primed reinstatement was examined in both groups. Following this test, cocaine self-
administration was re-established in both groups for a 5-day period. Next, a second period of
abstinence occurred in which both cocaine and the cocaine-associated cues were withheld. After 5
days of abstinence, cue-induced reinstatement was examined in both groups.

Results—Sedentary and exercising rats exhibited similar levels of cocaine self-administration,
but exercising rats responded less than sedentary rats during extinction. In tests of cocaine-primed
and cue-induced reinstatement, exercising rats responded less than sedentary rats, and this effect
was apparent in both males and females.

Conclusions—These data indicate that long-term access to a running wheel decreases drug-
primed and cue-induced reinstatement, and that physical activity may be effective at preventing
relapse in substance-abusing populations.
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1. Introduction
Physical activity reduces drug self-administration in laboratory animals and is associated
with positive outcomes in substance abuse treatment programs. In laboratory rats, concurrent
access to a running wheel decreases cocaine self-administration (Cosgrove et al., 2002), and
a history of wheel running during adolescence is associated with lower cocaine-maintained
breakpoints on a progressive ratio schedule of reinforcement (Smith et al., 2008). In clinical
populations, participation in activity-based activities is associated with higher abstinence
rates and a better prognosis in contingency management programs (Weinstock et al., 2008).
Physical activity also reduces self-rated measures of anxiety and depression and increases
measures of self-esteem and self-efficacy (Dunn et al., 2005; Manger and Motta, 2005;
Fillipas et al., 2006; Muller et al., 2006), all of which are predictive of treatment success.
Although the mechanisms by which physical activity produces these effects are not known,
such findings have led investigators to propose that physical activity may facilitate recovery
and be an effective intervention in substance abuse treatment programs (Smith et al., 2008;
Weinstock et al., 2008).

A major and persistent obstacle to long-term recovery is relapse to drug use after a period of
abstinence. It is estimated that up to 70% of recovering substance abusers relapse within one
year after initiating treatment (Carroll et al., 1994). Although multiple variables contribute to
the likelihood of relapse, recent research has focused on two major factors: environmental
stimuli associated with drug use (i.e., cues) and direct exposure to the addictive substance
itself. In the laboratory, the reinstatement procedure is used to model relapse to drug-seeking
behavior after exposure to drug-paired stimuli (i.e., cue-induced reinstatement) and non-
contingent drug administration (i.e., drug-primed reinstatement). Tests of cue-induced and
drug-primed reinstatement are typically preceded by a period of time during which
responding is extinguished by withholding the drug and/or drug-related cues. An increase in
responding after cue or non-contingent drug exposure is seen as mimicking a return to drug
use after a period of abstinence, thus modeling the cardinal feature of relapse in substance-
abusing populations (see Katz and Higgins, 2003 for review and discussion). Interventions
that decrease responding in the reinstatement procedure have potential efficacy to decrease
the likelihood of relapse in recovering addicts, and the predictive validity of this procedure
has been demonstrated for several treatment interventions (Epstein et al., 2006). Recently,
Zlebnik et al. (2010) reported that concurrent access to a running wheel serves as an
alternative non-drug reinforcer to decrease drug-primed reinstatement in female rats.
Similarly, Lynch et al. (2010) recently reported that access to a running wheel during a 14-
day period of forced abstinence decreases cue-induced reinstatement in male rats. These
studies provide promising evidence that physical activity may be an effective means to
prevent relapse in substance-abusing populations.

The purpose of the present study was to characterize the effects of long-term access to a
running wheel (i.e., 6+ weeks) on cocaine-primed and cue-induced reinstatement of drug-
seeking behavior. In this study, laboratory rats were assigned to sedentary and exercising
conditions at weaning and remained in these conditions until the end of the study. Previous
studies indicate that female rats run more than males (Eikelboom and Mills, 1988), have
higher rates of drug-primed reinstatement than males (Lynch and Carroll, 2000), and are
more sensitive to interventions that decrease drug-seeking behavior than males (Carroll et
al., 2004). Consequently, both males and females were examined in the present study.

Smith et al. Page 2

Drug Alcohol Depend. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Methods
2.1. Animals

Male and female Long-Evans rats were obtained at weaning (∼21 days) from Charles River
Laboratories (Raleigh, NC). Upon arrival, rats were divided into sedentary and exercising
conditions. Sedentary rats were housed in standard polycarbonate cages (interior
dimensions: 50 × 28 × 20 cm); exercising rats were housed in polycarbonate cages of equal
dimensions and with a running wheel affixed to the interior of the cage. Cages with locked
or inactive wheels were not used for the sedentary control group because rodents climb in
locked running wheels (Koteja et al., 1999), potentially comprising the primary
experimental manipulation of the study (i.e., physical activity). Except during self-
administration sessions, exercising rats had free access to their running wheels throughout
the study. Voluntary wheel running in this manner leads to sustained enhancements in
aerobic capacity, increasing absolute and relative VO2 max by 20-30% (Yano et al., 1997).
All rats were housed individually in a large colony room on a 12-hr light/12-hr dark cycle
(lights on 0700). Except during initial lever-press training (see below), food and water were
freely available in the home cages. Estrous phase was not monitored. All subjects were
maintained in accordance with the guidelines of the Animal Care and Use Committee of
Davidson College and the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animals Resources, 1996). Rats that lost catheter patency were removed from
the study and not replaced. Catheter patency was assumed lost when saline flowed from the
base of the catheter when flushed or when a loss of righting reflex was not observed
following a methohexital infusion. Of the 32 rats that began the study, 28 rats completed all
phases of the experiment: sedentary females (n = 7); exercising females (n = 7); sedentary
males (n = 7); exercising males (n = 7).

2.2. Apparatus
All test sessions were conducted in sound-attenuating operant conditioning chambers
(interior dimensions: 31 × 24 × 21 cm) from Med Associates, Inc. (St. Albans, VT). Each
chamber contained two response levers located on the front wall, two white stimulus lights
located above the levers, a food receptacle located between the levers, an audio speaker, and
one house light located on the rear wall. A food pellet dispenser was located behind the front
wall and an infusion pump was mounted outside the chamber. Drug infusions were delivered
through a Tygon tube protected by a stainless steel spring and attached to a counterbalanced
swivel suspended above the chamber. Experimental events were programmed and data were
collected through software and interfacing from Med Associates, Inc. The left lever was
designated the active lever for all rats.

Running wheels were stainless steel (interior diameter: 35 cm) and obtained from Harvard
Apparatus, Inc. (Holliston, MA, USA). Mechanical switches were affixed to each wheel and
counted each revolution on a digital counter. Wheel revolutions were recorded weekly prior
to surgery and daily during the period of behavioral testing.

2.3. Lever Press Training
Five weeks after arrival, all rats were food restricted to 90% of their free-feeding body
weight and trained to lever press on a fixed ratio 1 (FR1) schedule of reinforcement. On this
schedule, each lever press delivered a 45 mg food pellet to the food receptacle. Each session
continued until 40 reinforcers were obtained or 2 hours elapsed, whichever occurred first. If
any rat did not acquire the lever-press response by the third day, the response was shaped by
the experimenter using the method of successive approximations. Once a rat earned the
maximum number of reinforcers for three consecutive days, lever press training was
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discontinued and the rat was placed back on unrestricted feed. All rats met this criterion
within seven days, and no differences were observed between groups.

2.4. Surgery
Six weeks after arrival, rats were anesthetized with a combination of ketamine (100 mg/kg,
ip) and xylazine (8.0 mg/kg, ip) and surgically implanted with intravenous catheters
(CamCaths, Cambridge, UK) according to methods described previously (Smith et al., 2008;
2009). All rats were allowed to recover for 3 days before beginning self-administration
training.

2.5. Cocaine Self-Administration and Extinction (Cocaine)
All self-administration sessions were conducted during the light phase of the light-dark
cycle so as not to interfere with nocturnal running. Three days after surgery, rats were placed
in the operant conditioning chambers and connected to the infusion pumps via Tygon
tubing. Each session began with illumination of the house light and the white stimulus light
above the left response lever. Throughout the session, lever presses were reinforced on an
FR1 schedule of reinforcement. On this schedule, each response produced an infusion of 0.5
mg/kg cocaine and a distinct audiovisual stimulus. Immediately after each lever press, the
infusion pump activated for 2.5 to 4.0 seconds (based on body weight), a tone sounded for 5
seconds, and the stimulus light above the response lever turned off for 20 seconds to signal a
timeout period in which cocaine was not available. Aside from the 20-second timeout after
each lever press, no limit was placed on the number of infusions that could be earned. Test
sessions terminated automatically after 2 hours elapsed and continued in this manner for 14
consecutive days.

Following 14 days of cocaine self-administration, saline was substituted for cocaine for 7
consecutive days. During these sessions, each response produced an infusion of saline and
the accompanying audiovisual stimulus (i.e., tone on; stimulus light off; activation of
syringe pump) on an FR1 schedule of reinforcement. All other experimental events were
identical to those present during the cocaine self-administration sessions. Pilot tests
conducted prior to the study revealed that responding decreased by approximately 80% to
less than 10 infusions per session within 7 days under these conditions; consequently, a
period of 7 days was selected for extinction testing.

2.6. Cocaine-Primed Reinstatement
After 7 days, cocaine-primed reinstatement was examined during three test sessions
conducted over the next 5 days. On the first, third, and fifth day, rats were injected with
either saline (1.0 ml/kg, ip) or cocaine (15 or 30 mg/kg, ip) 10 minutes prior to being placed
into the operant conditioning chamber. During test sessions, all experimental events were
identical to those present during the saline substitution sessions. Specifically, each response
produced an infusion of saline and the audiovisual stimulus on an FR1 schedule of
reinforcement. The order of saline- and cocaine-priming tests was counterbalanced across
rats. Saline substitution sessions (with no accompanying intraperitoneal injections) separated
the priming tests on the second and fourth day of testing.

2.7. Cocaine Self-Administration and Extinction (Cocaine + Cues)
After cocaine-primed reinstatement testing, cocaine self-administration was re-established in
all rats. During these sessions, each response produced 0.5 mg/kg/infusion cocaine and the
audiovisual stimulus. Sessions terminated after 2 hours and continued for 5 consecutive
days.
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Following 5 days of cocaine self-administration, extinction testing began in which the
infusion pumps were turned off and the audiovisual stimulus associated with each response
was removed. During these sessions, the white stimulus light above the response lever
remained on throughout the session, the tone was never sounded, and lever presses were
recorded but had no programmed consequences. Extinction sessions terminated
automatically after 2 hours elapsed. Pilot tests conducted prior to the study revealed that
responding decreased by approximately 80% to less than 10 responses per session within 5
days under these conditions; consequently, a period of 5 days was selected for extinction
testing.

2.8. Cue-Induced Reinstatement
After 5 days of extinction, cue-induced reinstatement was examined in a single test session.
In this test, saline was substituted for cocaine, and the session began with a 5-second, non-
contingent delivery of the audiovisual stimulus that was previously paired with cocaine (i.e.,
tone on; stimulus light off; activation of syringe pump). For the remainder of the session,
each lever press produced the audiovisual stimulus for 5 seconds, including activation of the
infusion pump, but cocaine was not delivered.

2.9. Data Analysis
All self-administration and extinction data were analyzed via three-way ANOVA, with sex
(male vs. female) and condition (sedentary vs. exercise) serving as between-subject factors
and session serving as a within-subject factor. Cocaine-primed reinstatement data were
examined via three-way ANOVA, with sex and condition serving as between-subject factors
and dose serving as a within-subject factor. Cue-induced reinstatement data were analyzed
via two-way ANOVA, with sex and condition serving as between-subject factors. Wheel
running data were analyzed via two-way ANOVA, with sex serving as a between-subject
factor and time (week) serving as a within-subject factor. Post-hoc tests were conducted
where appropriate using either the Holm-Bonferroni or Tukey-Kramer method for multiple
comparisons. Effect sizes for the exercise manipulation were determined using Cohen's d.
For exercising rats, Pearson product-moment correlations (with corrections to the alpha
value for multiple comparisons) were used to determine the correlation between wheel
running (rev/day) and responding during the self-administration, extinction, and
reinstatement tests.

3. Results
3.1. Body Weight

Body weights did not differ between sedentary and exercising rats at the beginning (week 7)
or end (week 12) of self-administration testing (Table 1). Males weighed more than females
at both time points [main effect of sex: F (1, 24) = 236.432; p < .001], and both sexes gained
weight over the course of the study [main effect of time: F (1, 24) = 176.450; p < .001].
Greater weight gains were seen in males than females over this five-week time period [time
× sex interaction: F (1, 24) = 21.761; p < .001].

3.2. Wheel Running
Differences in wheel running were observed between females and males over the course of
the study (Fig. 1). Females increased their running at a faster rate than males, attained
greater maximal levels of running than males, and reached these maximal levels at an earlier
time point than males. During the week prior to surgery and self-administration training,
females averaged 10,190 rev/day (range: 7428 to 15,045 rev/day) and males averaged 7604
rev/day (range: 4528 to 10,005 rev/day). Wheel running in both sexes decreased markedly
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following catheter implantation and the beginning of cocaine self-administration. Consistent
with these observations, a repeated-measures ANOVA revealed a main effect of time [F (11,
143) = 16.507; p < .001], a main effect of sex [F (1, 13) = 225.919; p < .001], and a
significant time × sex interaction [F (11, 143) = 4.065; p < .001]. Post-hoc tests revealed that
females ran more than males during weeks 2-3, weeks 8-9, and weeks 11-12.

3.3. Cocaine Self-Administration and Extinction (Cocaine)
All rats responded on the first day of self-administration training (data not shown), and
stable patterns of responding were evident in all groups by the second week of testing (Fig.
2). During the last 7 days of cocaine-self-administration, all groups averaged between 41
and 55 infusions per session (82 to 110 mg/kg cocaine per session) with no increasing or
decreasing trends across sessions. Analysis of individual event records revealed
stereotypical patterns of responding characterized by an initial “load up” phase, followed by
a steady rate of responding with regular post-reinforcement pauses (data not shown).
Repeated-measures ANOVA revealed no significant main effects or interactions.

Responding decreased significantly in all groups when saline was substituted for cocaine
[main effect of session: F (6, 150) = 45.366; p < .001]. Responding during extinction
differed markedly across groups, with females responding more than males [main effect of
sex: F (1, 25) = 10.738; p = .003] and sedentary rats responding more than exercising rats
[main effect of condition: F (1, 25) = 36.593; p < .001]. For both sexes, responding
decreased more rapidly in exercising rats than sedentary rats [session × condition
interaction: F (6, 150) = 6.291; p < .001].

3.4. Cocaine-Primed Reinstatement
In the cocaine-primed reinstatement tests, no significant differences in responding were
observed after saline administration (Fig. 3 and 4). In contrast, cocaine dose-dependently
reinstated responding in all groups [main effect of dose: F (1, 25) = 12.704; p = .002].
Cocaine-primed reinstatement was significantly greater in female rats than male rats [main
effect of sex: F (1, 25) = 14.241; p = .001], and this effect was particularly robust at the high
dose of cocaine [dose × sex interaction: F (1, 25) = 5.240; p = .031]. Reinstatement
responding was also significantly greater in sedentary rats than exercising rats [main effect
of condition: F (1, 25) = 5.073; p = .033]. Effect sizes of wheel running were large and
similar between males and females at both the low (males: d = 1.17; females: d = 0.90) and
high (males: d = 0.78; females: d = 0.79) priming doses. Responding during saline
substitution sessions on the second and fourth days (i.e., between the reinstatement tests)
was uniformly low and similar to that observed after the saline priming injection (data not
shown).

3.5. Cocaine Self-Administration and Extinction (Cocaine + Cues)
Following the cocaine-primed reinstatement tests, cocaine self-administration was re-
established in all groups for 5 days (Fig. 5). Responding was stable in all groups during this
period, but females responded significantly more than males throughout the 5 days of testing
[main effect of sex: F (1, 24) = 10.095; p = .004]. Daily averages for females ranged
between 42 and 59 infusions per session (84 and 158 mg/kg cocaine per session), whereas
daily averages for males ranged between 29 and 44 infusions per session (58 and 88 mg/kg
cocaine per session). A four-way ANOVA incorporating occasion (week 8 vs. week 12) as
an additional factor revealed a significant sex × occasion interaction [F (1, 24) = 11.267; p
= .003], with males decreasing their level of responding from the first to second series of
cocaine self-administration sessions (compare left panels of Fig. 2 and Fig. 5).
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After 5 days of cocaine self-administration, cocaine and all audiovisual cues associated with
cocaine delivery were removed. Responding decreased significantly in all groups during this
period [main effect of session: F (4, 96) = 13.405; p < .001]. Sedentary rats responded
significantly more than exercising rats during the 5 days of testing [main effect of condition:
F (1, 24) = 4.904; p = .037], and there was a trend for sedentary rats to extinguish
responding at a slower rate than exercising rats [session × condition interaction: F (4, 96) =
2.150; p = .081]. No significant sex differences were observed.

3.6. Cue-Induced Reinstatement
Reintroduction of the cocaine-associated cues reinstated responding in all groups (Fig. 6 and
7). Numerically, females responded more than males in the cue-induced reinstatement test,
but this effect was not statistically significant. Reinstatement responding was greater in
sedentary rats than exercising rats, and this effect was statistically significant [main effect of
condition: F (1, 24) = 9.544; p = .005]. Similar to that observed in the cocaine-primed
reinstatement tests, the effect sizes were large and similar between males and females
(males: d = 1.23; females: d = 1.26)

3.7. Correlation between Wheel Running and Reinstatement Responding
Pearson product-moment correlations were used to determine the relationship between
wheel running during the various phases of the experiment (weeks 1-6, weeks 7-12, weeks
1-12, week 10, week 12) and responding during the self-administration tests, the extinction
tests, the cocaine-primed reinstatement tests, and the cue-induced reinstatement test. No
significant correlations were found for either males or females.

4. Discussion
The principal finding of this study is that long-term access to a running wheel decreased
drug-primed and cue-induced reinstatement in both male and female rats. Access to a
running wheel also significantly reduced extinction responding, and this effect was apparent
when cocaine-associated cues were present during the extinction sessions and when the cues
were withheld. All of these effects were observed under conditions in which sedentary and
exercising rats displayed no differences in cocaine self-administration sessions, suggesting
that the differences observed in the reinstatement and extinction tests were not due to non-
specific factors related to pharmacological history or drug sensitivity.

Relapse to drug use after a period of abstinence is one of the biggest obstacles to the long-
term recovery of individuals with a history of substance abuse, and even brief exposure to
the abused substance may be sufficient to trigger relapse in vulnerable individuals (see
Carroll and Comer, 1996; de Wit, 1996 for discussion). Recently, Zlebnik et al. (2010)
reported that concurrent access to a running wheel decreases drug-primed reinstatement in
female rats. In that study, a running wheel was concurrently available during the
reinstatement sessions, and access to exercise was manipulated by locking or unlocking the
wheel. The present study extends those findings by showing that a history of wheel running
is sufficient to decrease drug-primed reinstatement, even if a running wheel is not
concurrently available during the period of drug exposure and operant responding.

Consistent with previous studies (e.g., Comer et al., 1993; Schenk and Partridge, 1999),
cocaine-primed reinstatement was more robust when a higher dose of cocaine (30 mg/kg)
was used as the prime. Although access to a running wheel numerically attenuated the
effects of cocaine-primed reinstatement at both doses, this effect was more robust at the
lower dose of cocaine (15 mg/kg). Higher doses of cocaine are generally less sensitive to
interventions that decrease drug-seeking behavior during the maintenance of drug self-
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administration (see LeSage et al., 1999), and a similar phenomenon may be at work in these
reinstatement tests. Regardless, exercising rats responded almost 40% less than sedentary
rats following the high dose of cocaine, suggesting that wheel running was efficacious in
this dose condition.

Exposure to drug-associated cues reliably increases subjective measures of craving in human
substance abusers (Childress et al., 1988; Robbins et al., 1997; Sinha et al., 2000) and is
considered to be a contributing factor to relapse in recovering populations (see O'Brien et
al., 1998; Weiss et al., 2001; Sinha and Li, 2007 for discussion). Lynch et al. (2010) recently
reported that 2-hour daily access to a running wheel during a 14-day period of forced
abstinence decreased responding in a within-session extinction/cue-induced reinstatement
procedure. Only male rats were examined in that study, and the present investigation extends
those findings by showing that access to a running wheel also reduces cue-induced
reinstatement in females.

In addition to the effects observed in the reinstatement tests, access to a running wheel also
significantly reduced responding during extinction. Although there is some debate about
how responding during extinction should be interpreted, it is often viewed as a measure of
drug-seeking behavior elicited by a context that was previously paired with drug
administration (e.g., Crombag and Shaham, 2002). If such is the case, then the protective
effects of wheel running are not limited to cocaine-primed and cue-induced reinstatement,
but extend to responding elicited by the broader context (i.e., context-induced
reinstatement). The finding that wheel running was consistent across all three procedures
suggests that common behavioral processes are likely involved.

We did not see any effects of access to a running wheel on either the acquisition or
maintenance of cocaine self-administration. All subjects were trained to lever press using
food reinforcement prior to catheter implantation, and all responded (i.e., acquired) on the
first day in which cocaine was available. We have consistently failed to see any effects of
wheel running on FR schedules of reinforcement under short-access (1-2 hour sessions)
conditions (e.g., Smith et al., 2008). Protective effects of wheel running on measures of
drug-seeking behavior are typically observed when sessions are extended to at least 6 hours
(e.g., Cosgrove et al., 2002), when response requirements are increased (e.g., Smith et al.,
2008), or after a history of forced abstinence (e.g., Zlebnick et al., 2010; Lynch et al., 2010;
present study). Future studies examining the effects of access to a running wheel on the
acquisition of drug self-administration are needed to determine whether wheel running is
effective as a preventative intervention.

Environmental enrichment modulates the positive-reinforcing effects of cocaine (Smith et
al., 2009) and reduces cue-induced (but not cocaine-primed) reinstatement (Chauvet et al.,
2009; Thiel et al., 2009). Running wheels are frequently used in environmental enrichment
studies as enriching stimuli, and it is possible that simply having access to running wheels
(rather than running per se) was responsible for the reduction in cue-induced reinstatement.
Lynch et al. (2010) reported that cue-induced reinstatement was lower in male rats with
functional running wheels compared to male rats with locked running wheels, suggesting
that access to a wheel without the opportunity to run is not sufficient to reduce cocaine-
seeking behavior in reinstatement procedures. Nevertheless, physical activity is one
component of environmental enrichment (van Praag et al., 2000), and the current study is
consistent with previous studies reporting that enriched environments decrease drug-seeking
behavior (Stairs and Bardo, 2009).

One aim of this study was to compare the effects of access to a running wheel on cocaine-
seeking behavior in males and females. Hormonal fluctuations due to the estrous cycle
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influence both wheel running and cocaine self-administration. For instance, wheel running
peaks on the night of estrous in intact females (Steiner et al., 1982; Kent et al., 1991), and
ovariectomy reduces physical activity and wheel running (Hertrampf et al., 2006). Similarly,
cocaine self-administration, extinction responding, and cocaine-primed reinstatement are
greater during estrous than non-estrous (Roberts et al., 1989; Feltenstein and See, 2007), and
ovariectomy markedly reduces cocaine-seeking in reinstatement tests (Larson and Carroll,
2007). Females in the present study had higher rates of wheel running than males, responded
to a greater extent in the drug-primed reinstatement test than males, and responded more
during extinction in the presence of drug-associated cues than males. Unfortunately, the
study was not powered to detect significant condition × sex interactions of small to moderate
size, and conclusions regarding potential sex differences (or lack thereof) in the effects of
wheel running must be viewed with caution. In both the cocaine-primed and cue-induced
reinstatement procedures, wheel running reduced responding in males and females, and the
effect sizes were similar between the two sexes. Although additional studies with larger
numbers of subjects will be needed to determine if males and females are differentially
sensitive to these effects, it is notable that access to running wheels reduced responding in
males even though they ran less than females during all stages of the experiment.

Given the growing number of studies demonstrating the protective effects of physical
activity on measures of drug-seeking behavior, the question of its mechanism of action is
increasingly relevant. Running increases central monoamine concentrations (Meeusen and
De Meirleir, 1995) and chronic running increases the density of dopamine D2 receptors in
the striatum (Gilliam et al., 1984; MacRae et al., 1987). This latter effect is particularly
relevant given that reductions in D2 receptor density are associated with greater levels of
cocaine self-administration in laboratory animals (Morgan et al., 2002) and are postulated to
contribute to a lack of control over drug intake in humans (Volkow et al., 2009). Wheel
running also elevates the expression of the neuropeptide galanin (Holmes et al., 2006), a
potent inhibitor of norepinephine release in locus coeruleus neurons. The locus coeruleus,
the principal noradrenergic nucleus in the central nervous system, is activated during times
of stress and may mediate relapse to drug-seeking behavior through the release of central
norepinephine. Indeed, norepinephine signaling is critical for both stress-induced and drug-
primed reinstatement in laboratory models (Erb et al., 2000; Leri et al., 2002; Zhang and
Kosten, 2005). Additionally, wheel running increases gliogenesis in the prefrontal cortex of
rats (Mandyam et al., 2007), and physical activity has positive effects on prefrontal-
dependent behavior in humans (Small et al., 2006; Yanagisawa et al., 2010). Deficits in
prefrontal functioning are believed to play a contributing role in various transitional stages
of the addictive process (Goldstein and Volkow, 2002) and may play a role in relapse to
drug-seeking behavior (Van den Oever et al., 2010). Recently, Lynch et al. (2010) reported
that wheel running reduced cue-induced reinstatement in male rats, and that cocaine-seeking
was positively correlated with levels of phosphorylated extracellular signal-regulated kinase
(pERK). Importantly, they found that pERK levels were significantly decreased by wheel
running, suggesting that wheel running may prevent neuroadaptations in the prefrontal
cortex that contribute to cocaine-seeking behavior.

If drug-primed and cue-induced reinstatement procedures are valid models of relapse, then
the present findings suggest that physical activity would be an effective intervention in drug
abuse treatment programs. We know of no randomized clinical trials that have specifically
tested this hypothesis in treatment-seeking cocaine users, but several findings from clinical
and at-risk populations deserve mention. For instance, inpatient treatment programs that
incorporated physical activity as part of a comprehensive intervention strategy led to
decreases in depression and anxiety risk factors associated with relapse (Frankel and
Murphy, 1974; Palmer et al., 1988). Similarly, a wellness program emphasizing physical
fitness for incarcerated drug offenders produced improvements in self-esteem, health
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awareness, and relapse prevention skills (Peterson and Johnstone, 1995). Finally, in a
contingency management program for recovering substance abusers, participation in
activity-based activities was associated with a better prognosis and higher abstinence rates
(Weinstock et al., 2008). Coupled with the present data, such findings argue for the
expanded use of activity-related interventions in relapse prevention programs.
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Fig. 1.
Wheel running over the course of the study in female and male rats. Left axis depicts wheel
running expressed as the mean number of wheel revolutions per day (rev/day); horizontal
axis depicts time expressed in “weeks” of 5- to 7-day intervals. Vertical reference lines after
weeks 6, 8, 9, 10, and 11 indicate transitions between different experimental events: home
cage and running wheel acclimation (weeks 1-6); cocaine self-administration (weeks 7-8);
saline substitution (week 9); cocaine-primed reinstatement (week 10); cocaine self-
administration (week 11); extinction testing and cue-induced reinstatement (week 12).
Asterisks (*) indicate significant differences from male rats.
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Fig. 2.
Data from self-administration sessions (Sessions 1-7) and saline substitution sessions
(Sessions 8-14) in female (upper panel) and male (lower panel) rats. Vertical axes depict
number of infusions obtained; horizontal axes indicate session number. Vertical reference
line indicates transition between cocaine self-administration and extinction testing. Asterisks
(*) indicate significant differences from exercising rats.
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Fig. 3.
Cocaine-primed reinstatement in female (upper panel) and male (lower panel) rats. Vertical
axes depict number of saline infusions obtained; horizontal axes indicate priming dose of
cocaine or saline. Asterisks (*) indicate significant differences.
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Fig. 4.
Cocaine-primed reinstatement in female and male rats when collapsed across condition
(upper panel) and in sedentary and exercising rats when collapsed across sex (lower panel).
Vertical axes depict number of saline infusions obtained; horizontal axes indicate priming
dose of cocaine or saline. Asterisks (*) indicate significant differences.
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Fig. 5.
Data from self-administration sessions (Sessions 1-5) and extinction sessions with all
cocaine-associated cues withheld (Sessions 6-10) in female (upper panel) and male (lower
panel) rats. Left axes depict number of infusions obtained (Sessions 1-5); right axes depict
number of lever presses (Sessions 6-10). Horizontal axes indicate session number. Vertical
reference line indicates transition between cocaine self-administration and extinction testing.
Asterisks (*) indicate significant differences from exercising rats.
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Fig. 6.
Cue-induced reinstatement in female (upper panel) and male (lower panel) rats. Vertical
axes depict number of lever presses. Asterisks (*) indicate significant differences.
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Fig. 7.
Cue-induced reinstatement in female and male rats when collapsed across condition (upper
panel) and in sedentary and exercising rats when collapsed across sex (lower panel). Vertical
axes depict number of lever presses. Asterisk (*) indicates significant difference.
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Table 1

Mean (SEM) body weights a at the beginning (week 7) and end (week 12) of self-administration testing.

Sex/Condition Week 7 Week 12

Female

 Sedentary 210.86 (5.28) 272.71 (5.46)

 Exercise 217.57 (5.37) 280.43 (6.14)

Male

 Sedentary 310.14 (7.11) 403.29 (10.27)

 Exercise 305.29 (10.27) 421.43 (10.59)

a
all data expressed in grams
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