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Abstract
Aerobic exercise can serve as an alternative, non-drug reinforcer in laboratory animals and has been
recommended as a potential intervention for substance abusing populations. Unfortunately, relatively
little empirical data have been collected that specifically address the possible protective effects of
voluntary, long-term exercise on measures of drug self-administration. The purpose of the present
study was to examine the effects of chronic exercise on sensitivity to the positive-reinforcing effects
of cocaine in the drug self-administration procedure. Female rats were obtained at weaning and
immediately divided into two groups. Sedentary rats were housed individually in standard laboratory
cages that permitted no exercise beyond normal cage ambulation; exercising rats were housed
individually in modified cages equipped with a running wheel. After 6 weeks under these conditions,
rats were surgically implanted with venous catheters and trained to self-administer cocaine on a fixed-
ratio schedule of reinforcement. Once self-administration was acquired, cocaine was made available
on a progressive ratio schedule and breakpoints were obtained for various doses of cocaine. Sedentary
and exercising rats did not differ in the time to acquire cocaine self-administration or responding on
the fixed-ratio schedule of reinforcement. However, on the progressive ratio schedule, breakpoints
were significantly lower in exercising rats than sedentary rats when responding was maintained by
both low (0.3 mg/kg/infusion) and high (1.0 mg/kg/infusion) doses of cocaine. In exercising rats,
greater exercise output prior to catheter implantation was associated with lower breakpoints at the
high dose of cocaine. These data indicate that chronic exercise decreases the positive-reinforcing
effects of cocaine and support the possibility that exercise may be an effective intervention in drug
abuse prevention and treatment programs.
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1. Introduction
Aerobic exercise produces a host of psychological effects that are negatively correlated with
substance use and abuse. For instance, long-term voluntary exercise increases measures of self-
esteem (Morgan, 1982; Waade 2004) and well-being (Norris et al., 1990; 1992; Muller et al.,
2006) and decreases measures of depression (Veale et al., 1992; Dunn et al., 2005) and anxiety
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(Antunes et al., 2005 Manger and Motta, 2005). Not surprisingly, epidemiological studies
report that participation in activities that promote physical fitness is associated with a lower
incidence of tobacco and substance use among adolescent populations (Field et al., 2001;
Kirkcaldy et al., 2002). Despite these promising epidemiological findings, remarkably little
clinical and laboratory data exist that support a causal relationship between aerobic exercise
and a decreased propensity to engage in drug-seeking behavior.

Studies using both human and animal subjects report that exercise produces interoceptive
effects that are phenomenologically similar to those produced by addictive drugs. For instance,
acute bouts of exercise increase subjective ratings of joy, pleasantness, and euphoria in human
volunteers (Nowlis and Greenberg, 1979; Janal et al., 1984; Nabetani and Tokunaga, 2001).
Similarly, pairing a distinctive environment with the aftereffects of running produces a
conditioned place preference in laboratory animals (Lett et al., 2000; 2001; Belke and Wagner,
2005). Exercise can also serve as a positive reinforcer, as both laboratory animals (Iversen,
1993; Belke, 1997; 2000; Belke and Dunbar, 2001) and in-patient clinical populations
(Schebendach et al., 2007) will perform an operant response that leads to the opportunity to
exercise.

Although the neuroanatomical locus of exercise’s positive-reinforcing effects are not known,
neurochemical data suggest that exercise activates the same reward pathways that are activated
by addictive drugs. For instance, acute bouts of exercise increase central dopamine
concentrations (Heyes et al., 1988; Hattori et al., 1994; Meeusen et al., 1997; Petzinger et al.,
2007), and chronic exercise leads to sustained increases in dopamine concentrations and
compensatory alterations in dopamine binding proteins (Gilliam et al., 1984; MacRae et al.,
1987; Fisher et al., 2004). Given that many addictive drugs produce their positive-reinforcing
effects by increasing dopamine transmission in mesolimbic and mesocortical pathways
(Goeders and Smith, 1983; Caine and Koob, 1994; Wise et al., 1995; Pich et al., 1997), chronic
exercise may produce functional changes in these pathways that leave an organism less
susceptible to their positive-reinforcing effects.

The purpose of the present study was to determine whether long-term, voluntary exercise
decreases the positive-reinforcing effects of cocaine in female rats responding on a progressive
ratio (PR) schedule of reinforcement. In this schedule, the number of responses (i.e., lever
presses) required to obtain a drug infusion progressively increases over the course of a session
until a point is reached at which responding ceases. This point, known as the breakpoint, is
taken as a measure of the reinforcing efficacy of a drug and can be compared across dosing
conditions and subject populations (see reviews by Richardson and Roberts, 1996; Stafford et
al., 1998). In the present study, cocaine-maintained breakpoints were compared in female rats
reared under sedentary or exercising conditions for 6 weeks prior to drug exposure. Females
were chosen for the study because they run significantly more than males when given free
access to running wheels (Eikelboom and Mills, 1988; Boakes et al., 1999).

2. Method
2.1. Animals

Female, Long-Evans rats were obtained at weaning (~21 days) and divided into two groups
immediately upon arrival. Sedentary rats were housed individually in standard polycarbonate
cages (interior dimensions: 50 × 28 × 20 cm) that permitted no exercise beyond normal cage
ambulation. Exercising rats were housed in cages of equal dimensions but with a running wheel
(35 cm diameter) affixed to the interior of the cage. Wheel revolutions were counted by
magnetic switches and recorded weekly. Rats in both sedentary and exercising groups remained
in their respective conditions for the duration of the study. Except during training and testing
sessions, rats were kept in a colony room on a 12-hr light/dark cycle (lights on: 7:00 a.m.) with
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food and drinking water freely available in the home cage. All subjects were maintained in
accordance with the guidelines of the Institutional 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). Estrous phase was allowed to cycle normally and was
not monitored.

2.2. Surgery
Six weeks after arrival, each rat was anesthetized with a combination of ketamine (100 mg/kg,
ip) and xylazine HCl (8.0 mg/kg. ip), and surgically implanted with a venous catheter
(CamCaths, Cambridge, UK) that was inserted into the right jugular vein and exited the body
on the dorsal surface of the scapulae. Rats were administered butorphanol HCl (1.0 mg/kg, sc)
immediately after surgery as a post-operative analgesic and allowed to recover for 48 hours
before beginning behavioral training. Beginning on the day immediately following surgery, a
solution of 1.0 ml heparinized saline was infused through the catheter daily to maintain patency.
Animals that lost catheter patency before completion of all behavioral tests were removed from
the study and their data were not included in the statistical analysis. Four rats were removed
from the study because of a loss of catheter patency (n = 2 sedentary rats; n = 2 exercise rats)
A total of 17 rats (n = 8 sedentary; n = 9 exercise) completed all phases of the study.

2.3. Apparatus
Behavioral training and testing took place in polycarbonate and aluminum operant conditioning
chambers (interior dimensions: 31 × 24 × 21 cm) from Med Associates, Inc. (St Albans, VT).
Each chamber was equipped with two response levers located 10 cm above the chamber floor
and a single houselight located on the ceiling above the rear wall. A white stimulus light located
above the response lever signaled the availability of a drug infusion from a pump mounted
outside the conditioning chamber. All infusions were delivered through a tygon tube attached
to a steel swivel at the top of the chamber. Experimental events were programmed and data
were collected through the use of software and interfacing supplied by Med Associates, Inc.
The left lever was designated as the active lever for all rats. Responses on the right (inactive)
lever were recorded but had no programmed consequences.

2.4. Behavioral Training
Training and testing sessions were conducted 7 days per week during the light phase of the
light-dark cycle. All sessions began at 7:00 a.m. and lasted a maximum of 3 hr unless otherwise
noted. For all sessions, rats were removed from their home cage, placed in the operant
conditioning chambers, and connected to the infusion pump via tygon tubing. During initial
training, all lever presses were reinforced on a fixed-ratio 1 (FR1) schedule of reinforcement.
On this schedule, each lever press produced 1.0 mg/kg/infusion cocaine, with infusion duration
varying between 3.5 and 5.0 s across rats based on individual body weight. Coincident with
the beginning of each infusion, the stimulus light above the lever was turned off for 20 s to
signal a time-out period in which cocaine was not available and responses had no programmed
consequences. In this and all subsequent training sessions, the session was terminated
automatically once 10 infusions were obtained. Once a subject obtained the maximum number
of 10 infusions on the FR1 schedule during any two training days, contingencies were changed
on the following day and responding was reinforced on an FR2 schedule of reinforcement.
Once a subject obtained the maximum number of 10 infusions on the FR2 schedule during any
one session, behavioral training was terminated and behavioral testing commenced on the
following day. Thus, all rats completed a minimum of three training sessions before advancing
to behavioral testing.
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2.5. Behavioral Testing
Throughout behavioral testing, responding was reinforced on a PR schedule of reinforcement.
On this schedule, the number of responses required for reinforcement incremented
progressively through the following ratio values: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124,
161, 208, 268, 346, 445, and 573 (for complete algorithm, see Suto et al., 2002). Each session
continued until a breakpoint was reached, with breakpoint defined as the number of infusions
obtained before one hour elapsed with no infusions. Daily PR sessions continued at a given
dose until breakpoints were stable (i.e., 3 consecutive days during which the breakpoint varied
by no more than 3 increments with no increasing or decreasing trends). Breakpoints were
determined for 0.3 and 1.0 mg/kg/infusion cocaine, as well as for saline.

2.6. Data Analysis
The primary dependent measure of this study was breakpoint, which was defined as the number
of infusions on the PR schedule of reinforcement. These data were analyzed via a two-way,
mixed-factor ANOVA, with group serving as a between-subjects factor and dose serving as a
repeated measure. Data on acquisition and from the FR schedules were analyzed via
independent samples t-tests using group as a factor. Responses on the inactive lever were
analyzed via a two-way, mixed-factor ANOVA, using group and dose as factors.

A Pearson product-moment correlation was used to compare exercise output and cocaine-
maintained breakpoints in individual rats. Exercise output was defined as the mean number of
revolutions per day (rev/day) and determined for each rat by dividing weekly wheel revolutions
by 7. For all correlational analyses, exercise output before catheter implantation (i.e., 28 days
immediately prior to surgery) was considered separately from exercise output after catheter
implantation (days 2 through 15 after surgery). Correlation coefficients and statistical
significance were determined with the aid of commercially available software (SPSS, v. 13.0).
The alpha level was set at p < 0.05 for all statistical tests.

3. Results
3.1. Wheel Running and Body Weight

During the 6-week period between arrival and catheter implantation, exercising rats ran an
average of 9203 rev/day (10,120 m/day), with a range across rats from 7381 rev/day (8116 m/
day) to 11,316 rev/day (12,443 m/day). Exercise output steadily increased during the first 3
weeks of exposure to the running wheel before leveling out until catheter implantation and
behavioral training (Figure 1). Exercise output declined sharply to an average of 4822 rev/day
(5302 m/day) once self-administration was acquired and remained stable thereafter. Body
weights did not differ between the two groups at arrival or during behavioral testing. At the
outset of behavioral training, body weights averaged 248 g (range: 215 – 278 g) and 249 g
(range: 206 – 288 g) in sedentary and exercising rats, respectively.

3.2. Behavioral Training and Fixed-Ratio Responding
Sedentary and exercising rats advanced to the PR schedule in a mean (SEM) of 6.0 (1.0) and
5.3 (0.8) days, respectively. Rates of responding on the initial FR1 and FR2 schedules of
reinforcement were consistent across rats and similar between the two groups (Table 1).
Independent samples t-tests did not reveal any significant differences between sedentary and
exercising rats on days to acquisition or rates of responding on the FR1 and FR2 schedules of
reinforcement.
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3.3. Behavioral Testing and Progressive Ratio Responding
On the PR schedule, cocaine produced dose-dependent increases in breakpoints in both groups
of rats (Figure 2). Breakpoints were greater in sedentary rats than exercising rats, and this effect
was apparent at both the low (0.3 mg/kg/infusion) and high (1.0 mg/kg/infusion) dose of
cocaine. Consistent with these observations, a two-way, mixed-factor ANOVA revealed main
effects of dose (F [1, 15] = 97.169, p < 0.001) and group (F [1, 15] = 4.644, p = 0.048) on
number of infusions obtained. Breakpoints maintained by saline were markedly lower than
those maintained by cocaine and did not differ significantly between groups. Likewise, the
number of inactive lever presses did not differ significantly as a function of group for any
dosing condition (Table 2).

3.4. Correlation between Exercise Output and Cocaine-Maintained Breakpoints
The correlation between exercise output (rev/day) and cocaine-maintained breakpoints was
examined for both doses of cocaine. Exercise output prior to catheter implantation was
inversely correlated with cocaine-maintained breakpoints for the high dose (Figure 3; r =
−0.684; p = 0.042), but not for the low dose (r = 0.083; p = 0.831). Exercise output after catheter
implantation was not correlated with breakpoints maintained by either the low (r = 0.529; p =
0.170) or high (r = 0.326; p = 0.395) dose of cocaine. Breakpoints maintained by the two doses
of cocaine were positively correlated with one another, but this effect failed to reach statistical
significance (r = 0.646; p = 0.060).

4. Discussion
The principal finding of this study is that long-term voluntary exercise decreases sensitivity to
the positive-reinforcing effects of cocaine in female rats. Breakpoints maintained by cocaine
on the PR schedule of reinforcement were significantly lower in exercising rats than sedentary
rats, and this effect was apparent at both low and high doses of cocaine. In the high-dose
condition, exercising rats reached a final ratio value that was less than one third the ratio value
reached by sedentary rats (70 vs. 240). When these values are considered in terms of total
number of responses per session, exercising rats emitted approximately 600 fewer responses
per session than sedentary rats (270 vs. 1000). Importantly, these reductions in responding
translated into a lower number of cocaine infusions (11 vs. 16) and a lower amount of cocaine
intake (3.0 mg vs. 4.5 mg) during each self-administration session. Collectively, these data
suggest the exercise may have “protective effects” on cocaine-seeking behavior, possibly by
reducing the motivation to engage in behaviors that lead to cocaine self-administration.

Supporting the possibility that exercise was protective in the present investigation, there was
a significant negative correlation between exercise output prior to catheter implantation and
cocaine-maintained breakpoints after catheter implantation. In other words, those rats that ran
the most prior to catheter implantation self-administered significantly less cocaine when it was
later made available on the PR schedule. These data suggest that exercise may produce an
output-dependent effect on those neuronal substrates that mediate the positive-reinforcing
effects of cocaine. If this is correct, then greater levels of physical activity may result in greater
degrees of protection from cocaine’s positive-reinforcing effects. Such a conclusion must be
viewed with caution, however, as a significant correlation was not observed in the low dose
condition, nor were significant correlations observed when exercise output after catheter
implantation was used in the regression analysis.

As reported previously (Smith and Yancey, 2003; Smith and Lyle, 2006), exercise output
gradually increased over the first 3 weeks of wheel exposure before leveling out until behavioral
testing commenced. Exercise output decreased in all rats by approximately 50% with the
acquisition of self-administration and then remained consistent until the end of behavioral
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testing. It is unlikely that these reductions were due to catheter implantation per se, as exercise
output typically returns to baseline levels within 48 to 72 hours in the absence of drug
administration (personal observations). It is also unlikely that these reductions can be attributed
to the fact that rats were prevented from running during the self-administration sessions.
Microanalysis studies of female rats reveal that over 95% of wheel running occurs during the
dark phase of the light/dark cycle and less than 1% occurs during the first 3 hours of the light
phase of the cycle (Eikelboom and Mills, 1988), the period of time in which self-administration
sessions were conducted. Such reductions in wheel running reported in the present study may
be due to depletion of central dopamine stores induced by repeated exposure to high doses of
cocaine. Consistent with this possibility, a number of studies report that dopamine depletion
induced by 6-hydroxydopamine lesions (Derevenco et al., 1986; Isobe and Nishino 2001), 1-
methyl-4-phenyl-1,2,3,4-tetrahydropyridine lesions (Leng et al., 2004; Nakajima and
Minematsu, 2006), and repeated amphetamine administration (Serwatkiewicz et al., 2000)
markedly reduces exercise output in laboratory rats and mice.

In order to preserve the ecological validity of the study, no attempt was made to control or
manipulate the estrous cycle. Previous studies report that hormonal fluctuations due to the
estrous cycle can influence day-to-day variability in both running wheel activity (Steiner et al.,
1982; Kent et al., 1991) and cocaine self-administration (Roberts et al., 1989; Feltenstein and
See, 2007); however, it is unlikely that such day-to-day fluctuations could have accounted for
the present results. For instance, on the PR schedule, all rats remained at a given dose until a
stable breakpoint was reached. Based on our operational definition, a stable breakpoint could
only be obtained after a minimum of 3 days, and we were able to obtain stable breakpoints in
all rats at both doses of cocaine. Furthermore, all correlational analyses were conducted using
exercise output data that were averaged over several weeks of data collection, thus masking
any day-to-day fluctuations in running wheel activity. Although forced-exercise procedures
serve as behavioral stressors and disrupt normal estrous cycling (Chatterton et al., 1990; Caston
et al., 1995), voluntary exercise procedures do not produce estrous cycle disruptions or
hormonal abnormalities (Dixon et al., 2003; Mathes and Kanarek, 2001). Although estrous
cycle was not monitored in the present study, gonadal hormones were likely within the normal
range of variability for both sedentary and exercising subjects.

Although it was not the aim of this study to determine the mechanism by which exercise alters
the reinforcing efficacy of cocaine, a few possibilities deserve attention. One potential
explanation for the decreased responding in exercising rats involves behavioral fatigue induced
by wheel running. Although this is perhaps the most parsimonious explanation for the observed
differences in cocaine-maintained responding, several pieces of data argue against this
possibility. For instance, behavioral fatigue would be expected to affect all measures of operant
responding. Although differences were observed in cocaine-maintained responding, no
significant differences were observed in responding maintained by saline or in the number of
inactive lever presses. Also, if wheel running immediately prior to the experimental session
led to behavioral fatigue during the session, then exercise output during the period of time in
which behavioral testing took place should be inversely related to responding. As noted above,
this was not the case, and only exercise output prior to catheter implantation was predictive of
cocaine self-administration.

Another possible explanation for our findings involves potential pharmacokinetic differences
in the absorption, distribution, and metabolism of cocaine between sedentary and exercising
subjects. Previous studies report that exercising rats have lower body weights, less adipose
tissue, and smaller livers than sedentary rats (Pitts and Bull, 1977), any of which could alter
the bioavailability of cocaine. Studies that have specifically compared plasma concentrations
of cocaine in sedentary and exercising subjects have typically reported that exercise increases
its bioavailability. For instance, Han et al. (1996) reported that plasma concentrations of
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cocaine were 69% greater in a group of forced exercise rats than in a group of rested control
rats. Such increases in plasma concentrations would be expected to increase, not decrease, the
reinforcing efficacy of cocaine in exercising subjects, thus making pharmacokinetic differences
an unlikely explanation for our findings.

A third potential explanation for our findings involves exercise serving as an alternative, non-
drug reinforcer to decrease cocaine self-administration. Although exercise can serve as an
alternative, non-drug reinforcer when both are concurrently available (Kanarek et al., 1995,
Cosgrove et al., 2002), a running wheel was never available during the self-administration
sessions in the present study, and test sessions were scheduled at a time of day in which wheel
running was a low-probability behavior. A previous study examining the circadian control of
running reports that wheel activity is low during the first 3 hours of the light phase of the light/
dark cycle (i.e., when all test sessions took place), and is virtually absent between the third and
ninth hour of the light phase (Eikelboom and Mills, 1988). Consequently, the effects of exercise
on cocaine-maintained breakpoints cannot be attributed to its ability to function as an
alternative reinforcer either during or immediately after the self-administration sessions.

One additional explanation for the differences reported in the present study involves
pharmacodynamic changes in those neuronal pathways that contribute to the positive
reinforcing effects of cocaine. Several pieces of evidence suggest that acute bouts of exercise
produce effects that are neurochemically similar to those produced by cocaine and other
psychomotor stimulants. For instance, like cocaine, exercise increases central dopamine
concentrations (Heyes et al., 1988; Hattori et al., 1994; Meeusen et al., 1997; Petzinger et al.,
2007), and these increases are positively correlated with exercise output (Freed and Yamamoto,
1985). Importantly, chronic, long-term exercise leads to sustained increases in dopamine
concentrations (Bauer et al., 1989) and compensatory changes in dopamine binding proteins
(Fisher et al., 2004). Studies focusing specifically on the dopamine D2 receptor have typically
reported an increase in D2 receptor density following chronic exercise (Gilliam et al., 1984;
MacRae et al., 1987). The D2 receptor plays an important modulatory role in cocaine’s
reinforcing effects (Nader et al., 1999; Caine et al., 2000; Khroyan et al., 2000), and there is
an increasing body of evidence that the reinforcing effects of psychomotor stimulants are
inversely related to D2 receptor density. For instance, in humans, the psychomotor stimulant
methylphenidate is rated as less pleasurable and more aversive in people with high D2 receptor
density than in people with low D2 receptor density (Volkow et al., 1999). In studies with non-
human primates, social housing increases D2 receptor density in dominate males while
simultaneously decreasing their propensity to self-administer cocaine (Morgan et al., 2002). It
is possible that exercise produces its protective effects on cocaine self-administration via
similar mechanisms; specifically, by producing functional alterations in those dopamine
binding proteins that are critical for psychomotor stimulant reward.

Although exercise is not a standard component of most drug abuse prevention and treatment
programs, those that do employ a physical fitness component have generally reported positive
effects. For instance, a 12-week training program targeting adolescents and focusing on
learning values and life skills through exercise reported a significant decrease in several risk
factors associated with substance abuse and a concomitant reduction in the percentage of
individuals who use cigarettes, smokeless tobacco, and alcohol (Collingwood et al., 2000).
Similarly, a drug intervention program targeting at-risk adolescents and including an 8-week
structured exercise class reported a significant decrease in anxiety, depression, and substance
use in those participants exhibiting an improvement in physical fitness (Collingwood et al.,
1991). Studies examining the efficacy of physical fitness programs in inpatient treatment
facilities have also reported that exercise decreases depression and anxiety risk factors that are
associated with relapse (Frankel and Murphy, 1974; Palmer et al., 1988). In a residential
correctional facility for federal drug offenders, a wellness program that emphasized physical
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fitness produced improvements in several areas related to psychological well-being, including
self-esteem, health awareness, healthy lifestyle adoption, and relapse prevention skills
(Peterson and Johnstone, 1995). Finally, in one of the few studies that examined relapse to
substance use after the termination of active treatment, a thrice weekly exercise program
significantly increased abstinence rates in recovering alcoholics from 38% to 69% after 3
months (Sinyor et al., 1982). Such findings, coupled with the present data, suggest that aerobic
exercise is an effective intervention for substance abuse and warrants an expanded role in
prevention and treatment programs. Importantly, this particular intervention is inexpensive,
widely available, easy to execute, and feasible for use in diverse patient populations.
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Figure 1.
Changes in exercise output before (filled circles) and after (open circles) catheter implantation
and behavioral training. Left axis depicts exercise output expressed as the mean number of
wheel revolutions per day (rev/day). Horizontal axis depicts time expressed in weeks. Vertical
reference line after Week 6 indicates catheter implantation and the beginning of behavioral
training. Vertical lines surrounding data points represent the SEM.
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Figure 2.
Cocaine-maintained breakpoints in sedentary and exercising rats. Left axis depicts the number
of infusions obtained; right axis depicts the final ratio value completed. Horizontal axis depicts
dose of cocaine in mg/kg/infusion. Points above 0.0 reflect the effects of saline. Vertical lines
surrounding data points represent the SEM.
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Figure 3.
Correlation between exercise output and breakpoints maintained by a high dose (1.0 mg/kg/
infusion) of cocaine. Vertical axis reflects the number of infusions obtained. Horizontal axis
reflects exercise output expressed as the mean number of wheel revolutions per day (rev/day).
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Table 1
Mean (SEM) inter-infusion intervala of sedentary and exercising rats responding on the FR1 and FR2 schedule of
reinforcement.

Schedule Sedentary Exercise

FR1 336 (63) 248 (52)
FR2 411 (76) 359 (93)

a
all data expressed in seconds
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Table 2
Mean (SEM) number of inactive lever presses of sedentary and exercising rats for each dose condition on the progressive
ratio schedule.

Condition Sedentary Exercise

0.0 mg/kg/inf 3.1 (1.1) 3.3 (1.4)
0.3 mg/kg/inf 65.1 (49.7) 23.0 (11.9)
1.0 mg/kg/inf 68.4 (45.7) 36.0 (10.5)
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