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Abstract

Exercise is associated with lower rates of drug use in human populations and decreases drug self-
administration in laboratory animals. Most of the existing literature examining the link between
exercise and drug use has focused on chronic, long-term exercise, and very few studies have
examined the link between exercise output (i.e., amount of exercise) and drug self-administration.
The purpose of this study was to examine the effects of acute bouts of exercise on cocaine self-
administration, and to determine whether these effects were dependent on exercise output and the
time interval between exercise and drug self-administration. Female rats were trained to run in
automated running wheels, implanted with intravenous catheters, and allowed to self-administer
cocaine on a fixed ratio (FR1) schedule of reinforcement. Immediately prior to each test session,
subjects engaged in acute bouts of exercise in which they ran for 0, 30, or 60 min at 12 m/min.
Acute bouts of exercise before test sessions decreased cocaine self-administration in an output-
dependent manner, with the greatest reduction in cocaine intake observed in the 60-min exercise
condition. Exercise did not reduce cocaine self-administration when wheel running and test
sessions were separated by 12 hours, and exercise did not reduce responding maintained by food
or responding during a saline substitution test. These data indicate that acute bouts of exercise
decrease cocaine self-administration in a time- and output-dependent manner. These results also
add to a growing body of literature suggesting that physical activity may be an effective
component of drug abuse treatment programs.
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1. Introduction

Individuals who engage in exercise-related activities over the course of treatment for
substance use disorders have better outcomes relative to individuals who do not engage in
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exercise-related activities (Brown et al., 2010; Weinstock et al., 2008). Preclinical studies
have consistently shown that rats given free access to exercise wheels in their home cage
self-administer less cocaine, methamphetamine, and other psychomotor stimulants than
sedentary control rats (Aarde et al., 2015; Miller et al., 2012; Smith et al., 2008; 2011,
2012). Most preclinical studies reporting positive effects of wheel running on drug self-
administration have used exercise protocols that employed long-term access to running
wheels for 6 weeks or longer (e.g., Lacy et al., 2014; Smith et al., 2008; 2011; 2012);
however, the positive effects of wheel running on drug self-administration are observed even
in the absence of extended access (Smith and Witte, 2012) and may be observed in as little
as 22 hours (Aarde et al., 2015).

Acute exercise, defined as a single, short-term bout of exercise, produces positive effects on
several psychological measures that influence drug self-administration. For instance, acute
bouts of exercise decrease measures of depression and anxiety (Dunn et al., 2001; Fritz and
O’Connor, 2016) and increase measures of self-esteem and wellbeing (Fox, 1999).
Moreover, acute bouts of exercise reduce measures of impulsivity (Wang et al., 2016) and
increase measures of cognitive functioning (Kamijo et al., 2009; Nanda et al., 2013; Weng et
al., 2015). Acute exercise reduces the symptoms associated with nicotine withdrawal
(Abrantes et al., 2014; Bock et al., 1999; Prapavessis et al., 2014; Williams et al., 2011) and
reduces craving for nicotine and methamphetamine (Elibero et al., 2011; Haasova et al.,
2013; Wang et al., 2016); however, the effects of acute exercise on measures of drug intake
have not been examined.

The effects of an acute bout of exercise on psychological processes relative to drug use are
dependent on exercise output. For instance, light and moderate exercise decreases
methamphetamine craving relative to both vigorous exercise and a sedentary control
condition (Wang et al., 2016). Similarly, exercise output also determines the effects of acute
exercise on measures of mood (Steptoe and Cox, 1988; Tate and Petruzzello, 1995),
executive control (Labelle et al., 2013), and cognitive functioning (Loprinzi and Kane, 2015;
McMorris and Hale, 2012; Tomporowski, 2003). Preclinical studies examining the effects of
exercise on measures of drug intake have typically manipulated access to running wheels
rather than exercise output per se. Consequently, the effects of exercise output on drug self-
administration are not known.

The purpose of the present study was to examine the effects of acute bouts of exercise on
cocaine self-administration and to determine whether these effects are dependent on exercise
output. To this end, rats were trained in a forced-running procedure using automated running
wheels rotating at a speed of 12 m/min. Forced running rather than voluntary running was
selected so that exercise output could be controlled as an experimental manipulation. All
subjects ran in the wheels for 0 min (sedentary control), 30 min (short duration), or 60 min
(long duration) immediately prior to intravenous drug self-administration sessions. Our
primary hypothesis was that acute exercise would decrease cocaine self-administration in an
output-dependent (i.e., duration-dependent) manner.
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2. Method

2.1. Animals

Female, Long-Evans rats (n = 16) were obtained on postnatal day 42 (PND 42) from Charles
River Laboratories (Raleigh, NC). Rats were housed individually in transparent
polycarbonate cages that permitted no exercise beyond normal cage ambulation. All rats
were housed in a temperature- and humidity-controlled colony room maintained on a 12-
hour light/dark cycle (lights on: 0500). Except during periods of food-maintained
responding, food was freely available in the home cage; water was continuously available in
the home cage for the duration of the study. Estrous phases were allowed to cycle normally
and not monitored. All subjects were maintained in accordance with the Institutional Animal
Care and Use Committee of Davidson College and the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, 2011).

2.2. Apparatus

Self-administration training and testing took place in aluminum and polycarbonate operant
conditioning chambers (interior dimensions: 31 cm x 24 cm x 21 ¢cm) obtained from Med
Associates, Inc. (St. Albans, VT). Each chamber was equipped with a house light, an audio
speaker, two response levers, two stimulus lights above the levers, and a food receptacle
located between the two levers. A food pellet dispenser was located behind the forward wall
and an infusion pump was mounted outside the chamber. Drug infusions were delivered via
Tygon tubing protected by a stainless-steel spring and attached to a counter-balanced swivel
at the top of the chamber. All chambers were housed in larger, sound-attenuating cabinets
with an exhaust fan to circulate air and to mask extraneous noise. Experimental procedures
were programmed and data were collected using software and interfacing from Med
Associates, Inc.

Wheel running was experimentally controlled via automated running wheels. The wheels
and motorized wheel bed were obtained from Lafayette Instrument Company (Lafayette,
IN). The wheels measured 34.0 cm in diameter and 11.2 cm in width. Each wheel had
polycarbonate sides with 82 aluminum rungs (4.8 mm in diameter) spaced 13.4 mm apart.
The running surface of the wheels was lined with low-density polyethylene mesh to prevent
tails from getting pinched while running. Six wheels could rotate simultaneously when
placed in the wheel bed (exterior dimensions: 130 cm x 46 cm x 43 ¢cm). The speed and
duration of wheel rotation were programmed via a handheld LCD interface.

2.3. Exercise Training

Three days after arrival, rats began daily training on the running wheels. On the first day of
exposure, rats ran at a speed of 3 m/min for 15 min. The speed increased by 1 m/min and the
duration increased by 5 min each day until the terminal speed of 12 m/min and 60 min was
reached after 10 days. Rats ran at this speed and duration for three consecutive days before
catheter surgery and the commencement of self-administration training.
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2.4. Lever-Press Training

One week after arrival and during the second week of exercise training, rats were restricted
to no less than 85% of the free-feeding body weight and trained to lever press using food
reinforcement. During these sessions, responding was reinforced with a single 45 mg food
pellet on a fixed ratio (FR1) schedule of food presentation. Each session continued until 40
reinforcers were delivered or 2 hours elapsed, whichever occurred first. Training continued
in this manner until a rat received the maximum number of reinforcers in each of four
training sessions. All rats met this criterion within 7 days.

2.5. Surgery

Three weeks after arrival and one day following the completion of exercise training, rats
were anesthetized with a combination of ketamine (100 mg/kg, ip) and xylazine (15 mg/kg,
ip) and surgically implanted with intravenous catheters into the right jugular vein. Catheters
exited the body on the dorsal surface of the scapulae. Ketoprofen (5.0 mg/kg, sc) was given
immediately after surgery and the following morning as a postoperative analgesic. A
solution of heparinized saline and ticarcillin (20 mg/kg, iv) was infused through the catheter
daily to maintain patency and prevent infection, respectively. After 7 days, ticarcillin
administration was discontinued and only heparinized saline was used to maintain catheter
patency.

2.6. Self-administration training

Self-administration training commenced 4 days following surgery. Immediately prior to each
training session, rats were placed on the automated running wheels at 12 m/min for 30 min.
Rats were then moved directly to the operant conditioning chambers and connected to the
infusion pump via the Tygon tubing. All sessions began with illumination of the house light,
illumination of the stimulus light above one (active) response lever, and a non-contingent
infusion of cocaine (Sigma Chemical Company, St. Louis, MO). Each response on the active
response lever produced an infusion of cocaine (0.5 mg/kg/infusion) on a FR1 schedule of
reinforcement. Coincident with the infusion, a tone was sounded for 5 s and the stimulus
light above the response lever turned off for 20 s to signal a timeout period in which cocaine
was not available. After 20 s, the light above the lever was re-illuminated and cocaine was
available on the FR1 schedule of reinforcement. Responses on the second (inactive)
response lever were recorded but had no programmed consequences. Training continued in
this manner for 5 consecutive days.

2.7. Self-Administration Testing

Following 5 days of self-administration training, behavioral testing commenced. The
exercise manipulation was performed at the beginning of the dark phase of the light/dark
cycle (1700), immediately prior to each test session. Using a within-subjects design, each rat
was exposed to one of the following three exercise conditions immediately before each test
session: (1) a sedentary control condition, (2) a short-duration condition, or (3) a long-
duration condition. In the sedentary condition, rats were taken to the testing room and placed
in clean polycarbonate cages for 60 min. In the short-duration condition, rats were taken to
the testing room, placed in clean polycarbonate cages for 30 minutes and then placed in the
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automated running wheels rotating at 12 m/min for an additional 30 min. In the long-
duration condition, rats were taken to the testing room and placed in the automated running
wheels rotating at 12 m/min for 60 min. Thus, in all conditions, rats were in the testing room
and out of their home cage for 60 min prior to cocaine self-administration testing.

All experimental parameters during drug self-administration test sessions were identical to
those described above for training sessions, with the exception that the dose of cocaine
changed every three days. Tests were conducted for four doses of cocaine (0.01, 0.03, 0.1,
and 0.3 mg/kg/infusion) and for saline. Doses were tested in a pseudo-random order with the
stipulation that no more than two ascending or descending doses could be tested in a row.
Rats were exposed to all three exercise conditions for each dose of cocaine and for saline.
Each exercise condition lasted one day and the three exercise conditions were tested in
sequence. The sequence of testing was randomized and counterbalanced across rats.

In order to determine whether the effects of acute exercise were dependent on the time
elapsed between wheel running and drug self-administration testing, the effects of the three
exercise conditions on responding maintained by 0.03 mg/kg/infusion cocaine were
redetermined. This dose was selected because it produced the greatest range in mean
responding across the three exercise conditions during initial testing. In these tests, the
exercise manipulation (0, 30, and 60 min of wheel running) occurred 12 hours prior to
cocaine self-administration. All other experimental parameters were identical to those
described above.

2.8. Responding Maintained by Food

To determine whether the effects of acute exercise were specific to the cocaine stimulus,
additional tests were conducted in which responding was maintained by food. Following the
completion of cocaine self-administration testing, rats were restricted to no less than 85% of
their free-feeding body weight and tested daily in food self-administration sessions. All
experimental parameters were identical to those used during lever-press training, with the
exception that no limit was placed on the maximal number of reinforcers that could be
earned. All discriminative stimuli were identical to those used during cocaine self-
administration. At the end of each session, the number of food pellets that remained uneaten
in the food receptacle was counted to determine the number of pellets consumed by each rat.
In these tests, the exercise manipulation (0, 30, and 60 min of wheel running) occurred
immediately prior to each test session in a manner identical to that described for cocaine
self-administration.

2.9. Data Analysis

Cocaine self-administration immediately after wheel running was analyzed via two-way,
repeated-measures ANOVA, with dose of cocaine and exercise condition serving as factors.
Area Under the Curve (AUC) estimates were also computed for the dose-response data using
the Trapezoidal Rule. These data were analyzed via one-way ANOVA with exercise
condition serving as the factor. This AUC analysis was conducted to directly compare the
magnitude of the exercise effect across the three durations, which is advantageous when a
curve has both ascending and descending limbs or when there is a significant interaction
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term (see Cooper et al., 2008). A planned comparison was performed on data obtained at the
dose producing the greatest range of mean responding across the three exercise conditions.
This dose was then used to test the effects of exercise when wheel running occurred 12 hr
prior to cocaine self-administration. Data obtained in these tests were analyzed using a two-
way, repeated-measures ANOVA, with time (0 vs. 12 hr) and exercise condition serving as
factors. Data for food-maintained responding (i.e., number of responses, number of pellets
consumed) and from the saline substitution test were examined via one-way ANOVA, with
exercise condition serving as the factor. For all analyses, post hoc comparisons were
conducted using Fischer’s Least Significant Difference Test if the omnibus test was
significant. All statistical tests were two tailed and used an alpha level of .05. Effect sizes
were computed where appropriate using the partial eta squared () statistic or the Cohen’s
d'statistic.

Figure 1 shows that cocaine self-administration was characterized by an inverted U-shaped
dose-effect curve (main effect of dose: /3,45 = 39.615; p < .001). Cocaine self-
administration decreased as a function of exercise output (main effect of exercise: /2,30 =
5.438; p=.010), and this effect varied as a function of dose (dose x exercise interaction:
6,90 = 6.236; p< .001). A significant effect of exercise was also obtained in the AUC
analysis (/2,30 = 5.040; p=.013), which functionally collapses across dose. In post hoc
analyses, AUC values were significantly lower in the long-duration condition than both the
short-duration (p = .041) and sedentary (o= .032) conditions. AUC values were 8% lower in
the short-duration condition than in the sedentary condition, but this effect was not
statistically significant (o = .081). The effect size produced by the exercise manipulation was
large in both the dose-response (12 = 0.266) and AUC analysis (2 = 0.251). In contrast,
exercise did not influence responding during the saline substitution test. Similarly, exercise
did not influence responding on the inactive lever under any dose condition (data not
shown).

Cocaine self-administration decreased as a function of exercise output when responding was
maintained by 0.03 mg/kg/infusion (Figure 2). The effect of exercise at this dose was
statistically significant (/2,30 = 8.467; p< .001) and characterized by a large effect size (2
=0.361). All post-hoc analyses at this dose were statistically significant with moderate-to-
large effect sizes between conditions. Specifically, cocaine self-administration was less in
the long-duration condition than the short-duration (p=.014; d=.695) and sedentary (v = .
005; d'=.819) conditions, and cocaine self-administration was less in the short-duration
condition than the sedentary condition (p = .044; d=.549). To determine whether the effects
of exercise depended on the time between wheel running and cocaine self-administration,
the effects of all three running durations were re-examined at this dose, but with the bout of
wheel running occurring 12 hr prior to self-administration testing. Time was a moderating
factor of exercise under these conditions (time x exercise interaction: /2,30 = 5.593; p=.
009). Whereas there was a significant, output-dependent effect of exercise when wheel
running occurred immediately prior to testing (see above), there was no significant effect of
exercise when wheel running occurred 12 hr prior to testing (F2,30 = 1.468; p=.247; not
significant).
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To determine whether the effects of exercise were specific to the cocaine stimulus,
responding maintained by food was examined under each exercise condition (Figure 3).
Acute bouts of exercise did not influence the number of pellets earned or the number of
pellets consumed over the 2-hr test session.

4. Discussion

The primary finding of this study is that acute bouts of exercise, limited to no more than 60
min/day, significantly decreased cocaine self-administration. Moreover, this effect was
directly related to exercise output, in that 60 min of exercise was significantly more effective
at reducing cocaine intake than 30 minutes of exercise at a moderate dose of cocaine. These
beneficial effects of acute exercise were also time-dependent and were not observed when an
acute bout of exercise occurred 12 hr prior to drug exposure. Finally, the effects of acute
exercise were specific to the cocaine stimulus, given that acute exercise did not alter
responding maintained by food. These data suggest that acute bouts of exercise immediately
before drug exposure reduce the positive reinforcing effects of cocaine in an output-
dependent manner.

We know of no studies that have specifically addressed the effects of acute bouts of exercise
on measures of drug intake. Previous studies have reported that acute bouts of exercise
decrease cravings for methamphetamine (Wang et al., 2016) and nicotine (Roberts et al.,
2015; Van Rensburg et al., 2012; 2013) and decrease the symptoms of nicotine withdrawal
(Prapavessis et al., 2014; Williams et al., 2011). Preclinical studies have reported that
extended periods of wheel running are not necessary to reduce cocaine self-administration
(Smith and Witte, 2012) and that as little as 22 hr of access to a running wheel decreases
methamphetamine, MDMA, and methylone self-administration (Aarde et al., 2015). In
conjunction with the present data, these findings suggest that a long history of exercise or
continuous exposure to exercise is not needed to produce rapid and significant decreases in
drug intake that might be advantageous in substance-abusing populations.

A primary aim of this study was to examine the effects of exercise output on cocaine self-
administration. Exercise output was manipulated by varying the duration of forced wheel
running in automated running wheels. At 0.03 mg/kg/infusion cocaine, a dose that yielded
the largest range of mean responding across conditions, acute exercise “dose dependently”
decreased cocaine intake, with all three exercise conditions differing significantly from one
another. We previously reported that chronic exercise output, as measured by total number of
wheel revolutions over a 6-week period, was inversely correlated to breakpoints maintained
by a high dose of cocaine (Smith et al., 2008); however, this relationship was not observed in
a series of follow-up studies from our laboratory (e.g., Lacy et al., 2014; Smith et al., 2011,
2012; Smith and Pitts, 2011; 2012; Smith and Witte, 2012). Two previous studies
manipulated the duration of access to running wheels and reported duration-dependent
effects on measures relevant to drug intake. In those studies, access to running wheels for 1,
2, 6, or 24 hr/day during abstinence reduced subsequent reinstatement of cocaine seeking in
a duration-dependent manner (Peterson et al., 2014a; 2014b); however, exercise output, per
se, was not manipulated and measures of drug intake were not recorded.
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A secondary aim of this study was to determine whether the effects of an acute bout of
exercise were moderated by the time between wheel running and self-administration testing.
The large effects observed with acute exercise at 0.03 mg/kg/infusion immediately before
testing were absent when 12 hr separated wheel running from cocaine self-administration,
indicating that an acute bout of exercise must occur in close temporal proximity to drug
exposure to significantly decrease cocaine intake. We previously reported that six weeks of
continuous access to running wheels was completely ineffective at reducing cocaine self-
administration if access to the wheels was terminated on the first day of drug exposure
(Smith and Witte, 2012). In that study, rats ran an average of 7.9 km/day and an average of
317 km over 6 weeks prior to cocaine exposure, but did not differ from a sedentary control
group on measures of cocaine intake once wheel access was removed. Aarde and colleagues
(2015) showed that only 22 hours of wheel access was sufficient to reduce responding
maintained by methamphetamine, MDMA, and methylone; however, it is not known when
wheel running, per se, occurred in relation to drug self-administration.

It is important to note that acute bouts of exercise did not influence rates of nonspecific
responding on an inactive lever and did not influence responding during a saline substitution
test. Furthermore, acute bouts of exercise did not influence responding maintained by food
or the amount of food consumed, with the caveat that the discriminate stimuli signaling food
were the same as those for cocaine. These findings suggest that acute bouts of exercise do
not impact nonspecific rates of operant responding or consummatory behavior. Most
importantly, these findings indicate that output-dependent decreases in cocaine-maintained
responding cannot be attributed to exercise-related decreases in motor performance, such as
might be caused by muscle fatigue.

We emphasize that only females were tested in the study, and we do not know whether males
would produce the same pattern of results. Females were chosen for this study to facilitate
comparisons with previous studies (e.g., Smith et al., 2008; Smith and Witte, 2012) and
because of their general under-representation in preclinical biomedical research (Clayton
and Collins, 2014; Klein et al., 2015). A previous study reported that concurrent access to
running wheels decreased cocaine self-administration to a greater extent in females than
males (Cosgrove et al., 2002); however, we have failed to observe sex differences in cocaine
self-administration when running wheels were confined to the home cages (Smith et al.,
2011; 2012). We are aware of only one study that used a forced exercise manipulation and
took measures of drug-reinforced responding. In that study, male rats that ran 90 min/day,
every day, self-administered less morphine than sedentary control rats (Hosseini et al.,
2009). Collectively, these studies suggest that (1) both males and females are sensitive to
exercise-based interventions and (2) both forced and voluntary exercise interventions are
effective at reducing drug self-administration.

It is important to note that exercise output was only manipulated by varying the duration of
wheel running, and we do not know whether other manipulations of exercise output would
have similar effects on cocaine self-administration. For instance, automated running wheels
typically allow both speed and duration of running to be controlled by the experimenter, and
future studies should determine whether a similar relationship is observed when speed is
varied but duration remains consistent. We also do not know whether longer durations of
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wheel running (e.g., 90 or 120 min) would lead to greater effects on cocaine-maintained
responding. Although our data suggest a linear relationship between wheel running and drug
self-administration, moderate-intensity exercise is more beneficial than high-intensity
exercise on some measures relevant to substance use (e.g., inhibitory control; Wang et al.,
2016).

A number of mechanisms may contribute to the beneficial effects of acute bouts of exercise
on cocaine self-administration. For instance, acute exercise decreases measures of
depression and anxiety (Dunn et al., 2001; Fritz and O’Connor, 2016; Tate and Petruzzello,
1995), both of which are comorbid risk factors of drug use. Moreover, acute exercise
increases measures of cognitive function (Kamijo et al., 2009; Prapavessis et al., 2014; Weng
et al., 2015), self-esteem (Fox, 1999), and inhibitory control (Wang et al., 2016), which are
generally regarded as protective against drug use. Acute bouts of exercise also stimulate the
release of several signaling molecules that are important for the positive reinforcing effects
of cocaine and other drugs. For instance, acute bouts of exercise increase central and plasma
concentrations of dopamine (Meeusen and De Meirleir, 1995; Meeusen et al., 1997; Skriver
et al., 2014), which is the critical neurotransmitter mediating the positive reinforcing effects
of cocaine. Furthermore, acute exercise increases the expression of tyrosine hydroxylase (Ji
et al., 2014), the rate-limiting enzyme in the synthesis of dopamine. The effects of acute
exercise on both dopamine and tyrosine hydroxylase are positively correlated with exercise
output (Freed and Yamamoto, 1985; Ji et al., 2014), which may explain the output-
dependent effects reported in the present study.

Recent surveys indicate that 48.4% of the adult population of the United States fails to meet
the minimum federal recommendation for physical activity, and 25.4% of the adult
population in the United States engages in no leisure time physical activity (Centers for
Disease Control and Prevention, 2014). In the present study, we found that a single, brief
bout of exercise may be sufficient to significantly reduce cocaine use in individuals with a
limited history of physical activity. These data are particularly relevant given recent studies
reporting that a long history of exercise is not necessary for exercise to have a positive
impact on measures of drug self-administration (Aarde et al., 2015; Smith and Witte, 2012).
Indeed, preclinical studies that have focused exclusively on the chronic, long-term effects of
exercise may have led the field somewhat astray, and the present data suggest that more
focus should be placed on the behavioral and neurobiological effects of acute bouts of
exercise.
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Highlights
. Cocaine self-administration was examined after acute bouts of wheel
running
. Female rats ran for 0, 30, or 60 minutes prior to cocaine self-
administration
. Acute bouts of wheel running decreased cocaine intake
. Greater decreases in intake were observed following longer durations

of running
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Figure 1.
Cocaine self-administration immediately following wheel running for 0, 30, or 60 min. Left

Panel: Number of infusions obtained during 2-hr sessions (vertical axis) when responding
was maintained by doses of cocaine and saline (horizontal axis). Right Panel: Area Under
the Curve (AUC) values for the dose-effect data. Vertical lines represent the SEM; where not
indicated, the SEM fell within the data point. Horizontal lines indicate significant
differences between groups. All data reflect the mean of 16 rats.
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Figure 2.
Responding maintained by 0.03 mg/kg/infusion cocaine immediately (left) or 12 hr (right)

following wheel running for 0, 30, or 60 min. Vertical axis depicts number of infusions
obtained during 2-hr sessions. Data on left side of panel are redrawn from Figure 1. Vertical
lines represent the SEM. Horizontal lines indicates significant differences between groups.
All data reflect the mean of 16 rats.
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Figure 3.
Number of food pellets received (left) and consumed (right) following wheel running for 0,

30, or 60 minutes. Vertical lines represent the SEM. All data reflect the mean of 16 rats.
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