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One day access to a running wheel reduces self-administration 
of d-methamphetamine, MDMA and Methylone

Shawn M. Aarde, Michelle L. Miller, Kevin M. Creehan, Sophia A. Vandewater, and Michael 
A. Taffe
Committee on the Neurobiology of Addictive Disorders; The Scripps Research Institute, La Jolla, 
CA, USA

Abstract

Background—Exercise influences drug craving and consumption in humans and drug self-

administration in laboratory animals, but the effects can be variable. Improved understanding of 

how exercise affects drug intake or craving would enhance applications of exercise programs to 

human drug users attempting cessation.

Methods—Rats were trained in the intravenous self-administration (IVSA) of d-

methamphetamine (METH; 0.05 mg/kg/inf), 3,4-methylenedioxymethamphetamine (MDMA; 0.5 

mg/kg/inf) or methylone (0.5 mg/kg/inf). Once IVSA was established, the effect of ~22 hrs of 

wheel access in the home cage on subsequent drug taking was assessed in a two cohort crossover 

design.

Results—Provision of home cage wheel access during the day prior to IVSA sessions 

significantly decreased the self-administration of METH, MDMA and methylone. At the 

individual level, there was no correlation between the amount a rat used the wheel and the size of 

the individual’s decrease in drug intake.

Conclusions—Wheel access can reduce self-administration of a variety of psychomotor 

stimulants. It does so immediately, i.e., without a need for weeks of exercise prior to drug access. 

This study therefore indicates that future mechanistic investigations should focus on acute effects 

of exercise. In sum, the results predict that exercise programs can be used to decrease stimulant 

drug use in individuals even with no exercise history and an established drug taking pattern.
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1. INTRODUCTION

Physical exercise has been shown to produce transient and short-term protective effects 

against psychoactive drug use. For example, nicotine craving and smoking cue reactivity are 

decreased in human smokers immediately after workout sessions (Bock et al., 1999; Elibero 

et al., 2011; Taylor and Katomeri, 2007). The evidence for a sustained effect of exercise 

programs on smoking cessation is mixed (Ussher et al., 2008), potentially because of 

variability in the intensity and frequency of the exercise programs. Animal models can be 

used to better define the way in which exercise of different intensity, frequency, duration, 

and timing relative to drug access may suppress the urge to take that drug (or other 

alternatively available drugs).

An initial study found that 6 hrs of wheel access concurrent with cocaine access led to a 

decrease in cocaine intravenous self-administration (IVSA) in rats (Cosgrove et al., 2002). 

Miller and colleagues subsequently reported that introduction of concurrent wheel access 

during a 1 hr session of access to the IVSA of methamphetamine decreased drug intake if 

wheel access began at the start of IVSA training, but had no effect if it began 7 or 14 

sessions after the start of training (Miller et al., 2012). In the Cosgrove study, animals were 

given fourteen 6-hour wheel access sessions prior to that start of IVSA (to stabilize wheel 

activity), but the rats in the Miller study had no significant wheel access prior to the start of 

IVSA training. Thus, prior experiences with either the wheel or drug IVSA appeared to 

interact with the effect of wheel access on IVSA in concurrent-access models. However, in a 

model that is perhaps more relevant to human cessation therapy, Smith and Witte (2012) 

showed that daylong access to a wheel for the ~22 hr outside of the cocaine IVSA session 

reduced cocaine intake. Moreover, in this study a prior history of wheel access (6 weeks of 

continual wheel access) appeared to play no additional role in changing drug intake (Smith 

and Witte, 2012).

This study was therefore designed to determine if the effect of ~22 hr of wheel access prior 

to the IVSA session on drug intake would generalize to three other psychostimulant drugs 

including methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA, Ecstasy) and 

3,4-methylenedioxymethcathinone (methylone). If the effects of wheel access extend across 

IVSA models which differ in specific methods than the inferences can be stronger. An 

additional goal was to merge design aspects of prior rat studies into a design with greater 

relevance to human cessation. To this end, the rats had no extensive exercise training prior 

to drug experience and IVSA was established in the absence of any concurrent opportunity 

for wheel exercise. In addition, a cross-over repeated-measures design was selected to better 

determine the stability and persistence of the effect of wheel access on drug intake.
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2. MATERIALS AND METHODS

2.1 Subjects

Male (Wistar and Sprague Dawley, Charles River, New York) and female (Wistar, Charles 

River, New York) rats were used for these investigations. Animals were housed in a 

humidity and temperature-controlled (23±1 °C) vivarium on 12:12 hour light:dark cycles. 

Animals entered the laboratory at 11–12 weeks of age. Animals had ad libitum access to 

food and water in their home cages and all self-administration sessions were conducted in 

the dark cycle, under protocols approved by the Institutional Care and Use Committees of 

The Scripps Research Institute and consistent with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals (Garber et al., 2011).

2.2 Drugs

Racemic 3,4-methylenedioxymethamphetamine (MDMA) HCl and D-methamphetamine 

HCl were provided by RTI International (Research Triangle Park, NC, USA), under contract 

to the National Institute on Drug Abuse. Racemic 3,4-methylenedioxymethcathinone 

(methylone) HCl was obtained from Cayman Chemical (Ann Arbor, MI, USA). All doses 

are expressed as the salt and were dissolved in physiological saline for injection.

2.3 Apparatus

For wheel-running conditions, activity wheels (Med Associates Model ENV-046; 35.6 cm 

diameter) were attached to the rats’ home cages in the vivarium. Each full wheel revolution 

was equivalent to 1.12 meters and each quarter-rotation of the wheel was recorded. Standard 

operant conditioning chambers (Med Associates, St. Albans, VT, USA; Model ENV-007) 

were used for self-administration sessions as described in (Aarde et al., 2013, 2014). Each 

chamber was enclosed in a sound-attenuating cubicle and equipped with 2 response levers, 2 

stimulus lights, a pellet hopper, and a drug-infusion pump (Med Associates Model 

PHM-100-15). Responses to the left lever produced a single drug infusion (4 sec/infusion; 

0.1 ml/infusion) and responses on the right lever were counted but produced no 

consequences. Equipment was controlled by MED-PC IV software.

2.4 Intravenous catheterization

Rats were anesthetized with an isoflurane/oxygen vapor mixture (isoflurane 5% induction, 

1–3% maintenance) and prepared with chronic intravenous catheters as described previously 

(Aarde et al., 2013; Aarde et al., 2014; Miller et al., 2012). Briefly, the catheters consisted of 

an 14-cm length of polyurethane based tubing (Micro-Renathane®, Braintree Scientific, Inc, 

Braintree MA, USA) fitted to a guide cannula (Plastics One, Roanoke, VA) curved at an 

angle and encased in dental cement anchored to an ~3 cm circle of durable mesh. Catheter 

tubing was passed subcutaneously from the animal’s back to the right jugular vein. Catheter 

tubing was inserted into the vein and tied gently with suture thread. A liquid tissue adhesive 

was used to close the incisions (3M™ Vetbond™ Tissue Adhesive; 1469SB). A minimum of 

4 days was allowed for surgical recovery prior to starting an experiment. For the first three 

days of the recovery period, an antibiotic (cephazolin) and an analgesic (flunixin) were 

administered daily. During testing and training, intravenous catheters were flushed with 
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heparinized saline before sessions and heparinized saline containing cefazolan (100 mg/mL) 

after sessions. Catheter patency was assessed nearly once a week after the last session of the 

week via administration through the catheter of ~0.2 ml (10 mg/ml) of the ultra-short-acting 

barbiturate anesthetic Brevital sodium (1% methohexital sodium; Eli Lilly, Indianapolis, 

IN). Animals with patent catheters exhibit prominent signs of anesthesia (pronounced loss of 

muscle tone) within 3 sec after infusion. Animals that failed to display these signs were 

considered to have faulty catheters and were discontinued from the study. Data that was 

taken prior to failing this test and after the previous passing of this test were excluded from 

analysis.

2.5 Wheel Access Conditions

The experimental conditions were arranged by testing week (M-F). For a Wheel Access 

week, the rats were provided with access to an activity wheel in the vivarium starting upon 

return from the first IVSA session of that week. Thus, all subsequent sessions within that 

week were preceded by a day of wheel access. All individuals started operant sessions at a 

consistent time of day across their experimental conditions, thus, each individual had ~22 hr 

of wheel access prior to the IVSA session for each subsequent day within a week. Cohort-

crossover designs were used in which wheel access was alternated week-to-week, but wheel 

access was never given to both cohorts on the same week (Figure 1).

2.5.1 Experiment 1: Methamphetamine Group 1

Rationale: This experiment was conducted to determine if the introduction of a day of 

wheel access would alter methamphetamine self-administration on the following day. The 

goal was to determine if a prior effect with cocaine IVSA (Smith and Witte, 2012) 

generalized to methamphetamine and whether it could be observed within-subject.

IVSA training: A group of male Sprague Dawley rats (N=28; Charles River, New York; 12 

weeks of age and ~350–400 g at the start of the study) were used in this experiment. 

Following surgical recovery animals were trained for 19 one hour sessions under a per-

infusion dose of 0.1 mg/kg methamphetamine and a Fixed Ratio 1 reinforcer schedule. The 

following 7 IVSA acquisition training sessions were under a per-infusion dose of 0.05 

mg/kg.

Wheel-access conditions: Rats were divided into two cohorts based on drug intake in the 

last 3 acquisition training sessions such that the means were similar for each cohort. A 

crossover design was used so as to allow comparisons to a no-wheel/no-intervention group 

with equivalent numbers of IVSA sessions and testing conditions (Figure 1A). Cohort 1 was 

subjected to an ABA pattern of weeks of wheel access (Wheel Access Week, No-Wheel 

Week, Wheel Access Week) while Cohort 2 received no wheel access interventions during 

those 3 weeks. This was followed by a second 3-week, ABA block of wheel access wherein 

the two cohorts’ wheel access conditions were swapped. The first two weeks of this study 

were limited to 4 sessions due to holidays, thus the analysis in the entire study focused on 

the first 4 days of each week, even if animals were run 5 days. Eight rats from Cohort 1 and 

eleven rats from Cohort 2 completed most of the study; one Cohort 2 rat did not remain 
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patent for the final Wheel Access week thus only a single week is included for this 

individual.

2.5.2 Experiment 2: Methamphetamine Group 2

Rationale: A second methamphetamine experiment was conducted to control for a possible 

confound in the Group 1 methamphetamine study. In the Wheel-Access manipulations for 

Group 1, the animals were moved from their usual housing location to a different area of the 

(same) vivarium room that was used to hold the wheels, however, the no-wheel (control) 

sessions did not involve any similar change in cage and location within the room. We 

therefore conducted a study similar to the first experiment, however the animals were 

housed throughout in the same vivarium location, with cages always adjacent to the wheels. 

Thus, if the results from Group 1 were principally due to factors associated with housing 

location, rather than wheel activity, it would be expected that with this variable now 

controlled the general result would not be replicated. This study also used 2 h operant 

sessions and FR3 reinforcement contingency for more consistent drug intake and higher 

lever-discrimination ratios.

IVSA training: A group of male Sprague Dawley rats (N=27; Charles River, New York; 10 

weeks of age and 300–350 g at the start of the study) participated in this experiment. 

Following surgical recovery animals were trained for 10 two-hour sessions under a fixed-

ratio 1 schedule of reinforcement (FR1), 0.1 mg/kg per-infusion dose. The reinforcement 

schedule was then increased to FR2 (next two sessions) followed by FR3 (five sessions) to 

ensure high lever discrimination in this group. Additionally, the per-infusion dose was 

reduced to 0.05 mg/kg for the remainder of the study after the 1st FR3 session. 

Methamphetamine intake in the final three FR3 training sessions were used to balance the 

cohorts.

Wheel-access conditions: Wheel access within a Wheel-Access week was again 

manipulated as in the first methamphetamine group, using a shortened cohort crossover 

design (Figure 1B). For this experiment, a total of three weeks were included wherein the 

Wheel-Access intervention was given to Cohort 1 in the 1st week and Cohort 2 in the 3rd 

week; neither cohort had wheel access in the intervening 2nd week. Seven rats from Cohort 

1 and six rats from Cohort 2 which completed the entire study with patent catheters were 

included.

2.5.3 Experiment 3: MDMA

Rationale: A third experiment was conducted to determine if the effects of the 

methamphetamine studies generalize to a structurally related stimulant, MDMA, which has 

proven less efficacious than what is observed for cocaine or methamphetamine in IVSA 

models (De La Garza et al., 2006; Schenk et al., 2012, 2007).

IVSA training: A group of male Wistar N=11 male rats were initial trained on MDMA (0.5 

mg/kg/inf) IVSA for 14 two-hour sessions under FR1. These animals then participated in 

studies for which drug-type, dose and schedule of reinforcement were manipulated (MDMA, 

mephedrone and methylone at 0.125–2.5 mg/kg/inf under FR1 and at 0.125 and 1.0 
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mg/kg/inf under progressive-ratio), in procedures nearly identical to those recently described 

for female rats (Creehan et al., 2015). The rats were thereafter returned to the MDMA 

training dose under FR1 for one week before the Wheel-Access manipulations commenced.

Wheel-access conditions: Wheel access was again manipulated within a Wheel Access 

week as described for the first methamphetamine group, using a condensed cohort-crossover 

design (Figure 1C). The Wheel-Access intervention was given to Cohort 1 (N=6) in the 1st 

week and Cohort 2 (N=5) in the 2nd week; all 11 completed they study with patent 

catheters.

2.5.4 Experiment 4: Methylone

Rationale: The fourth experiment was conducted to determine if the effects of the MDMA 

studies generalize to Methylone, the cathinone parallel of MDMA. This compound was first 

reported to robustly support IVSA in male rats (Watterson et al., 2012) and subsequently 

reported similar to MDMA in female rats (Creehan et al., 2015).

IVSA training: A group of N=12 Wistar rats (5 F), trained on Methylone (0.5 mg/kg/inf) 

IVSA for 14 two-hour sessions under FR1, then in dose (0.125–2.5 mg/kg/inf) substitutions 

of MDMA, mephedrone and methylone under FR1 and finally two doses (0.125, 1.0 mg/kg/

inf) of each of these three compounds in a PR procedure. Thereafter rats to the methylone 

training dose under FR1 and after a week the following experiment commenced. The prior 

studies in females have been reported elsewhere (Creehan et al., 2015) and there were no sex 

differences confirmed during initial acquisition, FR dose substitution or PR dose-

substitution phases (unpublished observation). Thus for this study, the male and female 

animals were analyzed as one group.

Wheel-access conditions: Wheel access was again manipulated as in the Wheel-Access 

conditions described for the first methamphetamine group. The Wheel-Access intervention 

was given to the female rats twice in a single experimental cohort, with the No-Wheel weeks 

following each Wheel-Access week. The average of the two repetitions of each condition 

was used for analysis. The males were divided into two cohorts and evaluated on two 

sequential weeks. One male cohort (n=4) received the Wheel-Access week first and the No-

Wheel second and the other cohort (N=3) completed the weeks in the opposite order. All 12 

subjects completed all conditions with patent catheters.

2.6 Data Analysis

The analysis of the self-administration data included the number of infusions obtained per 

session and the discrimination ratio (drug associated lever responses/all lever responses) as 

dependent variables. Any cases of undefined discrimination ratio due to zero infusions being 

obtained were defined as 0 for the analysis. The IVSA data were analyzed with repeated-

measures Analysis of Variance (rmANOVA) with Wheel Access condition and day of the 

week as within-subjects factors. Wheel quarter rotations were analyzed with one-factor (day 

of the week) rmANOVA. Any significant rmANOVA effects were followed with post-hoc 

analysis using Sidak’s correction for all possible comparisons. Correlational analysis was 

conducted using Fisher’s r-to-z test. The criterion for significant results was set at P < 0.05. 
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Analyses were conducted using Prism 6 for Windows (v. 6.02; GraphPad Software, Inc, San 

Diego CA) and Statview (SAS Institute, Inc.). Graphs were generated with Excel 

(Microsoft, Redmond WA) and Statview and figures were created in Canvas (v.12; ACD 

Systems of America, Inc, Seattle, WA).

3. RESULTS

3.1 Experiment 1: Methamphetamine Group 1

Preliminary analysis of the first methamphetamine group found no significant differences in 

drug intake between the three baseline sessions used to divide the cohorts. Additional 

preliminary analyses on the un-pooled data within wheel-access condition did not confirm 

main effects of week number (i.e., replications) nor a week number by day of the week 

interaction. Thus, pooled data (collapsed across replications within the wheel-access 

conditions) were analyzed.

The number of infusions of methamphetamine self-administered was reduced by the 

availability of an activity wheel in the ~22 h prior to the session as is illustrated in Figure 

2A. The statistical analysis confirmed a significant effect of wheel access condition [F (1, 

17) = 8.00; P < 0.05], day of the week [F (3, 51) = 6.41; P < 0.001] and also of the 

interaction of factors [F (3, 51) = 10.00; P < 0.0001]. The post hoc test confirmed that the 

number of infusions was significantly lower on Tuesday (T), Wednesday (W) and Thursday 

(Th) of the Wheel-Access week compared with the first day of that week and also compared 

with the corresponding days on the No-Wheel week. There was a significant effect of both 

wheel-access condition [F (1, 17) = 4.91; P < 0.05] and day of the week [F (3, 51) = 3.25; P 

< 0.05] on discrimination ratio (Figure 3A) confirmed bythe rmANOVA. The post-hoc test 

did not confirm any differences in lever discrimination between any day of the wheel-access 

week and the corresponding day of the no-wheel week. However the post-hoc test did 

confirm that, within the wheel-access week, lever discrimination on T (58%; SEM 10.5%) 

was significantly lower than W (80.3%; SEM 6.6%) or Th (84.2%; SEM 5.9%).

There were no confirmed differences in wheel activity between days of the week (2085–

2293 quarter rotations, SEM 176–170, was the daily sum range) confirmed in the one-way 

rmANOVA.

3.2 Experiment 2: Methamphetamine Group 2

The number of infusions of methamphetamine self-administered by the Methamphetamine 

Group 2 rats was also reduced by the availability of an activity wheel in the ~22 h prior to 

the session as is illustrated in Figure 2B. The rmANOVA confirmed a significant effect of 

wheel access condition [F (1, 12) = 5.29; P < 0.05], but not of day of the week or of the 

interaction of these factors. The post hoc test further confirmed that the number of infusions 

was significantly lower on T and W of the Wheel-Access week compared with the 

corresponding days on the No-Wheel week.

There were no significant effects of wheel access week or day of the week on discrimination 

ratio (Figure 3B) confirmed by the analysis.
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3.3 Experiment 3: MDMA

The number of infusions of MDMA that rats self-administered was reduced by the 

availability of an activity wheel in the ~22 h prior to the session as is illustrated in Figure 

2C. The rmANOVA confirmed a significant interaction between the Day of the Week and 

Wheel-Access condition [F (3, 30) = 3.17; P < 0.05] but not of either factor alone. The 

posthoc test confirmed that significantly fewer infusions were obtained on T, W and Th 

compared with M of the Wheel-Access week. Similarly, significantly fewer infusions were 

obtained on T and Th of the wheel access week compared with the corresponding day of the 

No-Wheel week. The lever discrimination was poorest on the days following wheel access 

compared to no-wheel sessions (Figure 3C) but no significant differences in lever 

discrimination were confirmed in the ANOVA. Finally there were no differences in wheel 

activity confirmed across the three days (1262–1464 quarter rotations, SEM 195–289, was 

the daily sum range).

3.4 Experiment 4: Methylone

Self-administration of methylone was decreased by the opportunity for wheel activity in the 

day prior to the session, Figure 2D. The rmANOVA on drug intake confirmed a significant 

interaction between the Day of the Week and Wheel-Access condition [F (3, 33) = 3.08; P < 

0.05], a significant effect of Day of the Week [F (3, 33) = 3.04; P < 0.05] but not of Wheel-

Access alone. The post hoc test confirmed that within the Wheel-access week significantly 

fewer infusions were obtained on Tu, Wed and Th as compared to M, but there were no 

differences between days of the week in the No-Wheel week. The posthoc test did not 

confirm any significant differences in infusions between the wheel access conditions on any 

of the days of the week. There were no significant differences in lever discrimination 

confirmed in the analysis (Figure 3D). Finally, the wheel activity was significantly different 

across the three days [F (1.725, 18.97) = 6.96; P< 0.01] and the posthoc test confirmed that 

more wheel activity took place prior to the T session (3074 quarter rotations; SEM 686) 

compared with the W session (1875 quarter rotations; SEM 388).

3.5 Correlation of Activity with IVSA Suppression

A correlational analysis between the average wheel activity and intake suppression scores 

(average intake on T-Th sessions of Wheel-Access weeks – average intake on the T-Th of 

NoWheel weeks) was performed to address the possibility that exertion on the wheel is the 

predictor of the suppression of drug intake; Figure 4. There were no significant relationships 

confirmed by Fisher’s r-to-z test for any of the experimental groups. It was confirmed that 

the distributions were normal (sphericity test) and there were no significant outliers (> 3 SD 

from mean). The methylone data was split by sex because the number of wheel rotations and 

the size of the intake suppression were greater in females (significant interaction of Sex by 

Wheel Access condition by Day of the Week [F (3, 30) = 3.93; P< 0.01] on intake and 

significant main effect of Sex [F (1, 10) = 10.49; P< 0.01] and the interaction of Sex with 

Day of the Week [F (2, 20) = 13.90; P< 0.0005] on wheel rotations); thus, potentially 

creating a spurious correlation if subjects were treated as a single group. The methylone data 

was therefore Z-scored to put the females and males on the same scale for analysis, but this 

correction still did not yield a significant correlation.
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4. DISCUSSION

The major finding of this study was that a single day of wheel access immediately prior to 

the self-administration session was sufficient to reduce the intravenous self-administration 

(IVSA) of methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA) or 

methylone in rats. Human epidemiological studies illustrate the potential for physical 

exercise to prevent or blunt the use of recreational drugs; however, the effects depend on 

many factors including social context, intensity and type of exercise (Taliaferro et al., 2010; 

Terry-McElrath and O’Malley, 2011; Terry-McElrath et al., 2011). As one real-world 

example, it is difficult to dissociate the effects of the social context of sports teams and 

social/personality factors controlling the intensity of aerobic exercise from the specific 

effects of the exercise itself in human studies. Therefore, it is possible that the 

epidemiological link is a consequence of personal or social variables which determine both 

drug use and sports participation in humans and has little to do, directly, with the exercise 

itself. The present findings, obtained using a controlled animal model, are therefore critical 

to confirm a specific link to demonstrate that exercise can attenuate repeated stimulant drug 

use, and to provide a means to determine potential neurophysiological mechanisms through 

which exercise effects are mediated.

A particular strength of the results is that the four overnight wheel-access experiments 

differed in methodological detail but produced the same qualitative outcome. Furthermore 

there was a consistently suppressive effect of wheel access on drug intake when the 

experiment was conducted in groups of animals that only experienced hours of wheel access 

following the establishment of stimulant IVSA. This effect was immediate (observed on the 

following day) and was not present in the same group of animals when wheel access was not 

provided in the day prior to the session. These data provide further evidence that the effect 

of wheel activity reported by Smith and colleagues, in a preparation that involved both 6 

weeks of access prior to cocaine IVSA as well as ongoing wheel access prior to each IVSA 

session (Smith and Pitts, 2011; Smith et al., 2011; Smith and Witte, 2012), did not depend 

on the continual wheel access for weeks prior to the start of IVSA training. An especially 

important aspect of this finding was that unlimited home cage access to a wheel was capable 

of greatly reducing established stimulant IVSA. Cosgrove and colleagues (2002) showed 

that 6 hours of concurrent wheel access could reduce established cocaine IVSA but our prior 

study (Miller et al., 2012) found that a single hour of concurrent access to an activity wheel 

was insufficient to alter established methamphetamine self-administration once it had been 

established.

The present finding extends one recent report which found that wheel activity in the day 

prior to a cocaine IVSA session decreased the levels of drug intake in a manner that was 

independent of whether rats were provided wheel access in the 6 weeks prior to the initiation 

of IVSA training (Smith and Witte, 2012). The present study takes it a critical step farther 

by showing that wheel-related changes in drug taking occur within-subject, i.e., the effect is 

reversible and can be with wheel access after stable IVSA is already established. This 

finding also confirms that such effects are not confined to cocaine IVSA and indeed will 

likely generalize across many stimulant drugs of abuse. Interestingly, one prior study found, 

using a small group of rats (N=3), that responding for food under a Progressive Ratio 
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schedule of reinforcement was reduced by 19 h of prior wheel access (Pierce et al., 1986) so 

this effect may extend to behavior reinforced by many classes of stimuli. Together, these 

results have important implications for therapeutic translation and support broad 

recommendations for the use of exercise programs in stimulant cessation attempts. Most 

encouragingly, these current data imply that a beneficial or therapeutic effect can be 

obtained in people who have no prior history of exercising. Furthermore, the present results 

found that there was no individual correlation between the distance traveled on the wheel 

and subsequent suppression of drug intake. This is similar to a finding of no correlation in a 

study where wheel access preceded the initiation of cocaine access for six weeks (Smith and 

Pitts, 2011). Likewise, our prior report found that similar reductions in methamphetamine 

IVSA were produced by concurrent wheel access during the operant session (from the start 

of training) in strains of rats that differed about six fold in wheel activity. The most 

parsimonious explanation is that it is the individually-determined rewarding properties of 

exercise (Belke, 1997, 2000), rather than the magnitude or duration of physical exertion, 

which is the critical variable as discussed at length (Miller et al., 2012).

Limitations of the present study include the recognition that only a single wheel-access 

condition (one day long session of wheel access prior to the IVSA session) was used. Thus, 

further experimentation will be required to determine if there is an optimal temporal 

placement and/or duration of acute bouts of exercise relative to drug availability for the 

reduction of intravenous self-administration; it may be the case that such parameters depend 

on the drug being used. This study examined a fixed wheel intervention across four different 

stimulant self-administration models to enhance the ability to generalize but this precludes 

making precise quantitative inferences. Quantifying the differential impact of wheel access 

across drugs, as one example, would require a study using more constrained experimental 

procedures. It must also be considered that exercise may only be effective against a subset of 

drug use patterns, in terms of amount ingested and frequency of drug use. Future studies 

may illuminate the necessary exercise conditions and, for example, help to determine if 

metabolism or distribution of various drugs of abuse is altered sufficiently to explain the 

outcome. Ultimately, such findings will help to optimize therapeutic approaches using 

exercise and might also help to explain the heretofore mixed evidence from human smoking 

cessation trials (Ussher et al., 2008), which may have resulted from suboptimal exercise 

protocols in some trials.

The effect of wheel activity in the present study and the prior work with cocaine self-

administration is proposed to be specific to locomotor activity, but a plausible alternative 

interpretation is general environmental enrichment. Environmental enrichment (typically via 

the provision of novel objects in the home cage) has been shown to decrease subsequent 

self-administration of methylphenidate (Alvers et al., 2012) and cocaine (Puhl et al., 2012) 

in rats. Environmental enrichment also decreases cocaine place-preference conditioning in 

mice (Nader et al., 2012) but methamphetamine place conditioning in mice is not so 

influenced (Thiriet et al., 2011). One unknown factor, however, is the degree to which 

various kinds of environmental enrichment enhance rats’ spontaneous locomotor behavior 

which might be the specific factor necessary to affect subsequent drug preference.
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In terms of plausible neurological mechanisms, this study suggests that there are transient, 

short-term effects of exercise on mechanisms that influence voluntary stimulant drug intake. 

This effect in a rat model is similar to epidemiological data that show transient and short-

term protective effects after exercise, for example decreased nicotine craving or smoking 

cue reactivity immediately after workout sessions (Bock et al., 1999; Elibero et al., 2011; 

Taylor and Katomeri, 2007). Consequently, the mechanism cannot involve persisting effects 

on, e.g., neurodegeneration or neurogenesis, as has been suggested in studies in which rats 

(Engelmann et al., 2014; Sobieraj et al., 2014) or mice (Mustroph et al., 2015) exercise for 

several weeks prior to experiencing drug access. One potential mechanism of the effect of 

exercise may lie with endogenous opioid signaling. For example Chen and colleagues found 

that 25 min of treadmill running (35 m/min) increased leucine-enkephalin (L-ENK) levels in 

caudate-putamen neurons in rat brains up to 180 min post-exercise (Chen et al., 2007); 

dynorphin expression in the paraventricular nucleus was also elevated by acute exercise 30 

min after, but there was evidence that chronic activity might have upregulated dynorphin.

In summary, these data provide clear evidence from an animal model that access to wheels 

in the home cage for the entire day prior to the self-administration session greatly reduced 

the intake of methylone, MDMA or methamphetamine. Therefore the epidemiological 

evidence of reduced substance use in adolescents who engage in sports (Terry-McElrath and 

O’Malley, 2011; Terry-McElrath et al., 2011) is at least partially attributable to the exercise 

itself and not exclusively due to the social context of teams or the self-selection into 

athletics. These data from a rodent model further support the use of exercise in human 

stimulant drug user cessation attempts.
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• Abuse of psychomotor stimulants is a public health challenge

• One day of wheel access inhibits established METH self-administration

• Methylone and MDMA self-administration is also reduced by wheel access

• Exercise can reduce drug use even absent a prior exercise history
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Figure 1. 
Schematic of the sequence of test sessions grouped by experimental week and differentiated 

to indicate whether wheel access was provided in the day prior to the session. The shaded 

rectangles indicate there was no prior wheel access and the open rectangles indicate there 

was wheel access prior to that session. A) Design for Methamphetamine Group 1. B) Design 

for Methamphetamine Group 2. C) Design for the MDMA Group and methylone males. The 

experimental week of Cohort 2 in A represents the treatment of the methylone female rats, 

except they had an additional control week after the second experimental week.
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Figure 2. 
Mean (±SEM) infusions obtained four groups self-administering A) methamphetamine (1 

hr; 0.05 mg/kg/inf; N=18), B) methamphetamine (2 hr; 0.05 mg/kg/inf; N=13), C) MDMA 

(2 hr; 0.5 mg/kg/inf; N=11) or D) Methylone (2 hr; 0.5 mg/kg/inf; N=12). Significant 

differences from the first session within a week are indicated by * and significant 

differences between Wheel-access and No-Wheel weeks by #.
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Figure 3. 
Mean (±SEM) lever discrimination ratios from four groups of rats self-administering A) 
methamphetamine (1 hr; 0.05 mg/kg/inf; N=18), B) methamphetamine (2 hr; 0.05 mg/kg/

inf; N=13), C) MDMA (2 hr; 0.5 mg/kg/inf; N=11) or D) Methylone (2 hr; 0.5 mg/kg/inf; 

N=12). Significant differences from the second session within a week are indicated with &.

Aarde et al. Page 17

Drug Alcohol Depend. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Correlation of wheel quarter-rotations with changes in average drug infusions on the Wheel-

Access sessions compared with the corresponding sessions of NoWheel weeks.
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