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Abstract
Exercise affects neuroplasticity and neurotransmission including dopamine (DA), which
modulates drug-taking behavior. Previous research in rodents has shown that exercise may
attenuate the rewarding effects of drugs of abuse. The present study examined the effects of high
and low exercise on cocaine responses in male Wistar rats that had been trained to self-administer
and were compared to a group of sedentary rats. High exercise rats (HE) ran daily on a treadmill
for 2 h and low exercise (LE) ran daily for 1 h. After 6 weeks of this exercise regimen, rats were
tested over 2 days for reinstatement (day 1: cue-induced reinstatement; day 2: cocaine-primed
reinstatement). During cue-induced reinstatement, the sedentary rats showed the expected increase
in active lever responses when compared to maintenance, whereas these increased responses were
inhibited in the exercised rats (HE and LE). During cocaine-primed reinstatement, however, there
was a significant increase in active lever presses when compared to maintenance only in the HE
group. This data suggests that chronic exercise during abstinence attenuates the cue-induced
reinstatement seen in the sedentary rats by 26% (LE) and 21% (HE). In contrast, only the high
exercise rats exhibited sensitized cocaine-seeking behavior (active lever presses) following
cocaine-primed reinstatement. Finally, while sedentary rats increased locomotor activity during
cocaine-primed reinstatement over that seen with cocaine during maintenance, this was not
observed in the exercised rats, suggesting that exercise may interfere with the sensitized locomotor
response during cocaine reinstatement.
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1. Introduction
Physical exercise is important to neuroplasticity and neuronal health [1]. Although exercise
induces plasticity in many brain regions [2,3], the area of greatest study has been the
striatum. There, cerebral glucose uptake increases during exercise [4], and exercise produces
a long term increase in dopamine type 2 receptor levels in mature and old rats [5,6].
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Exercise has also been shown to have effects on the DA metabolite DOPAC in the
accumbens and caudate nucleus [7,8] and to be neuroprotective of DA neurons in models of
Parkinson’s disease [9]. Treadmill exercise has been shown to facilitate behavioral recovery
after MPTP lesioning of the basal ganglia, and this appeared to be mediated through effects
on dopamine transporters (DAT) and D2 mRNA levels [10]. Thus, these studies show that
forced exercise can alter the striatal dopaminergic system.

The DA system modulates the rewarding responses to drugs of abuse and is involved in the
neuroadaptations that occur with addiction [11]. Thus, it is hypothesized that exercise, via its
effects on the striatal DA system, would affect responses to drugs of abuse. Indeed, survey
studies in adolescents suggest a relationship between lack of physical activity and high-risk
behaviors, such as taking drugs, smoking cigarettes, and consuming alcohol [12,13].
Additionally, adolescents who exercise on a daily basis are 50% and 40% less likely to
smoke cigarettes and marijuana, respectively [14]. Preclinical studies provide strong
evidence for this as well, as exercise inhibited cocaine conditioned place preference (CPP)
in male Lewis rats and attenuated it in females (six weeks of daily treadmill running) [15],
reduced cocaine self-administration (0.2 mg/ml) in female, but not male, Sprague Dawley
rats (running wheel for 2 weeks) [16], and decreased cocaine seeking [break point for a
Progressive Ratio schedule] in female Long-Evans rats (running wheel for 6 weeks) [17].

Current research is also exploring the ability of exercise to prevent relapse. Already, it has
been shown that women enrolled in a smoking-cessation program were twice as likely to
quit successfully if they engaged in regular exercise [18]. Exercise has also been shown to
prevent relapse of drug-seeking behavior in rodents. Specifically, in female Wistar rats,
cocaine-primed reinstatement was decreased during the experimental phase (extinction or
reinstatement) when rats had access to a running wheel and the effect disappeared upon
removal of the running wheel [19], and male Sprague Dawley rats with access to a running
wheel exhibited decreased cocaine-seeking behavior during both extinction and cue-paired
reinstatement sessions [20].

Here, we assess the effect of long-term exercise (six weeks) following cocaine
discontinuation on cocaine relapse in rats using a cocaine-primed and a cue-paired
reinstatement model [21-23]. Forced daily exercise (motorized treadmill) was used instead
of voluntary wheel running in order to control the level of exercise (time of onset, duration,
and amount), since we wanted to assess the effects of low versus high exercise exposure.
Furthermore, it has been theorized that forced exercise is a better model for humans, as it is
performed for a restricted period of time, and forced running also models most humans’
attitude toward exercise; whereas voluntary exercise would more accurately model athletic
individuals that would choose to engage in prolonged physical activity (i.e. endurance
athletes) [24,25]. In light of this, forced daily exercise is a better model for studying the
effects of exercise in recovering addicted subjects who are being encouraged to run as part
of the activities of a substance abuse treatment program.

The abstinence phase of the experiment was six weeks long, since we wanted to study the
long-term effects of exercise, as had been shown by previous studies [15,17]. To our
knowledge, this is the longest exercise exposure tested during a post-cocaine self-
administration phase (prior studies limited exercise exposures to 2 weeks) [19].

Reinstatement was examined using both cue- and cocaine-primed reinstatement [1]. Cue-
induced reinstatement was used as previously described, where rats were exposed to
environmental cues previously paired with cocaine [26]. During cocaine-induced
reinstatement, rats received a cocaine priming injection (15 mg/kg i.p.) along with cocaine-
paired cues as previously described [21]. This paradigm allowed us to examine the effect of
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exercise on both pharmacological and environmental factors that contribute to cocaine
reinstatement.

2. Materials and methods
2.1. Animals

Male Wistar rats (Taconic, Hudson, NY) at 8 weeks of age were individually housed under
standard laboratory conditions at 22.0 ± 2 °C with a 12 h reverse light/dark cycle (lights off:
08:00–20:00 h). Food and water were available ad libitum for the duration of the study, with
the exception of the night prior to food training, during which subjects were denied food. All
subjects were handled daily. The experiment was conducted in accordance with the National
Academy of Sciences Guide for the Care and Use of Laboratory Animals (1996) and
Brookhaven National Laboratory Institutional Animal Care and Use Committee.

2.2. Drugs
Cocaine hydrochloride was prepared by dissolving cocaine in 0.9% saline to the desired
concentration. Rats received 0.5 mg/kg/infusion intravenously during cocaine training and
self-administration periods. For cocaine-primed reinstatement, rats received a 15 mg/kg i.p.
cocaine injection.

2.3. Apparatus
2.3.1. Self-administration chambers—Self-administration chambers (Coulbourn
Instruments, Allentown, PA) were placed inside sound attenuation cubicles. Each operant
chamber (30 cm × 25 cm × 30 cm) consisted of a floor composed of thin metal bars, two
metal side walls, two clear plastic front and back walls, and a metal ceiling. On one of the
metal walls, there were two levers with a food receptacle in between them and a cue light
directly above each lever. The left lever was the active (reinforced) lever and the right the
inactive (non-reinforced) lever during the food and drug administration phases. Each box
was equipped with infrared locomotor sensors that measured beam breaks (locomotor
activity) during the runs. A house light on the side of the operant chamber faced the levers
and the food receptacle remained lit throughout the sessions. The cocaine infusion pump
was set at a fixed rate of 0.025 ml/s for a 4 s duration. An infusion line attached to a swivel
arm entered through the top of the chamber and connected directly to the rat’s catheter. The
experimental protocols were programmed and data was collected using Graphic State v3.01
software (Coulbourn Instruments, Allentown, PA).

2.3.2. Treadmill—A custom-made motorized treadmill divided into eight lanes by
Plexiglas walls and by a sheet of metal at its end to keep the rats enclosed on the treadmill
was used. The dimensions of the running lanes were 56 cm long × 9 cm wide × 31 cm high.

2.4. Procedures
2.4.1. Food training—Prior to surgery, all animals were food-restricted overnight and
trained to lever press for food pellets using a fixed ratio (FR1) schedule (Fig. 1). Pressing
the active lever resulted in activation of its associated lever light for 2 s and the delivery of a
single 40 mg food pellet into the food receptacle. After food delivery, the cue light ceased to
illuminate, and a 30 s timeout period followed during which lever presses and locomotor
activity were recorded, but no reinforcement was delivered upon pressing the active lever.
The inactive lever had no programmed response. Rats were said to have achieved food
training criteria if they showed a 95% or greater preference for the active lever in the
overnight food training session. All rats achieved this criterion in one session.
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2.4.2. Jugular vein catheterization surgery—After reaching food criteria, jugular
vein catheterization surgery was performed using a previously described method [27].
Briefly, rats were anesthetized with a 100/10 mg/kg ketamine/xylazine mixture, and an
indwelling catheter was implanted in the right external jugular vein. Ketorolac (5 mg/kg)
was used as a post-operative analgesic immediately following surgery. Rats recovered for a
minimum of 3 days, and a glycerol–heparin solution with cefazolin was infused daily to
prevent clotting and infection. Catheter patency was tested 72 h post-operatively using a
10:1 mg/kg ketamine:xylazine solution. Catheters were deemed patent if the rats lost the
righting reflex within 3 s. Patency was checked twice weekly during the cocaine self-
administration period. Rats that lost patency before completing the self-administration phase
of the experiment were excluded from the study.

2.4.3. Cocaine training—After recovery from surgery, rats underwent cocaine training
using an FR1 schedule of reinforcement (Fig. 1). Cocaine training sessions were 1 h in
duration, during which a single press on the active lever resulted in a 0.5 mg/kg i.v. infusion
of cocaine. The cocaine infusion was accompanied by illumination of the lever light, which
served as a visual cue, and the sound of the infusion pump, which served as an auditory cue.
Each cocaine infusion was followed by a 30 s timeout period, during which pressing the
active lever did not infuse cocaine. Once a rat met criteria, it moved on to the cocaine self-
administration phase. The criteria was set such that the subject had to press the active lever
at least twice as many times as the inactive lever during the session, or was on cocaine
training for a maximum of 7 days.

2.4.4. Cocaine self-administration—Following cocaine training, rats underwent a 14-
day cocaine self-administration period (Fig. 1). Daily sessions were 6 h in duration and
under the same FR1 schedule as in cocaine training.

2.4.5. Cocaine abstinence and exercise regimen—Following cocaine self-
administration, all rats were subjected to a six-week abstinence period, during which access
to cocaine and cocaine-associated cues were removed (Fig. 1). At this point, rats were
randomly assigned to one of the following groups: Low Exercise (LE; n = 13), High
Exercise (HE; n = 11) or Sedentary (S; n = 13) group. The LE and HE rats were placed on
the treadmill (10 m/min) five days a week for the six-week period. The first day of exercise
lasted 10 min and was increased by 10 min daily, until the set duration was reached; 1 h for
LE and 2 h for HE. A 10-min break followed every half hour of exercise. In the course of
the 6 weeks, the HE rats ran a total of approximately 29.4 km, and the LE rats ran a total of
approximately 16.5 km. During this period, the sedentary (S) group was restricted to their
cages and received no exercise other than normal cage ambulation.

2.4.6. Reinstatement—Following the cocaine abstinence period, during which exercise
was performed (except for the sedentary group), all rats began reinstatement (Fig. 1).
Cocaine reinstatement consisted of two 6-h runs in the self-administration apparatus on
subsequent days. On the first day of reinstatement (cue-induced reinstatement), rats were
placed in the operant chamber as in the past. A single press on the active lever did not result
in delivery of cocaine but did deliver the visual (lever light on) and auditory (infusion pump
sound) cues. The next day (cocaine-primed reinstatement) was identical to the previous day,
except that before the rats were placed in the chamber, they received a 15 mg/kg i.p.
cocaine-priming injection.

2.4.7. Data analysis—A series of one-way ANOVAs were performed comparing the
three treatment groups for active and inactive lever presses, as well as locomotor activity, on
both cue-induced and cocaine-induced reinstatement as compared to the mean of the last
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three days of cocaine self-administration (maintenance). When appropriate, follow-up
pairwise multiple comparisons tests were performed using the Holm–Sidak method (α =
0.05). Pearson Product Moment correlations were performed to assess relationships between
cue-induced and cocaine-primed active lever presses during reinstatement, as well as
between cue-induced reinstatement active lever presses and locomotor activity during the
cocaine-primed reinstatement period. Statistics were performed with the SigmaStat 3.5
statistics program.

3. Results
3.1. Cue-induced reinstatement

3.1.1. Active lever presses—The one-way ANOVA comparing active lever presses by
the three treatment groups during cue-induced reinstatement and the maintenance levels was
significant [F(3,73) = 7.39; p < 0.001]. Pairwise comparisons found that the increase in lever
presses from maintenance to reinstatement levels were significant in the sedentary group (t =
4.32; p < 0.001; Fig. 2), but did not reach significance in LE or HE rats (Fig. 2). However,
active lever during cue-induced reinstatement did not differ between the 3 treatment groups,
which indicates that while exercise attenuated the increases in lever presses seen in
reinstatement over those in maintenance (HE and LE), the effect was not large enough as to
show a significant effect when compared with that in the S group.

3.1.2. Inactive lever presses—A one-way ANOVA revealed no differences between
inactive lever presses for each treatment group during cue-induced reinstatement and
maintenance levels [F(3,73) = 1.496; p > 0.05], nor between the treatment groups during
reinstatement.

3.1.3. Locomotor activity—Similarly, no significant differences in locomotor activity
were observed between treatment groups, nor compared to maintenance [F(3,73) = 0.483; p
> 0.05)].

3.2. Cocaine-primed reinstatement
3.2.1. Active lever presses—The one-way ANOVA comparing active lever presses by
the three treatment groups during cocaine-primed reinstatement and the maintenance levels
was significant [F(3,73) = 3.793; p = 0.01; Fig. 3]. Pairwise comparisons revealed that the
increase from maintenance to reinstatement was significant only in HE rats (t = 3.291; p <
0.01), not in LE or S rats. Comparisons between groups showed that during reinstatement,
HE rats responded more than LE rats (t = 2.681; p < 0.01) but the comparison with the S rats
were not significant. There were no differences between LE and S rats.

3.2.2. Inactive lever presses—A one-way ANOVA found no significant differences in
inactive lever presses across treatment and compared to maintenance [F(3,73) = 2.546; p >
0.05].

3.2.3. Locomotor activity—A one-way ANOVA showed a significant difference among
treatment groups during cocaine-induced reinstatement compared to maintenance [F(3,73) =
5.873; p = 0.001; Fig. 4]. Pairwise comparisons showed that the increase in locomotor
activity was significant in S rats (t = 3.861; p < 0.001; Fig. 4), but not in HE and LE rats.
However, comparisons between the groups showed no significant differences in locomotor
activity during cocaine-induced reinstatement.
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3.3. Correlation analyses
A Pearson Correlation analysis was performed comparing active lever presses during cue-
induced and cocaine-primed reinstatement (Fig. 5). The positive significant correlation
between these measures approached significance when analyzed across all treatment groups
(r = 0.279; p = 0.09), and reached statistical significance within the S (r = 0.555; p = 0.05)
and HE (r = 0.779; p < 0.01) groups but not in the LE rats (r = −0.296; p > 0.05).

Since both levels of exercise reduced active lever pressing during cue-induced reinstatement
and behavioral sensitization (locomotor activity during cocaine-primed reinstatement), a
Pearson correlation tested whether there was a relationship between these two measures,
which was not significant (p > 0.05).

4. Discussion
Relapse into drug-taking behavior can be triggered by drug-priming, environmental cues,
and stress, and these reflect differential involvement of specific brain regions [28-30]. Here,
we examined the effects of forced exercise during the abstinence period and show what
appeared as opposite effects for cue-induced (attenuated in LE and HE) versus cocaine-
primed (HE facilitated) reinstatement.

During cue-induced reinstatement, sedentary rats showed active lever presses that were
significantly increased over those seen in maintenance. Whereas lever presses were also
increased over maintenance in HE and LE rats, this increase was not significant. Hence, it
appears as if exercise may have attenuated the increase in active lever presses to a similar
extent in the high and the low exercise treated rats. These results are consistent with prior
findings, which found that exercise decreased cue-paired cocaine reinstatement [20], and
that voluntary exercise beginning in adolescence and continuing throughout cocaine self-
administration, extinction, and reinstatement decreased cue-induced reinstatement [31].

During cocaine-primed reinstatement, sedentary and LE rats did not show a difference in
active lever presses compared to maintenance levels. As was seen for cue-induced
reinstatement, one might also expect an increase in lever presses from maintenance during
cocaine-primed reinstatement due to cocaine incubation [32]. While this lack of incubation
might be explained in the LE group as an effect of exercise treatment, one would still expect
to see an increase in the S group. We hypothesize that the cue-induced reinstatement session
that occurred on the day prior may have interfered with the subsequent drug-primed
reinstatement. Previous studies that tested cue-induced and drug-primed reinstatement in the
same rats exposed subjects to extinction sessions prior to each type of reinstatement [22,31],
one of which also re-established cocaine self-administration before the second reinstatement
test [31].

Contrastingly, HE rats showed a significant increase in active lever responses compared to
maintenance levels and to LE rats during this reinstatement session, suggesting that this
relatively high level of exercise facilitates cocaine-primed relapse. This effect is opposite of
that seen with cue-induced reinstatement, which is likely to reflect the differential effects of
exercise on unique neuro-biological substrates that underlie cue versus drug-induced relapse
[26,33-36]. Additionally, there was a positive correlation between cocaine-induced and cue-
induced active lever presses in the HE and S groups. This may point to a shared or parallel
mechanism in the two types of reinstatement in these groups. On the other hand, this result
was not shared in the LE group; which implies that that the low exercise dose may disrupt
this mechanism in some way.
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It is generally accepted that pathways of both cue-induced and cocaine-primed reinstatement
converge on the dorsolateral pre-frontal cortex (dPFC), particularly the anterior cingulate
cortex, which sends glutamatergic projections to the nucleus accumbens [36]. These two
modes of reinstatement diverge, however, in their innervation of the anterior cingulate
cortex, which may explain the differential effects of exercise that we observed. Cue-induced
reinstatement, but not cocaine-primed reinstatement, is mediated by dopaminergic
innervation of the basolateral amygdala (acting on D1 receptors) from the VTA, which then
subsequently signals to the anterior cingulate [35,36]. It has been found that a similar
treadmill running regimen (4 weeks, 5 days per week, 60 min/day, at a speed from 9 to 16
m/min) increases dendritic arborization, spine density, and expression of proteins involved
in neurotransmission and synaptic plasticity (TrkB, SNAP-25, Syt I, and Syt IV) in the
basolateral amygdala compared to sedentary rats [34]. Therefore, further investigation is
warranted into the possible role of exercise-induced changes in the basolateral amygdala on
the inhibition of cue-paired cocaine reinstatement.

Rats show individual variability in the incentive motivation responses to cues previously
paired with reward [37-39], that predicts their propensity toward addictive behavior [37].
Cocaine-paired cues increased reinstatement in a subset of animals [37]. Recently, it was
shown that in some rats, a reward (food) associated cue can become desirable in and of itself
(“sign trackers”), whereas in other rats (“goal trackers”), the cue by itself is not desirable,
and these rats go directly to the location where the reward is to be dispensed [39]. DA in
nucleus accumbens was associated with the acquisition of sign tracking but not goal tracking
[39]. Since there are known effects of exercise on DA [5,6,9,10], it is therefore possible that
these DA changes may contribute to the exercise-mediated attenuation of cue-induced
reinstatement.

The pathway of drug-primed cocaine reinstatement, on the other hand, involves the VTA
sending dopaminergic projections directly to the dPFC (anterior cingulate and NAc shell). It
has also been shown that glutamate activating DA neurons in the VTA is an important factor
in cocaine primed reinstatement [40]. It is known that exercise has a strong effect on
dopaminergic neurons in the VTA. It has been shown that six weeks of access to a running
wheel increases levels of tyrosine hydroxylase mRNA in the VTA [41]. It has also been
shown that forced exercise facilitates recovery of DA neurons in mice that were subjected to
MPTP lesioning [42] The precise effect of exercise on glutamate in the VTA is to our
knowledge unexplored and is an interesting topic for future research.

Both levels of exercise not only inhibited cue-induced reinstatement, but also sensitization to
cocaine, as exercise blocked the increase in locomotor activity from maintenance to cocaine-
primed reinstatement that was observed in sedentary animals. It should be noted that
exercise did not affect cocaine-induced locomotion per se, as activity levels during cocaine-
primed reinstatement were comparable to those exhibited during the maintenance period of
cocaine self-administration. To our knowledge, this is the first evidence that exercise
attenuates the sensitized locomotor-activating response of acute cocaine administration
following abstinence. This raises the question of whether there may be a shared mechanism
modulating both of these effects. One possible mechanism involves the adrenergic system,
aspects of which have been shown to mediate cocaine reinstatement [33,43], as well as the
development and expression of cocaine sensitization [44,45]. Clonidine, an alpha2
adrenergic agonist, blocks cue-induced reinstatement (but not cocaine-primed reinstatement)
[33,43], retards the development of cocaine sensitization, and inhibits the expression of
cocaine sensitization during reinstatement [44]. Additionally, yohimbine, an alpha2
adrenergic antagonist, facilitates and potentiates cue-induced cocaine reinstatement, but does
not block sensitization [46,47]. Chronic forced exercise was shown to increase: noradrenalin
levels [48,49]; in the pons and medulla [50]; nor-adrenaline turnover (which would lead to
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noradrenaline receptor down-regulation) [51]; and endothelial alpha-2adrenergic receptor
binding affinity and response to clonidine [52]. Furthermore, chronic treadmill exercise also
decreased affinity of α2 adrenoreceptors while increasing affinity of vasopressin receptors
in the nucleus tractus solitarius [53]. The effect of treadmill exercise on α2 adrenergic
receptors in relevant brain regions remains to be explored, as does this possible link to
blocking cue-induced reinstatement and cocaine sensitization. There was not, however, a
significant correlation between active lever presses during cue-induced reinstatement and
locomotor activity during cocaine-primed reinstatement, suggesting that these two effects
may reflect distinct mechanisms.

In comparing the findings from previous studies that evaluated the effects of exercise on
cocaine reinstatement, there are important methodological differences that are likely to
affect the results obtained such as type of exercise (voluntary or forced), timing and duration
of the exercise, and the reinstatement paradigm used.

4.1. Forced vs. voluntary exercise
Prior studies have mostly used a voluntary wheel running exercise in the rats’ home
environment [19,20], whereas the present study utilized a forced treadmill exercise
paradigm. These two exercise paradigms are significantly different and may render different
results [25]. Leasure and Jones compared forced exercise with voluntary exercise and
reported that rats exposed to a very high level of forced exercise (20 m/min for 150 min/day)
showed increased anxiety, as measured by an open-field test and increased defecation;
however, the paradigm used was of greater intensity than the one used in the present study in
time (120 min) and speed (10 m/min) [25]. Furthermore, Leasure and Jones also reported
that there was no difference between voluntary and forced exercise groups as measured by a
fecal corticosterone assay which is a standard physiological measure of stress [25].

An advantage of the treadmill exercise method is the ability to precisely regulate the
intensity and duration of the exercise exposure. In our study, this allowed us to gauge the
effect of two different exercise levels on cocaine reinstatement. In contrast, wheel running
produces great inter subject variability in levels of exercise and is affected by differences in
motivation.

Finally, as stated previously, forced exercise is preferable for this particular experimental
design because it would be a more accurate representation of the sort of exercise effect that
would be expected from aerobic exercise that is utilized in a cocaine rehabilitation program.
Cocaine addicts tend to be non-athletic individuals who would not engage in physical
exercise without some form of coercion. It is postulated that forced exercise is a better
model for non-athletic individuals who are being made to exercise; where as voluntary
exercise is a more accurate model for athletic individuals who take pleasure in prolonged
physical activity [25] (Leasure, 2008 #19778).

4.2. Exercise design
Previous studies have treated rats with voluntary exercise before cocaine self- administration
[43], during cocaine self-administration [43], during extinction [19,43] or abstinence [20],
and during reinstatement [19,20,31]. Also, the duration of exercise varies greatly among
these studies. Lynch et al. (2010) used 2 weeks of voluntary exercise during extinction;
Smith et al. (2011) used 12 weeks of voluntary exercise throughout the course of the whole
study; and Zlebnik et al. (2010) used 2–3 weeks of voluntary exercise. The present study
treated the rats to treadmill forced exercise only during the 6 weeks of abstinence. This was
done to model the clinical scenario where most addicts do not typically exercise while
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consuming drugs, and the initiation of exercised is linked with their participation in a
treatment program during abstinence.

4.3. Reinstatement paradigm
Studies differ in the reinstatement paradigm used. Some tested exercise effects on cocaine
cue-induced reinstatement [20,31], while others examined exercise effects on cocaine-
primed reinstatement [19,31]. The present study examined both, thereby allowing us to
identify a differential pattern within rats. In the same groups, we found that HE increased
lever pressing during cocaine-induced reinstatement, whereas both LE and HE attenuated
the increases in lever pressing during cue-induced reinstatement.

In conclusion, the present study showed that moderate (1 h/day) treadmill exercise may be
protective against cue-induced cocaine reinstatement and attenuates cocaine-induced
locomotor activation. On the other hand, vigorous (2 h/day) exercise can lead to increases in
cocaine induced reinstatement. These findings provide evidence of the complex nature of
cocaine addiction and the effects of physical exercise on reinstatement. These and other data
are encouraging and point to the potential benefits of aerobic exercise (although care is
advisable in its application), while also pointing to the need for further research into the
specific mechanisms of action of exercise with respect to cocaine relapse.
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HIGHLIGHTS

► Daily treadmill exercise may be protective against cue-induced cocaine
reinstatement.

► Daily treadmill exercise attenuates cocaine-induced locomotor activation.

► Potential benefits of aerobic exercise with respect to cocaine relapse.
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Fig. 1.
A timeline outlining the sequence of procedures during the study.
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Fig. 2.
Cue-induced reinstatement: active lever presses vs. maintenance (M). The sedentary group
shows a significant increase in active lever presses when compared to M (*p < 0.001). There
is no significant increase from maintenance for either of the exercise groups.
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Fig. 3.
Cocaine-primed reinstatement: active lever presses vs. M. HE rats lever pressed more than
during M (*p < 0.01), and also exhibited significantly increased lever pressing compared to
LE rats during reinstatement (#p < 0.01).
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Fig. 4.
Locomotor activity during cocaine-primed reinstatement. There was a significant increase in
locomotor activity for only the S group during reinstatement compared to M (*p < 0.001).
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Fig. 5.
Correlations between number of cue induced active lever presses on the first reinstatement
test with cocaine induced active lever presses on the second reinstatement test. There is a
significant correlation between cocaine induced and cue induced active lever presses in the
HE (p < 0.01) and S (p = 0.05) groups. There was no significant correlation between active
lever presses for the two reinstatement tests in the LE group (p = 0.33).
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