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ARTICLE INFO ABSTRACT

Keywords: Introduction: Exercise programs have been shown to be effective for both reducing risk for, and intervention
Running following, substance abuse behaviors in both clinical and preclinical studies. Less is known, however, regarding
Treadf“ﬂl the underlying neurobiological substrates involved in these changes in drug seeking behavior. In this study, we
Exercise assessed cannabinoid receptor (CB1) levels throughout the brain which are key in endocannabinoid signaling
zs\:xtoradwgraphy following chronic aerobic exercise.

CB1 Methods: Male and female Lewis young adult rats were grouped into exercise and sedentary groups at 8 weeks of

age. Exercise rats ran on a treadmill at 10 m/min, 5 days/week, for 6 weeks, whereas sedentary rats remained in
their home cage. Rats were euthanized after 6 weeks, and in vitro receptor autoradiography was performed using
[3H] SR141716A to quantify CB1 receptors throughout the brain.

Results: Exercise rats did not show significantly different [°H] SR141716A binding levels as compared to se-
dentary rats; however, an overall sex effect was found, where males had 29% higher [®H] SR141716A binding
within the pyramidal layer of the hippocampus when compared to females. The chronic aerobic exercise regimen
did not produce any changes in CB1 receptor levels.

Conclusions: The present study found that chronic exercise during young adulthood did not alter cannabinoid
CB1 receptor levels in the brain. Therefore, previously reported decreased cocaine preference in parallel treated
cohorts did not involve exercise induced changes in CB1 levels which is key for endocannabinoid signaling.

1. Introduction A possible explanation for these results could be alterations in en-

docannabinoid (eCB) signaling as a result of exercise [5]. Exercise has

Aerobic exercise can mitigate the risk of several diseases and ne-
gative health outcomes including cancer and obesity-related disorders
(e.g type II diabetes mellitus, stroke, osteoarthritis) [1]. Cognitive
benefits have also been noted; including enhanced executive function,
learning and memory, and protection against cognitive decline during
aging and Alzheimer's disease [2]. Psychologically, exercise is linked to
several mental health benefits, including enhanced mood, and reduced
stress, anxiety, and depression [3]. A meta-analysis of 22 randomized
control trials assessed the efficacy of chronic exercise as an intervention
for substance abuse in adults, and found that exercise increased ab-
stinence rates across follow-up periods, drug class, and exercise type
and intensity, while mitigating withdrawal symptoms, anxiety, and
depression [4]. The mechanisms underlying these changes in behavior
and mood are still unknown.

been shown to activate the eCB system [6], and it has been hypothe-
sized that the mechanism behind the sensation of a “runners high” is
through the eCB system rather than the opiate system (for review see
[7]). The cognitive benefits of emotional regulation, including alle-
viating effects of depressive and anxious behaviors, enhanced memory,
along with reduced perception of pain have shown to possibly be
mediated by the eCB system [8]. Exercise has also been shown to affect
the central reward pathway and related behaviors [9,10]. The eCB
system has been shown to interact with this dopaminergic system [11].
Both dopamine and eCB neurotransmission in emotional brain circuits
contribute to regulating motivational and emotional neural processing
[12]. There has also been evidence showing that CB1 and D2 receptors
form heterodimers coupled to stimulatory G-proteins that enhance
cyclic nucleotides in heterologous expression systems and in striatal
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neurons [13,14]. This highlights the direct cross-talk between the two
signaling systems. Recently we found that exercise alters dopaminergic
transmission, presenting a possible biological pathway that reflects the
attenuation of drug-seeking and taking behavior in that dopamine type
2-like receptor increased and dopamine type 1-like receptor decreased
[9].

Discrepancies have been reported on the effects of exercise in the
role of addiction and between sexes (for review see [15]). Overall,
exercise has been shown to be effective in the initiation/acquisition,
maintenance, escalation, extinction, and relapse of drug-seeking and
preference across several drug classes (alcohol, nicotine, stimulants,
and opiates) [16,17]. Generally it has been found that females are more
susceptible to drugs during all phases of the addiction process [18]. A
better understanding of the relationship between exercise, sex and the
eCB system has potential to aid in addiction treatments.

2. Materials and methods
2.1. Animals

Male (n = 16) and female (n = 16) Lewis rats (Taconic, Hudson,
NY) at 8 weeks of age were individually housed under standard la-
boratory conditions at 22.0°C + 2°C with a 12h reverse light/dark
cycle (lights off: 08:00-20:00 h). Food and water were available ad-
libitum for the duration of the study. 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 University at Buffalo Institutional Animal Care and Use
Committee.

2.2. 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 en-
closed on the treadmill was used as in previous studies [16]. The di-
mensions of the running lanes were 56 cm long x 9 cm wide x 31 cm
high.

2.3. Exercise regimen

Following one week of habituation, male and female rats were
randomly assigned to be in either the sedentary or exercise group
(n = 8 per group). Rats in the exercise group were placed on the
treadmill (10 m/min) five days a week for six weeks. The first day of
exercise lasted 10 min and was increased by 10 min daily until the final
duration of 60 min was reached. A ten-minute break followed the first
half hour of exercise. During the course of the 6 weeks rats ran a total of
approximately 16.5km, rats in the sedentary group remained in their
cages and received no exercise other than normal cage ambulation, as
in previous studies [9,10,19].

2.4. In-vitro receptor autoradiography

[®H] SR141716A binding: All mice were anesthetized with a mix-
ture of ketamine (100 mg/kg) and xylazine (10 mg/kg), and the brains
were rapidly extracted, flash frozen in isopentane and stored at —80 °C.
Sagittal sections, 12 pm thick, were cut with a Leica cryostat and stored
at —80 °C until receptor binding was performed. In vitro CB1R auto-
radiography was performed as previously reported [20]. Briefly, sec-
tions were pre-incubated for 10 min in assay buffer solution (50 mM
Tris-HCl, 120 mM NacCl, 5 mM KCl, 2mM CaCl, 1 mM MgCl, pH 7.4) at
room temperature and then incubated for 90 min in assay buffer in the
presence of 0.4 nM [®H] SR 141716A (Amersham) at room temperature.
Non-specific binding was determined in the presence of 100 uM HU-210
(Tocris Bioscience). Incubation was followed by 3 x 30 min washes in
ice-cold assay buffer and a rapid rinse in ice-cold distilled H>O. The
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data were expressed in counts per minute per millimeter squared and
converted to pCi/g tissue using a brain paste standard of known
radioactivity value and mass [20].

2.5. Region of interest analysis

Regions of interest analyzed included the following brain regions as
per the rat stereotaxic brain atlas [21]: Cingulate (Cg), Insular (Ins),
Sensory cortex (S- Barrel field (bf), Hind limb (hl), Jaw (j), Shoulder
(sh), Trunk (tr), Upper lip (up)), Motor (Primary (M1) and Secondary
(M2)), Visual (Primary (V1) and Secondary (V2)), Piriform (Piri), Pre-
limbic (Prl), and Infralimbic (In) cortices, Striatum (Dorsal and Ven-
tral), Globus Pallidus (GP), Nucleus Accumbens (NAc), Substantia Nigra
(SN), Superior and Inferior colliculi (S colli, I colli), and Periaquaductal
Grey (PAG).

2.6. Statistics

A two-way ANOVA was conducted within each region of interest to
determine the effects of sex and exercise treatment on CB1 receptor
binding. Significance level was set at a = 0.05 and all statistical ana-
lyses were performed with Sigmaplot 11.0 (Systat Software, Inc.,
Chicago, Illinois).

3. Results

A two-way ANOVA was conducted with the factors of Sex [Male,
Female] and Treatment [Exercise, Sedentary] within each region of
interest for CB1 binding. No effect of exercise was found for any region.
However, an overall sex effect was found within the pyramidal layer in
the hippocampus [F(1,24) = 6.018; p < .05; See Fig. 1], where males
displayed 29% greater CB1 receptor binding compared to females.

4. Discussion

In the present study, we examined the effect of chronic forced
aerobic (treadmill running) exercise during on CB1 receptor expression
in young adult Lewis rats. Exercise began in early adulthood, as there
are critical neurodevelopmental periods during adolescence noted
where the eCB system is more sensitive to environmental stimuli [22]
including endocannabinoids [23] and exercise [24]. Both male and
female rats were used, as the eCB system has been shown to play an
important neurodevelopmental role that differs between sex [25].
Lastly, treadmill exercise, rather than voluntary wheel running exercise
was chosen so that each rat's exercise in terms of speed, frequency,
duration, and intensity would be the same. Additionally, it has been
hypothesized that forced running mimics the behavior of the average
person, while voluntary running mimics the behavior of high endurance
athletes, as rodents will voluntarily engage in large volumes of exercise
when given access to a running wheel [26]. With this in mind, forced
daily exercise is an excellent model for studying the effects of exercise
as an addiction intervention.

While prior research has provided several lines of evidence that
exercise has an effect on endocannabinoid (eCB) transmission (for re-
view see [7]), the results of the present study show that this specific
6 week aerobic exercise regimen (treadmill running at 10 m/min,
60 min/day, 5 days/week) produced no significant changes in canna-
binoid CB1 receptor levels in any brain region measured. This study was
in agreement, however, with others showing differences between male
and female endocannabinoid signaling in the hippocampus, specifically
in the pyramidal layer [27].

Pyramidal cells play a role in hippocampal plasticity [28], which
also varies by sex [27]. The eCB system regulates aspects of synaptic
plasticity, including long-term depression [29] pyramidal cell specifi-
cation, long range axon patterning [30] and interneuron migration
[31]. Preclinical studies have shown plasticity, neurogenesis and
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Fig. 1. Mean (+ SEM) [3H] SR141716A binding for CB1 receptors in male and female sedentary versus exercised rats. There was no exercise effect found on CB1
receptor binding in any region examined. Overall sex effect, where males showed higher [3H] SR141716A binding in the pyramidal layer of the hippocampus

[p < .05].

neurotransmitter systems were affected by sex hormones, which could
be an underlying reason for differences between sexes in drug addiction
[32,33].

The eCB system has been shown to play a crucial role in establishing
normal sex differences in the brain [34]. During adolescence, females
have been found to have slightly lower Cb1 receptor density expression
compared to males [35]. This slight difference becomes clear in adult
rats. Males have been found to have greater CB1 receptor expression in
the hippocampus [36] while females have been found to have higher
CB1 receptor-mediated G protein function in the hippocampal forma-
tion [37]. Testicular hormones are responsible for the increase in the
density of dendritic spines in hippocampal neurons during puberty,
which then decrease after [38] There has been evidence showing that
levels of CB1 fluctuate during the estrus cycle in females [39]. Estradiol
treatment also has been shown to regulate hundreds of hippocampal
genes [40]. Frester et al. also found that estradiol synthesis by hippo-
campal neurons maintain long-term potentiation (LTP) and synapses in
females but not males [32]. Cognition in women has been found to be
impaired when estradiol was not within optimal levels [41]. The effects
of estradiol do vary between age and duration of estrogen decline in
ovariectomized rats [42]. Estradiol has also been found to be a large
contributor to female vulnerability to addictive behaviors [43].

Ovarian hormones have been shown to enhance drug addiction re-
lated behaviors (acquisition, maintenance, and escalation) [44,45].
Estradiol has also been shown to facilitate positive subjective effects of
amphetamine and enhances the acquisition for cocaine [46,47]. On the
contrary there also have been studies that have found no difference
between males and females in either phase (luteal or follicular) of the
estrus cycle in regards to the effects of cocaine [48]. Testosterone has
been shown to attenuate the response to cocaine in male subjects [49].
Interestingly, Cb1 has a role in the production of sex hormones, one of
which is to repress testosterone production [50].

Previous studies suggest a relationship between exercise and the
endocannabinoid system. Clinically, acute voluntary aerobic exercise
on a stationary bike has been shown to increase AEA levels [51];
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preclinical wheel running increased sensitization of CB1 receptors in
the striatum [52]. It was also found that voluntary wheel running was
dependent on the presence of Cbl receptors [53]. CB1 receptors also
have a strong implication in voluntary wheel running behavior and
neurogenesis in the hippocampus. CB1 deficient mice exhibited de-
creased wheel running behavior as well as a decrease in immature
neurons in the dentate gyrus [54]. Increases in CB1 binding site density
due to wheel running in the hippocampus has been found to be required
for the exercise-induced increase in cell proliferation [55]. While these
effects are present in voluntary wheel running behavior, there is evi-
dence of more robust results in regards to neurogenesis and plasticity
with forced exercise [26,56].

There have been limited studies, however, directly looking at the
effects of forced exercise on CB1 receptor density. There has been a
study with similar findings of forced treadmill running showing no
change in gene expression in the liver [57]. The lack of effect of exercise
on CB1 receptors found here is in contrast to another study in rats that
found that chronic treadmill running decreased CB1 binding in the
striatum and hippocampus [58]. It is possible that the exercise “dose”
or prescribed exercise regimen was not within an intensity range to
show changes in Cb1l binding. The previous study had rats run at a
speed of 18 m/min, nearly double that used in the current study. This is
a similar finding to another study which one month old rats performed
a forced swim test for three times a week for six months and also found
decreased Cbl expression in adipose tissue [59] This possibility is
supported by findings that, along with subjective reports of “runners
high” conditions, there have been studies showing eCB signaling is
modulated by intensity of exercise [6,51], although these were clinical
studies and looking at AEA and or 2-AG, which are peripheral in-
dicators of Cbl signaling. Although it is clear that both short-term,
voluntary exercises and long-term forced exercises increase eCb ligand
concentrations, only long-term-forced exercise shows sustained in-
creases of eCB's and predictable CB1 downregulation [60-62].

Another alternative explanation lies in the sensitivity of the CB1
system due to the age of our subjects. Our animals began exercise at
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young adulthood (ages 2 through 3.5 months), while the aforemen-
tioned studies utilized exercise intervention starting in adolescence (age
3 weeks, and one month old respectively). Adolescence is marked by
high neural plasticity, which decreases with age [63], and sensitivity to
environmental stimuli [22], including exposure to endocannabinoids
[23] and exercise [24].

There has been evidence showing that eCB signaling through CB1
receptors can modulate substance abuse-related behavior; therefore,
the aim of the current study was to determine whether the exercise-
induced reductions in drug-seeking behavior previously noted could be
mediated in part by changes in CB1 receptor binding. Additionally, the
same exercise regimen used in the current study was previously shown
to attenuate conditioned place preference for cocaine in a different
cohort of male and female rats of the same age and strain [16]. Pre-
treatment with CB1 antagonists decreases relapse to cocaine [64], while
mice lacking the CB1 receptor showed decreased preference for and
intake of alcohol [65]. CB1 antagonists also reduce nicotine and A°-
tetrahydrocannabinol (THC) self-administration, decrease morphine-
induced conditioned place preference and block reinstatement of me-
thamphetamine-seeking behavior in rats [66-68]. On the contrary
cannabinoid administration produces cross- sensitization to the loco-
motor effects of amphetamine [69].

While our studies and others have demonstrated that exercise is
effective in reducing susceptibility to drug addiction [15,16,19,70], the
present findings suggest that these effects were not be mediated by
changes in CB1 receptor levels (at least during young adulthood). There
have been reported sex differences in many phases of addiction
[16,44,71]. Possibly due to the role of sex- hormones, there have also
been inconsistent results between studies the effects of sex specific
exercise interventions [72-74].
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