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• The endocannabinoid system is involved in regulation of voluntary locomotion.
• We studied 4 replicate lines of high runner (HR) mice bred for wheel exercise.
• Blood was collected during peak running on night 6 of wheel access.
• 2-AG and/or AEA levels differed between the sexes and between HR and control lines.
• Levels were also affected by wheel access (training effect) and acutely by activity.
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The endocannabinoid system servesmany physiological roles, including in the regulation of energy balance, food re-
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ward, and voluntary locomotion. Signaling at the cannabinoid type 1 receptor has been specifically implicated in
motivation for rodent voluntary exercise on wheels. We studied four replicate lines of high runner (HR) mice that
have been selectively bred for 81 generations based on average number of wheel revolutions on days five and six
of a six-day period of wheel access. Four additional replicate lines are bred without regard to wheel running, and
serve as controls (C) for random genetic effects that may cause divergence among lines. On average, mice from
HR lines voluntarily run onwheels three timesmore than Cmice on a daily basis. We tested the general hypothesis
that circulating levels of endocannabinoids (i.e., 2-arachidonoylglycerol [2-AG] and anandamide [AEA]) differ be-
tween HR and C mice in a sex-specific manner. Fifty male and 50 female mice were allowed access to wheels for
six days, while another 50males and 50 females were kept without access to wheels (half HR, half C for all groups).
Blood was collected by cardiac puncture during the time of peak running on the sixth night of wheel access or no
wheel access, and later analyzed for 2-AG and AEA content by ultra-performance liquid chromatography coupled
to tandemmass spectrometry.We observed a significant three-way interaction among sex, linetype, and wheel ac-
cess for 2-AG concentrations, with females generally having lower levels than males and wheel access lowering 2-
AG levels in somebut not all subgroups. The number ofwheel revolutions in theminutes or hours immediately prior
to sampling did not quantitatively predict plasma 2-AG levels within groups. We also observed a trend for a
linetype-by-wheel access interaction for AEA levels, with wheel access lowering plasma concentrations of AEA in
HR mice, while raising them in C mice. In addition, females tended to have higher AEA concentrations than males.
For mice housed with wheels, the amount of running during the 30 min before sampling was a significant positive
predictor of plasma AEA within groups, and HR mice had significantly lower levels of AEA than C mice. Our results
suggest that voluntary exercise alters circulating levels of endocannabinoids, and further demonstrate that selective
breeding for voluntary exercise is associated with evolutionary changes in the endocannabinoid system.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The endocannabinoid system is involved in a variety of physiological
processes, including regulation of motor behavior [10]. Motor behavior
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is tremendously diverse, encompassing voluntary exercise, consumma-
tory behaviors, spontaneous physical activity (SPA) of various types, in-
cluding “fidgeting” [22], and performance during measures of forced-
exercise capacity [6]. Studies of cannabinoid effects on motor behavior
have utilized a variety of approaches, involving variation in testing appa-
ratus, length of observation period, time of day, etc., and, not surprisingly,
this has led to conflicting results. Depending on the apparatus and length
of test, these studies may be gauging multiple aspects of motor behavior,
including, in some cases, reactivity to a novel environment. Generally,
systemic administration of cannabinoids leads to a decrease in activity.
In male rats, for example, doses of Δ-9-tetrahydrocannabinol higher
than 1 mg/kg caused a decrease in ambulation and rearing as measured
in a five-minute novel open-field test [33]. However, another study, also
usingΔ-9-tetrahydrocannabinol in male rats, reported a triphasic effect,
where very low and very high doses (0.2 mg/kg and 2.5 mg/kg, respec-
tively) reduced the number of photobeam breaks produced in either a
horizontal or vertical direction, and moderate doses (1–2 mg/kg) in-
creased the number of beam breaks as measured over 1 h in an activity
chamber [56].

Cannabinoids activate the cannabinoid type-1 (CB1) and type-2 re-
ceptor (CB2), the former being found in high density in brain areas
that control movement (basal ganglia, substantia nigra, etc., [65]), in-
cluding those involved in both spontaneous physical activity and volun-
tary exercise [22]. Recent research suggests that the CB1 receptor is
specifically involved in voluntary exercise. For example,male CB1 recep-
tor knockout mice exhibit a 30–40% reduction in voluntary wheel run-
ning, but no change in number of horizontal squares crossed during
5 min in a large, dimly-illuminated, novel “activity cage” [12]. In a sub-
sequent study, in which the CB1 receptor was deleted only from brain
GABAergic neurons, mice showed a 25–30% decrease in wheel running
and no difference in habituated locomotor activity measured over five
days in a cage with infrared sensors to detect horizontal beam breaks
[13]. Previous studies of CB1 knockout mice, however, have shown dif-
ferences in other tests of locomotor activity. CB1 knockout mice spend
more time immobile in a test of catalepsy, and showed fewer beam
breaks during an open-field test (with undescribed parameters) [71].
A separate experiment found that CB1 knockout mice had a significant
decrease of ambulatory movements, as measured in a dimly-lit box
with photocells placed to measure both horizontal and vertical
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Fig. 1. Wheel running on day five of experiment. Values are L
movements (in this experiment, animals were measured for 15 min
on several different days after being habituated to the cage) [43].

Limited evidence suggests that the endocannabinoid system may
specifically affect motivation for voluntary exercise. The two primary
endocannabinoids in humans and other mammals are 2-
arachidonylglycerol (2-AG) and anandamide (AEA). Both 2-AG and
AEA can cross the blood-brain barrier, bind to the CB1 receptor, and
cause dopamine release in areas involved in reward signaling (such as
the nucleus accumbens, reviewed in [19]). After rats were trained to
press a door to unlockwheel access (as a reward), systemic administra-
tion of 2-AG reduced the number of times that obese rats would press
thedoor to gainwheel access before givingup, and also reduced the rev-
olutions run once the rats were in the wheel [both obese and lean indi-
viduals [59]]. In a similar study, rimonabant (a CB1 antagonist/inverse
agonist) caused a similar reduction in number of door-presses prior to
giving up, but did not affect number of revolutions run once rats did
gain wheel access [49]. In addition, signaling through the CB1 receptor
produces analgesia in both peripheral and central sites (reviewed in
[10]). Analgesia might interact with motivation per se by reducing
pain that could occur during exercise (e.g., see [17,40]).

The endocannabinoid system is also activated by exercise. Several
studies have examined how circulating levels of both 2-AG and AEA re-
spond to exercise. In general, exercise increases levels of AEA in the
blood, but does not seem to affect levels of 2-AG [15,29,47,48,60].
Most previous studies of circulating endocannabinoid levels have in-
volved forced exercise, which may cause “stress” relative to voluntary
exercise, or confound the effects of stresswith exercise [2,24]. Arguably,
no (ethical) study of humans involves “forced” exercise, but an exami-
nation of the studies cited above shows that subjects were not allowed
to choose the quantity, length of time, and/or the speed at which they
exercised (but see [15]), which may cause stress in either the psycho-
logical or physical sense. Voluntary exercise has been examined in
two animal studies. One small-scale study (n= 3 per group; sex not re-
ported) measured mice after they were allowed wheel access for
3 h/day for 8 days, with samples taken after 30 min of running. Plasma
levels of both endocannabinoids tended to be lower in the runningmice
as comparedwithmice housedwith lockedwheels, although the differ-
ences were non-significant [5]. One additional study of rats used volun-
tary exercise, and although they did not measure circulating
Control High Runner
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endocannabinoids, they did find an increase in AEA in the hippocampus
after 8 days of wheel access [30].

The endocannabinoid systemmay also be altered in response to se-
lective breeding for voluntary exercise behavior. An ongoing artificial
selection experiment (currently in generation 81) has produced four
replicate high-runner (HR) lines while also maintaining four non-
selected control (C) lines [23,62,68]. In the routine breeding protocol,
mice are allowed access to wheels for six days as young adults, and
mice in the HR lines are selected to breed based on the average number
of wheel revolutions on days five and six. Mice in the control lines are
bred without regard to how much they run. Mice from the HR lines
run about three times as much on a daily basis as compared with C
mice, which they accomplish primarily by running faster [4,21,25]. In
addition, femalemice runmore thanmalemice, which they also accom-
plish by running faster [38].When given a systemic injection of a CB1 re-
ceptor antagonist (SR141716; rimonabant), HR female mice decreased
their running more than C female mice over the next hour, which was
accomplished by a decrease in total revolutions, average speed and
maximum speed, but not amount of time spent running [34]. Male HR
and C mice did not show a differential response. In contrast, when
given a systemic injection of a CB1 receptor agonist (WIN 55,212-2),
both female and male HR mice showed a differential decrease in run-
ning (compared to C mice; [35]. For 2 h after injection, female HR
mice had a reduction in total revolutions, average speed, andmaximum
speed. In the second hour they also decreased their time spent running.
Male HR mice showed decreased total revolutions, average speed and
maximum speed during the entire 2 h after injection. As a CB1 receptor
agonist and antagonist both decreased running in HR mice in different
ways in a sex-specific manner, it is difficult to infer from these studies
alone precisely how the endocannabinoid system has changed in re-
sponse to selective breeding.

One possible cause of differential responses to pharmacological ma-
nipulation could be differences in circulating levels of endocannabinoids
(alternatively, tissue-specific receptor densities or receptor sensitivity
might have evolved). In addition, circulating concentrations of
endocannabinoidsmight show different quantitative responses to exer-
cise, either between the sexes or potentially between HR and control
lines of mice. The purpose of the present study was, therefore, to mea-
sure circulating endocannabinoid levels in mice given access to wheels,
as compared with those housed in standard cages. We studied both
male and female HR and C mice given access to wheels for six days (as
used in the regular selection protocol), or housed without wheels for
six days, and sampled during the time of peak running. We expected
that circulating levels of endocannabinoids (2-AG and AEA) would dif-
fer between HR and C mice, possibly in a sex-specific manner. We also
Control High Runner
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Fig. 2. HCA on day 5 of experiment. See Table 1 for statistical results. Mice with wheel access
(linetype by wheel access interaction, p = 0.0558), females always had higher HCA than male
LS means (log10 transformed) ± standard error from SAS Proc Mixed. N = 190.
predicted that the amount of wheel running might be a quantitative
predictor of circulating endocannabinoid levels. We also tested the rela-
tionship between the plasma concentrations of 2-AG and AEA at the
level of individual variationwithin groups as well as among the average
values for the eight subgroups (combinations of sex, linetype, and
wheel access).

2. Materials & procedures

2.1. Ethical approval

All experimental procedures were approved by the UC Riverside In-
stitutional Animal Care and Use Committee.

2.2. Experimental animals

Micewere taken from a long-term artificial selection experiment on
voluntary wheel running that was started in 1993 [62]. Originally, out-
bred Hsd:ICR mice (Mus domesticus) were obtained from Harlan
Sprague Dawley (Indianapolis, Indiana, USA). Thesemicewere random-
ly split into eight closed lines, with four designated to become “high
runner” (HR) and four designated as “control” (C) lines. All mice are
allowed access to wheels for six days and HR mice are chosen to breed
based on their average number of wheel revolutions on days five and
six. Control mice are bred without regard to wheel running. HR mice
now run on average three times asmuch as Cmice do, primarily by run-
ning faster.

For the present study, 50 male and 50 female mice from generation
74 (half HR andhalf C)were allowed access towheels for six days,while
another 50 males and 50 females (also half HR and half C) were kept
without access to wheels. Wheel revolutions for mice with wheels
were recorded for 23 h per day, and home-cage activity was recorded
for all mice. On the sixth day of the study, animals were anesthetized
with isoflurane and blood samples were taken by cardiac puncture. An-
imalswere on a reversed photoperiod,with lights off from7 am to 7 pm,
so that sampling could occur during the time of peak wheel running,
which starts approximately 2 h after lights are turned off [24,25,41,
42]. Sampling occurred from ~9 am to 1 pm (from 2 h after lights off
to 6 h after lights off). The age range at the time of sampling was 71–
91 days old.

Mini-muscle status was determined for each mouse by dissection
and weighing of the triceps suraemuscles at the end of the experiment.
The “mini-muscle” phenotype is caused by a recessive allele that, when
homozygous, reduces triceps surae and total hindlimb muscle mass by
~50% [20]. However, the mass-specific aerobic capacity of the muscles
Control High Runner
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Table 1
Three-way analysis of covariance of home-cage activity on day 5 (log10 transformed)
(N= 190). See Fig. 2 for graphical representation of adjusted group means.

Effect d.f. F P

Sex 1,6 19.22 0.0047
Linetype 1,6 16.08 0.0070
Wheel access 1,6 73.52 0.0001
Sex ∗ linetype 1,6 0.07 0.8043
Sex ∗ wheel access 1,6 0.81 0.4029
Linetype ∗ wheel access 1,6 5.60 0.0558
Sex ∗ linetype ∗ wheel access 1,6 1.49 0.2681
Mini-muscle 1,155 5.72 0.0180
Age 1,155 0.53 0.4695
HCA sensor sensitivity 1,155 0.62 0.4306
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is approximately doubled [31]. Mini-muscle individuals tend to run
faster, but for fewerminutes per day, as comparedwith unaffected indi-
viduals [20,27,31,36,63,64]. In addition, mini-muscle individuals have
larger internal organs than normal-muscled mice (liver, kidneys, and
heart ventricles: [20,63]). As the mini-muscle phenotype clearly has
pleiotropic effects, mini-muscle status was used as a cofactor in all
analyses.

2.3. Wheel running

Mice were housed individually during the experimental period and
half were provided with cages with a hole for wheel access. The wheels
usedwere the same as in the regular selection protocol [62] –Wahman-
type activity wheels with a circumference of 1.12 m.Wheel revolutions
are recorded automatically for 23 h per day (1 h is used to download
data and checkmice), and ameasure ofwheel freenesswas used as a co-
variate in all analyses of wheel running. We did not choose to provide
locked wheels for the mice without wheel access, as we have shown
that when HR mice are housed with locked wheels, they climb more
than domice from the non-selected Control lines [39], so lockedwheels,
unfortunately, provide more than just “environmental enrichment.”

2.4. Home-cage activity

Home-cage activity (HCA)wasmeasured using passive infrared sen-
sors that detect motion. These sensors give readings 3 times per second
– either 0 (no movement) or 1 (movement). Readings are then aver-
aged over a one-minute interval and reported using arbitrary units.
We used a similar setup and calibration procedure as previously
Control High Runner
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Fig. 3. Levels of 2-AG inmouse plasma collectedduringpeak activity on the 6th night ofwheel ru
wheel access was statistically significant (p= 0.0408), with females also having lower levels th
189.
reported [1,7]. HCA was measured for 23 h per day and all analyses
were performed using a measure of sensor sensitivity as a covariate
[1,7].

2.5. Measurement of plasma 2-AG and AEA

Isoflurane was used to anesthetize animals prior to tissue harvest.
Blood was collected by cardiac puncture and stored in EDTA-lined
tubes on ice, and then plasma was obtained by centrifugation (1500 g
for 10 min, maintained at 4 °C). All samples were stored at −80 °C
until processing. One hundred microliters (μL) of plasma was used for
extraction of lipids in onemilliliter (mL) ofmethanol containing the fol-
lowing internal standards: [2H5]-2-AG and [2H4]-AEA (Cayman Chemi-
cal, Ann Arbor, MI, USA). Lipids were extracted with chloroform
(2.0 mL) and washed with 0.9% saline (0.9 mL). Organic phases were
collected and fractionated by open-bed silica gel column chromatogra-
phy as previously described [11]. Eluted fractions were dried under N2

and reconstituted in 0.1 mL of methanol:chloroform (9:1) for liquid
chromatography/tandem mass spectrometry (LC/MS/MS) analyses.

Lipids were analyzed using a Waters Acquity I-Class Ultra Perfor-
mance Liquid Chromatography system coupled to a Waters TQS-micro
Triple Quadrupole Mass Spectrometer. Lipids were separated using an
Acquity UPLC BEH C18 column (50 × 2.1 mm; i.d. 1.7 μm), eluted by a
gradient of methanol (0.25% acetic acid, 5 millimolar [mM] ammonium
acetate) in water (0.25% acetic acid, 5 mM ammonium acetate) (from
80 to 100% methanol in 2.5 min, 100% 2.5–3.0 min, 100–80% 3.0–
3.1 min) at a flow rate of 0.4 mL/min. Column temperature was kept
at 40 °C and samples were maintained in the sample manager at
10 °C. Argon was used as collision gas. 2-AG, [2H5] 2-AG, AEA, and
[2H4]-AEA were identified in the positive ionization mode, based on
their retention times and MS2 properties, using authentic standards
(Cayman Chemical) as references. Multiple reaction monitoring was
used to acquire full-scan tandem MS spectra of selected ions. Extracted
ion chromatograms were used to quantify 2-AG (m/z= 379.3 N 287.3),
AEA (m/z = 348.3 N 62.04), and [2H5] 2-AG (m/z = 384.3 N 93.4) and
[2H4]-AEA (m/z = 352.3 N 66.11), which were used as internal
standards.

2.6. Statistical analyses

Following numerous previous studies of these eight lines of mice
[50,62], plasma endocannabinoid concentrations were analyzed by
nested analysis of covariance (ANCOVA), with line nested within
linetype (HR vs C) as a random effect, and with covariates of age and
time of day that plasma sampling occurred (SAS Procedure Mixed).
Control High Runner
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Table 2
Three-way analysis of covariance of plasma concentration of 2-AG (N=189). See Fig. 3 for
graphical representation of adjusted group means.

Effect d.f. F P

Sex 1,6 8.56 0.0265
Linetype 1,6 0.62 0.4604
Wheel access 1,6 2.42 0.1711
Sex ∗ wheel access 1,6 3.04 0.1316
Sex ∗ linetype 1,6 0.33 0.5883
Linetype ∗ wheel access 1,6 0.05 0.8244
Sex ∗ linetype ∗ wheel access 1,6 6.75 0.0408
Mini-muscle 1,147 0.71 0.4021
Age 1,147 11.34 0.0010
Time of day 1,147 8.23 0.0047

Table 3
Plasma concentration of 2-AG with wheel running as a covariate (N = 92).

Effect d.f. F P

Sex 1,6 8.39 0.0274
Linetype 1,6 0.24 0.6446
Sex ∗ linetype 1,6 2.41 0.1713
Mini-muscle 1,64 3.77 0.0567
Age 1,64 19.12 b0.0001
Time of day 1,64 3.30 0.0742
Running in previous 30 min 1,64 0.57 0.4518
HCA in previous 30 min 1,64 1.40 0.2405
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For the individuals with wheel access, we repeated the foregoing
analyseswith amount of wheel running (revolutions/unit time) as a co-
variate. Although we expected a possible quantitative relationship with
the amount of exercise prior to sampling, we could not predict the pre-
cise nature of this relationship. Therefore, we computed the number of
wheel revolutions in each minute before plasma sampling, from 1 to
10min before, and then in 10-min bins from 10 to 120min before sam-
pling. We fitted models using each of these alternative covariates and
examined the restricted maximum log-likelihood (REML) values from
each analysis to determinewhich time period of summed running effort
provided the best fit. For wheel running, the number of revolutions in
the previous 30 min before plasma sampling provided the best fit and
was used in all analyses with wheel running as a covariate. For consis-
tency, we also used the amount of home-cage activity in the previous
30 min as a covariate in certain analyses.

Dependent variables were transformed when needed to improve
the normality of residuals. Residuals that were N3 standard deviations
above or below the mean were excluded from analyses. Main effects
were considered statistically significant when p ≤ 0.05. Interactions of
main effects were considered significant when p ≤ 0.10 because the
power to detect interactions is generally substantially lower than for de-
tectingmain effects in ANOVAs [66,67]. Least squaresmeans and associ-
ated standard errors from SAS ProcedureMixed are presented in figures
and were inspected to determine the directions of main effects and in-
teractions. In addition, for some pairwise comparisons of subgroup
means, we refer to differences of least squares means from Proc
Mixed, unadjusted for multiple comparisons.

3. Results

3.1. Wheel running

Day five of the wheel access period was analyzed, as mice were re-
moved and blood collected in themiddle of night six (Fig. 1). As expect-
ed, HRmice ranmore than Cmice (p=0.0004). Neither the effect of sex
(p= 0.1431) nor the sex by linetype interaction (p= 0.1576) was sig-
nificant. Wheel freeness, mini-muscle status, and age were not statisti-
cally significant predictors of wheel running (results not shown).

3.2. Home-cage activity

Data from day five of the experiment were analyzed, as day six
was interrupted when mice were removed from cages for collec-
tion of blood. Values from each minute were summed over 23 h,
then log10 transformed to improve normality of the residuals. In
the three-way analysis of covariance (Fig. 2, Table 1), mice with
wheel access always had reduced HCA (p = 0.0001), this reduction
was greater in HR than in C mice (wheel access by linetype interac-
tion, p = 0.0558), females always had higher HCA than males (p =
0.0047), and HR mice always had higher HCA than C mice (p =
0.007). In addition, mice with the mini-muscle trait had lower
HCA than those that did not (p= 0.018). Age and a measure of sen-
sor sensitivity were not significant predictors of home-cage activi-
ty. We also tested body mass as an additional covariate, but it had
no statistical effect (p N 0.50) and caused little change in the signif-
icance levels of the other factors and covariates (results not
shown).

3.3. Plasma 2-AG concentrations

Females had lower levels of 2-AG thanmales in all four experimental
groups, and themain effect of sexwas significant (Table 2: p=0.0265).
Fig. 3 illustrates the significant three-way interaction among sex,
linetype, and wheel access (p = 0.0408). Levels of 2-AG are lower in
mice with wheel access, except for C males. However, when examining
the pairwise comparisons, 2-AG levels were significantly lower for mice
with wheel access only for the C female group (p = 0.0301). The main
effect of linetype was not significant (p = 0.4604).

Separate analyses of mice with (N = 92) and without (N = 94)
wheels (not including amount of physical activity as covariates) indicat-
ed that females had significantly lower levels of 2-AG only when they
had wheel access (p = 0.0169 for mice with wheels, p = 0.1235 for
mice without wheels).

Mini-muscle status was not a significant factor for any analyses, but
both time of day that plasma sampling occurred and age at time of plas-
ma sampling were significant in the overall analysis and the analysis of
mice without wheel access. Only time of day was significant for the
analysis of mice with wheels. Plasma 2-AG concentrations tended to
be higher later in the sampling period, which ranged from ~9 am to
1 pm. Age was positively correlated with 2-AG levels (age range was
71–91 days old).
3.4. Plasma 2-AG concentrations with wheel running as a covariate

The first analysis was restricted to mice housed with wheel ac-
cess. The amount of wheel running (transformed to the 0.4 power
to reduce positive skew) in the previous 30 min (before the cardiac
puncture and plasma sample) was added as a covariate to the statis-
tical models indicated above. Amount of prior running was not a sig-
nificant predictor of 2-AG levels, nor was the amount of home-cage
activity during this period (also transformed to the 0.4 power), but
females still had significantly lower 2-AG concentrations than
males (p = 0.0274), with no difference between HR and Control
lines (Table 3). Age was still a significant positive predictor, but
time and mini-muscle status were not.

To test whether acute physical activity had a different effect
than the 5 days of wheel access, we reran the analysis with the
amount of wheel running and home-cage activity in the previous
30 min as covariates, but this time also including the mice housed
without wheels and assigning values of zero for their wheel run-
ning (as in [7]). In this analysis (N = 186), neither measure of
physical activity was a significant predictor of 2-AG concentrations
(both p N 0.5), and the effects of sex (p=0.0252) and the 3-way in-
teraction (p = 0.0544) remained similar to those reported in
Table 2.



Table 4
Three-way analysis of covariance of plasma concentration of AEA (N= 185). See Fig. 4 for
graphical representation of adjusted group means.

Effect d.f. F P

Sex 1,6 5.36 0.0599
Linetype 1,6 2.29 0.1809
Wheel access 1,6 0.92 0.3741
Sex ∗ wheel access 1,6 0.04 0.8550
Sex ∗ linetype 1,6 0.12 0.7451
Linetype ∗ wheel access 1,6 5.20 0.0628
Sex ∗ linetype ∗ wheel access 1,6 0.86 0.3886
Mini-muscle 1,143 1.35 0.2476
Age 1,143 0.00 0.9484
Time of day 1,143 82.97 b0.0001

Table 6
Analysis of covariance of plasma concentration of AEA with physical activity covariates
(N= 183). See Fig. 6 for graph of adjusted group means.

Effect d.f. F P

Sex 1,6 5.66 0.0548
Linetype 1,6 3.93 0.0946
Wheel access 1,6 5.97 0.0503
Sex ∗ wheel access 1,6 0.01 0.9080
Sex ∗ linetype 1,6 0.02 0.8906
Linetype ∗ wheel access 1,6 13.17 0.0110
Sex ∗ linetype ∗ wheel access 1,6 0.09 0.7796
Mini-muscle 1,139 1.08 0.3011
Age 1,139 1.01 0.3175
Time of Day 1,139 72.65 b0.0001
Running in previous 30 min 1,139 8.38 0.0044
HCA in previous 30 min 1,139 1.69 0.1954
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3.5. Plasma AEA concentrations

Females tended to have higher levels of AEA thanmales (p=0.0599,
Fig. 4, Table 4). A linetype by wheel access interaction (p= 0.0628) in-
dicated that wheel access tended to increase levels of AEA in C mice
(and decrease levels in HR males).

Separate analyses of mice with and without wheels revealed a trend
for females to have higher levels only when they were housed without
wheels (p=0.0683 without wheels, p=0.1637 with wheels). In addi-
tion, there was a trend for HR mice to have lower levels when housed
with wheels (p = 0.0883 with wheels, p = 0.8950 without wheels).

Mini-muscle status and age at time of plasma samplingwere not sig-
nificant factors for any analyses. Time of day that plasma sampling oc-
curred was significant for all three analyses (overall, mice with
wheels, mice without wheels), indicating reduced values later in the
sampling period.
3.6. Plasma AEA concentrations with wheel running as a covariate

The amount of wheel running (raised to the 0.4 power) was a highly
significant positive predictor (p=0.0043) of the amount of plasma AEA
(Table 5, Fig. 5), home-cage activity was a negative predictor (also
raised to the 0.4 power, p = 0.0383), and HR mice had significantly
lower plasma AEA concentrations than C mice (p = 0.0235), with no
difference between the sexes. Both age (positive) at the time of plasma
sampling and time of day that sampling occurred (negative) were also
significant predictors of plasma AEA.

For the analysis including mice housed without wheel access
(assigning them values of zero revolutions, as also done for plasma 2-
AG concentrations - see Section 3.4 above), the amount of wheel run-
ning was still a significant positive predictor of AEA concentrations
(p = 0.0044), home-cage activity became non-significant (p =
0.1954, negative effect), the effects of sex (p = 0.0548) and wheel ac-
cess (p = 0.0503) were marginally non-significant, and the wheel ac-
cess by linetype interaction was significant (p = 0.0110). In this
analysis, wheel access lowered AEA levels in all mice, but much more
so in HR lines than in Control lines (Table 6, Fig. 6).
Table 5
Plasma concentration of AEAwith wheel running as a covariate (N= 89; see also Fig. 5). .

Effect d.f. F P

Sex 1,6 2.97 0.1354
Linetype 1,6 9.11 0.0235
Sex ∗ linetype 1,6 0.33 0.5859
Mini 1,61 0.02 0.9029
Age 1,61 4.89 0.0307
Time of day 1,61 33.95 b0.0001
Running in previous 30 min 1,61 8.79 0.0043
HCA in previous 30 min 1,61 4.49 0.0383
3.7. Relationship between plasma 2-AG and AEA concentrations

We examined the relationship between circulating levels of these
two endocannabinoids in several ways, as also shown in the online Sup-
plementary data. Overall, these analyses indicate that 2-AG and AEA
concentrations tend to be positively related.

First, considering the raw values for all 191 mice, the Pearson corre-
lation was 0.175, 2-tailed p=0.0155. Second, we analyzed the correla-
tion within each of the eight subgroups (N = 23–24 per group), and
found values ranging from −0.07 to +0.54, with only one of the eight
correlations differing significantly from zero by a 2-tailed test (Control
females housed with wheel access r = 0.535, N = 24, p = 0.007). The
mean value of the eight correlations was 0.207 with a standard error
of 0.0815 (Supplementary data), suggesting an overall positive correla-
tion, on average. Third,we computed simplemean values for each of the
eight subgroups (linetype by sex by wheel access) and found no statis-
tically significant correlation (r = −0.199, p = 0.636).

Fourth, we used themodel presented in Table 2 for 2-AG, and added
concentrations of AEA as an additional covariate. In this model, AEA
levels were a highly significant positive predictor of 2-AG levels
(p b 0.0001). We then performed the reciprocal analysis, adding 2-AG
levels as an additional independent variable for the model presented
in Table 4, and found the same thing: 2-AG levels were a highly signifi-
cant positive predictor of AEA levels (p b 0.0001).

Fifth, we repeated this procedure for themodel shown in Table 3 for
2-AG, and found that AEA levels were again a highly significant positive
predictor of 2-AG (p b 0.0001).We did the same for themodel in Table 5
for AEA, and again found that 2-AG levelswere a positive predictor (p=
0.0003).

Sixth, we compared residuals from the models shown in Tables 2
and 4, and found the following correlation: r = 0.347, N = 184, p =
0.000001. Seventh, we compared residuals from Tables 3 and 5, and
found r = 0.430, N = 89, p = 0.000026.
4. Discussion

Much remains to be understood regarding the role of the
endocannabinoid system in exercise behavior and physiology. In the
present study, we used selectively bred lines of mice to test four specific
hypotheses regarding circulating levels of endocannabinoids, i.e., that
they would (i) differ between the sexes, (ii) be affected by selective
breeding for high levels of voluntary exercise on wheels, (iii) change fol-
lowing six days of wheel access, and (iv) be affected by the acute amount
of wheel running or home-cage activity immediately prior to sampling.
We measured plasma concentrations of two endocannabinoids, 2-AG
and AEA, during the time of normal peakwheel running. Our results indi-
cate that circulating levels of 2-AG and AEA differ (i) between sexes, (ii)
between selectively bred HR and non-selected C lines of mice, (iii) are af-
fected by six days of wheel access (training effect), and (iv) are affected
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Fig. 4. Levels of AEA in mouse plasma collected during peak activity on the 6th night of wheel running. See Table 4 for statistical results, which indicated a linetype by wheel access
interaction (p = 0.0628). Values are LS means ± standard error from SAS Proc Mixed. N = 185.
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acutely by physical activity. Furthermore, some of these effects differ be-
tween 2-AG and AEA. Finally, we tested the relationship between the
plasma concentrations of 2-AG andAEAat the level of individual variation
within groups as well as among the average values for the eight sub-
groups, and found evidence that the two endocannabinoids tend to co-
vary positively.

4.1. Physical activity

As expected from numerous previous studies (e.g., [7,25,42,50,53]),
HR mice of both sexes ran much more than Control mice on day five
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Fig. 5. Plasma AEA concentration frommice with wheel access as a function of the number of w
revolutions (transformed to the 0.4 power for statistical analyses [Table 5], but shownhere as ra
negative predictor (p = 0.0383), and HR mice had lower levels than C mice after adjusting fo
running or home-cage activity were not statistically significant (results not shown and these t
of wheel access (Fig. 1). Also, as reported previously for HR and Control
mice [1,7], housing with wheel access reduced the amount of home-
cage activity measured simultaneously (Fig. 2 and Table 1). Irrespective
of housing condition, HR mice had higher HCA than did Control mice,
again consistent with previous reports that studied mice only when
housed without wheel access [41,42,52]. In addition, irrespective of
housing condition, females of both linetypes had higher HCA than
males, a difference not reported previously when mice were housed
and tested without wheels, using a different apparatus [42]. Finally,
mice with the mini-muscle phenotype had lower HCA than those that
did not (Table 1), an effect not observed previously [7].
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heel revolutions in the 30 min prior to plasma sampling (N= 89). The number of wheel
w values)was a significant positive predictor of AEA values (p=0.0043), home-cagewas a
r these relationships (Table 5). The interactions between linetype and amount of wheel
erms not included in final statistical model).
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Fig. 6. Levels of AEA inmouse plasma collected during peak activity on the 6th night of wheel running,with amount of wheel running and home-cage activity used as covariates (see text),
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presented in Table 6. N = 183.

148 Z. Thompson et al. / Physiology & Behavior 170 (2017) 141–150
4.2. Training effects on plasma endocannabinoid levels

To our knowledge, the effects of several days of training (physical
conditioning) on plasma endocannabinoid levels have not previously
been reported for both male and female mice. Our combined analyses
of all groups indicated a three-way interaction among sex, linetype,
and wheel access for 2-AG levels (Table 2). However, it is important to
note that our sampling design included 2–4 h of acute exercise prior
to blood sampling, in addition to the five prior days of wheel access,
which could confound training effects with acute exercise effects.
Hence, we also conducted analyses of 2-AG levels that included the
acute amounts of wheel running and home-cage activity as covariates,
and found that they showed the same three-way interaction (see Re-
sults Section 3.4). Thus, our results show that,with respect to circulating
2-AG concentrations, even when taking differences in acute exercise
into account, the endocannabinoid system responds to exercise differ-
ently based on sex and genetic background, and these differences may
be a result of the exercise training undergone by the animal.

For plasma AEA levels, we found an interaction between linetype
and wheel access, with wheel access lowering AEA levels for HR mice
but raising them for C mice (Fig. 4, Table 4). Analyses that included
the acute amounts of wheel running and home-cage activity as covari-
ates indicated a stronger two-way interaction and a trend for an overall
decrease in AEA levels for mice housed with wheel access (Table 6,
Fig. 6). Interestingly, however, the effect of acute wheel running was
highly significant and positive within groups (Fig. 6). Thus, our results
show that, for AEA, the effects of voluntary exercise on the
endocannabinoid system differ acutely versus chronically.

Physical conditioning in response to aerobic exercise has been stud-
ied extensively in both rodents and humans, although typically over the
course of weeks rather than days [28,55,57,61]. Only two previous stud-
ies of rodents have examined endocannabinoids in relation to voluntary
exercise that lasts for days, and these support our general finding that
the endocannabinoid system can “train” in response to physical activity.
Eight days of wheel access for male rats was associated with increased
AEA levels in the hippocampus, but not the prefrontal cortex, and no ef-
fects on 2-AG levels in either brain region [30]. In addition, CB1 receptor
density was increased in the hippocampus. However, the authors did
not examine plasma levels of endocannabinoids. An additional small
study measured endocannabinoid levels in mice after they were
allowed to run for 3 h per day for eight days, and compared them to
mice who were in locked wheels for the same amount of time [5].
They did not find any significant differences in plasma endocannabinoid
levels, although AEA was decreased in the hippocampus of running
mice. However, since these animals also experienced acute exercise
right before measurements were done, there is no way to tell if these
differences are due to the acute or chronic effects of exercise.

Aside from training effects per se, several studies have now shown
that AEA levels are raised after acute exercise [15,29,47,48,60]. The
same studies generally suggest that 2-AG levels are not raised after
acute exercise [29], although three studies have reported a non-
significant trend for raised 2-AG levels in humans and dogs [15,47,60].
Finally, dogs and ferrets did not show significant increases in plasma
2-AG levels following treadmill exercise [47]. Thus, it appears that spe-
cies of mammals may differ in the extent to which exercise acutely al-
ters circulating 2-AG levels. Alternatively, some of the apparent
species differences could be explained by methodological differences
related to the exercise intensity imposed on, or chosen by, the running
subjects. For example, Raichlen et al. [48]measured four different levels
of exercise intensity in humans and found that AEA levels only increased
for the twomiddle intensities. In addition, the amount of training expe-
rienced by the individual may affect how the endocannabinoid system
reacts to acute exercise. Although plasma AEAwas positively correlated
with the amount of wheel running for both C and HR mice, there was a
significant effect of linetype, with HR mice having lower levels of AEA
even though they runmore. This findingmay also indicate that selective
breeding for voluntary exercise has caused associated evolutionary
changes in how the endocannabinoid system responds to exercise.
4.3. Sex differences in plasma endocannabinoid levels

We found that femalemice have lower levels of 2-AG thanmales, es-
pecially when exercising, and tend to have higher levels of AEA (Figs. 3–
5). Sex differences are not unexpected, given previous studies on these
mice that show sex differences in the response of wheel running to CB1
agonists and antagonists [34,35]. Aside from those studies on the HR
and C lines of mice, most previous studies of plasma endocannabinoids
have used only males [15,29,60]. Two studies of humans included both
males and females, but did not test for sex differences [47,48]. Studies in
rats show that females, especially adolescents, aremore vulnerable than
males to disruption of CB1 signaling by repeated exposure to THC [3],
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and studies of humans indicate that females are more sensitive than
males to the effects of cannabis [8].

4.4. Time-of-day effects

Plasma 2-AG concentrations tended to be higher later in the sam-
pling period, which ranged over approximately four hours during the
early part of the dark phase, the time when mice are normally most
active. This pattern is similar to one seen in a study of human sub-
jects, where their levels of 2-AG also increased during the morning
and peaked in midafternoon [26]. For plasma AEA, time of day was
significant for all three analyses (overall, mice with wheels, mice
without wheels), indicating reduced values later in the sampling pe-
riod. This pattern is similar to a study of AEA in the cerebrospinal
fluid of rats, which found that it decreased during the dark phase
[45]. Thus, although our study was not intended to sample over a
time period long enough to address circadian patterns per se, the
time-related variation that we observed is consistent with previous
reports for other species.

4.5. Conclusions & future directions

Overall, our results demonstrate that voluntary physical exercise af-
fects circulating endocannabinoid levels differently, depending on sex,
recent activity, and genetic background. More specifically, we found
that acute voluntary exercise was associated with plasma AEA concen-
trations in away similar to the effects of forced exercise reported in pre-
vious studies, in that the amount of wheel running done by a rodent
before plasma sampling was a positive predictor of the level of AEA
found in the blood [47,48]. We also found differences in circulating 2-
AG and AEA levels between the sexes and between lines of mice bred
for high levels of voluntary exercise, when compared to their non-
selected control lines. Furthermore, the effects of five days of wheel ac-
cess on endocannabinoid levels varied between the sexes and/or be-
tween HR and C mice.

Although not considered in the present study, receptor density or
sensitivitymay also have evolved in ourmice. Broad-scale (macroevolu-
tionary) patterns of endocannabinoid receptor evolution have been
discussed elsewhere [14], but we do not know of studies that have con-
sideredmicroevolutionary variation in CB receptors (e.g., among closely
related species). Although microevolutionary studies are lacking, labo-
ratory mice and rats can show changes in CB receptor gene expression
and sensitivity over the course of several days. For example, female
mice given wheel access for 10 days had increased CB1 receptor gene
expression in the hippocampus as compared with sedentary controls
[69]. In another study, male rats that had wheel access for eight days
had an increase in CB1 receptor binding site density in the hippocampus
[30].

In future studies, we will further examine acute and chronic effects
of voluntary exercise on the endocannabinoid system, including possi-
ble changes in receptor densities in various target organs (brain,muscle,
gut). Interestingly, although HRmice run muchmore than C mice, they
had lower circulating levels of AEA when the acute effect of wheel run-
ning was taken into account (Fig. 6). This finding suggests that the HR
endocannabinoid system is differentially regulated, although it is un-
known at what level changes have occurred (receptor density, number
of converting or recycling enzymes, etc.). Therefore, future studies will
also explore the mechanisms and genetics underlying the evolved
endocannabinoid system of these unique, high-activity lines of mice,
and how this systemmay interact with neurotransmitter and endocrine
systems that are also known to have evolved in the HRmice [24,41,51].
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Online Supplemental Material for Thompson et al. 2017.:   

Circulating levels of endocannabinoids respond acutely to voluntary exercise, are altered in mice selectively bred for high voluntary 

wheel running, and differ between the sexes. Physiology & Behavior. 

 
From file = Correlations_AG_AEA_within_groups_1.xlsx 

R = the within group Pearson correlation coefficient for each of the eight subgroups. 

P = the 2-tailed significance level for the correlation coefficient. 

Means and standard errors for each group for both endocannabinoids are also shown. 

 

Linetype  Sex  Exercise  R  N  P 
Mean 
PMAEA  SE 

Mean 
PMAG  SE 

Control  Female  Sedentary  0.350663  23  0.100899  0.203478  0.008379  88.559130  6.568864 

   Wheels  0.535030  24  0.007062  0.214583  0.012910  68.208333  6.304621 

  Male  Sedentary  ‐0.070912  24  0.741954  0.188333  0.010012  100.020417  6.760471 

   Wheels  0.296920  24  0.158846  0.218750  0.010840  91.834583  7.159051 
High 
Runner  Female  Sedentary  0.185547  24  0.385373  0.197083  0.010674  79.320000  8.909360 

   Wheels  ‐0.174127  24  0.415789  0.202083  0.011468  71.742083  6.219043 

  Male  Sedentary  0.212498  24  0.318815  0.185833  0.008229  93.040417  6.627705 

   Wheels  0.320810  24  0.126396  0.170417  0.010776  78.942500  8.060669 
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* Descriptive statistics for table above and correlation of raw group means. 
 
GET DATA /TYPE=XLSX  /FILE='E:\SELECT\g75\EC\PPT_and_Manuscript\Correlations_AG_AEA_within_groups_1.xlsx' 
  /SHEET=name 'Sheet1' 
  /CELLRANGE=full 
  /READNAMES=on 
  /ASSUMEDSTRWIDTH=32767. 
EXECUTE. 
DATASET CLOSE DataSet10. 
DESCRIPTIVES VARIABLES = R N P PMAEA pmaeaSE PMAG pmasSE 
  /STATISTICS=MEAN STDDEV MIN MAX SEMEAN.  
 
 

Descriptive Statistics 

 
N Minimum Maximum Mean Std. Deviation 

Statistic Statistic Statistic Statistic Std. Error Statistic 

R 8 -.174127 .535030 .20705363 .081532680 .230609245 

N 8 23 24 23.88 .125 .354 

P 8 .007062 .741954 .28189175 .083373771 .235816634 

PMAEA 8 .170417 .218750 .19757008 .005596429 .015829092 

pmaeaSE 8 .008229 .012910 .01041105 .000547658 .001549010 

PMAG 8 68.208333 100.020417 83.95843292 3.936208763 11.133279635 

pmasSE 8 6.219043 8.909360 7.07622290 .333402232 .943003918 

Valid N (listwise) 8      
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CORRELATIONS 
  /VARIABLES=PMAG PMAEA 
  /PRINT=TWOTAIL NOSIG 
  /STATISTICS DESCRIPTIVES 
  /MISSING=PAIRWISE. 
   

 
Correlations 

 PMAG PMAEA 

PMAG Pearson Correlation 1 -.199 

Sig. (2-tailed)  .636 

N 8 8 

PMAEA Pearson Correlation -.199 1 

Sig. (2-tailed) .636  

N 8 8 
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* Scatterplot for group means. 
* r = -0.199, P = 0.636. 
 
GRAPH 
  /SCATTERPLOT(BIVAR)=PMAEA WITH PMAG 
  /MISSING=LISTWISE. 
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* Analysis of correlation of raw individual values within each of the eight 
subgroups. 
* linetype 0 = Control, 1 = High Runner lines. 
* sex 0 = female, 1 = male. 
* wheel access 0 = no, 1 = yes for 6 days. 
 
 
GET FILE='E:\SELECT\g75\g75ALL2_with_EC_RUN16_HCA16_Buffer.sav'. 
SORT CASES BY linetype sex whlacc. 
SPLIT FILE 
  SEPARATE BY linetype sex whlacc. 
 
GRAPH 
  /SCATTERPLOT(BIVAR) = PMAEA WITH PMAG BY linetype BY mouseid (IDENTIFY) 
  /MISSING=LISTWISE . 
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CORRELATIONS 
  /VARIABLES=pmag pmaea 
  /PRINT=TWOTAIL NOSIG 
  /STATISTICS DESCRIPTIVES 
  /MISSING=PAIRWISE. 

 
linetype = 0, sex = 0, whlacc = 0 

Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 88.5591 31.50316 23 

pmaea .2035 .04018 23 

a. linetype = 0, sex = 0, whlacc = 0 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .351 

Sig. (2-tailed)  .101 

N 23 23 

pmaea Pearson Correlation .351 1 

Sig. (2-tailed) .101  

N 23 23 

a. linetype = 0, sex = 0, whlacc = 0 
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linetype = 0, sex = 0, whlacc = 1 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 68.2083 30.88621 24 

pmaea .2146 .06324 24 

a. linetype = 0, sex = 0, whlacc = 1 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .535** 

Sig. (2-tailed)  .007 

N 24 24 

pmaea Pearson Correlation .535** 1 

Sig. (2-tailed) .007  

N 24 24 

**. Correlation is significant at the 0.01 level (2-tailed). 

a. linetype = 0, sex = 0, whlacc = 1 
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linetype = 0, sex = 1, whlacc = 0 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 100.0204 33.11941 24 

pmaea .1883 .04905 24 

a. linetype = 0, sex = 1, whlacc = 0 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 -.071 

Sig. (2-tailed)  .742 

N 24 24 

pmaea Pearson Correlation -.071 1 

Sig. (2-tailed) .742  

N 24 24 

a. linetype = 0, sex = 1, whlacc = 0 

 
  



18 
 

linetype = 0, sex = 1, whlacc = 1 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 91.8346 35.07204 24 

pmaea .2188 .05310 24 

a. linetype = 0, sex = 1, whlacc = 1 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .297 

Sig. (2-tailed)  .159 

N 24 24 

pmaea Pearson Correlation .297 1 

Sig. (2-tailed) .159  

N 24 24 
 

a. linetype = 0, sex = 1, whlacc = 1 

 
  



19 
 

linetype = 1, sex = 0, whlacc = 0 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 79.3200 43.64677 24 

pmaea .1971 .05229 24 

a. linetype = 1, sex = 0, whlacc = 0 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .186 

Sig. (2-tailed)  .385 

N 24 24 

pmaea Pearson Correlation .186 1 

Sig. (2-tailed) .385  

N 24 24 

a. linetype = 1, sex = 0, whlacc = 0 

 
  



20 
 

linetype = 1, sex = 0, whlacc = 1 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 71.7421 30.46696 24 

pmaea .2021 .05618 24 

a. linetype = 1, sex = 0, whlacc = 1 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 -.174 

Sig. (2-tailed)  .416 

N 24 24 

pmaea Pearson Correlation -.174 1 

Sig. (2-tailed) .416  

N 24 24 

a. linetype = 1, sex = 0, whlacc = 1 

 

 
 
  



21 
 

linetype = 1, sex = 1, whlacc = 0 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 93.0404 32.46899 24 

pmaea .1858 .04032 24 

a. linetype = 1, sex = 1, whlacc = 0 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .212 

Sig. (2-tailed)  .319 

N 24 24 

pmaea Pearson Correlation .212 1 

Sig. (2-tailed) .319  

N 24 24 

a. linetype = 1, sex = 1, whlacc = 0 

 
  



22 
 

linetype = 1, sex = 1, whlacc = 1 
Descriptive Statisticsa 

 Mean Std. Deviation N 

pmag 78.9425 39.48905 24 

pmaea .1704 .05279 24 

a. linetype = 1, sex = 1, whlacc = 1 

Correlationsa 

 pmag pmaea 

pmag Pearson Correlation 1 .321 

Sig. (2-tailed)  .126 

N 24 24 

pmaea Pearson Correlation .321 1 

Sig. (2-tailed) .126  

N 24 24 

a. linetype = 1, sex = 1, whlacc = 1 
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