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Abstract Endocannabinoids (eCB) are endogenous ligands
for cannabinoid receptors that are densely expressed in brain
networks responsible for reward. Recent work shows that
exercise activates the eCB system in humans and other
mammals, suggesting eCBs are partly responsible for the
reported improvements in mood and affect following aerobic
exercise in humans. However, exercise-induced psychologi-
cal changes reported by runners are known to be depen-
dent on exercise intensity, suggesting that any underlying
molecular mechanism should also change with varying levels
of exercise intensity. Here, we examine circulating levels of
eCBs following aerobic exercise (treadmill running) in
recreationally fit human runners at four different intensities.
We show that eCB signaling is indeed intensity dependent,
with significant changes in circulating eCBs observed fol-
lowing moderate intensities only (very high and very low
intensity exercises do not significantly alter circulating eCB
levels). Our results are consistent with intensity-dependent
psychological state changes with exercise and therefore
support the hypothesis that eCB activity is related to
neurobiological effects of exercise. Thus, future studies
examining the role of exercise-induced eCB signaling on
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neurobiology or physiology must take exercise intensity into
account.
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Introduction

Humans frequently report a neurobiological response to
exercise that includes both central effects (improved affect,
sense of well-being, anxiety reduction, post-exercise calm)
and peripheral effects (reduced pain sensation) (Dietrich
and McDaniel 2004; Ogles and Masters 2003; Sachs and
Pargman 1979). Recent work in humans and animal models
suggests that endocannabinoid (eCB) signaling plays an
important role in generating these exercise-induced
responses (Dubreucq et al. 2010; Hill et al. 2010; Keeney
et al. 2008, 2012; Raichlen et al. 2012; Rasmussen and
Hillman 2011; Sparling et al. 2003). ECBs are endogenous
ligands for the CB; and CB, cannabinoid receptors,
which were originally identified as the receptors activated
by A°-tetrahydrocannabinol (THC; the principal psycho-
active ingredient in marijuana) (Piomelli 2003). CB,
receptors are found in numerous brain areas, but are par-
ticularly dense in regions associated with emotion, cogni-
tion, motor behavior, and reward (Glass et al. 1997). The
two most studied eCBs, anandamide (AEA) and 2-arachi-
donylglycerol (2-AG), are released by neurons in an
activity-dependent manner to modulate synaptic activity
and plasticity (Gerdeman 2008; Katona and Freund 2008;
Piomelli 2003). Through this activity, eCBs may contribute
to exercise-related changes in psychological state that are
popularly referred to as the ‘runner’s high’ (Dietrich and
McDaniel 2004).
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Several lines of evidence suggest that the eCB system is
involved in neurobiological rewards associated with aero-
bic exercise and may function to motivate endurance
exercise and reduce pain sensitivity (Dietrich and
McDaniel 2004; Keeney et al. 2008, 2012; Raichlen et al.
2012; Sparling et al. 2003). First, circulating levels of eCBs
increase following treadmill running and cycling in
humans (Raichlen et al. 2012; Sparling et al. 2003). Since
eCBs are highly lipophilic, circulating eCBs can readily
pass through the blood-brain barrier, leading to central
effects (Dietrich and McDaniel 2004). Note that movement
of eCBs across biological membranes is facilitated by
recently characterized transporter proteins (Fu et al. 2012)
and might be dynamically modified by physiological pro-
cesses. Second, studies of animal models suggest a role for
eCBs in the motivation to exercise (Dubreucq et al. 2010;
Keeney et al. 2008, 2012; Rasmussen and Hillman 2011).
Although we must be careful in applying results from
animal studies directly to humans, these experimental
designs allow researchers to explore mechanisms at a more
detailed level than is possible in human studies. For
example, in cannabinoid (CB) receptor knockout mice,
voluntary wheel-running is significantly reduced compared
with control groups (Dubreucq et al. 2010). This reduction
suggests that the eCB system is involved in the motivation
for voluntary exercise in these animal models. Addition-
ally, in female mice that have undergone artificial selection
for high amounts of voluntary wheel-running, administra-
tion of rimonabant (SR141716; a CB; receptor antagonist)
or WIN 55,212-2 (a CB; receptor agonist) significantly
reduced wheel-running compared with mice that have not
undergone the selection experiment (Keeney et al. 2008,
2012). The fact that selected mice experience a differential
response to eCB signaling suggests that evolution can act
on the eCB system to help motivate exercise (Keeney et al.
2008, 2012). Finally, Rasmussen and Hillman (2011)
reported the complementary finding that in Long-Evans
rats, rimonabant injections suppressed operant responding
to attain access to a running wheel, again supporting a role
for eCB signaling in the reinforcing properties of exercise.

Exercise-induced eCB activity in humans appears to be
altered by exercise intensity (Feuerecker et al. 2012;
Heyman et al. 2012; Raichlen et al. 2012), which is con-
sistent with findings that the neurobiological effects of
exercise are also intensity dependent (Berger and Motl
2000; Reed and Ones 2006). In general, neurobiological
effects of exercise follow a ‘u-shaped’ curve, with the
greatest effects occurring at medium levels of intensity and
minimal effects occurring at low and high intensity levels
(Berger and Motl 2000; Reed and Ones 2006). Raichlen
et al. (2012) showed that, in humans and dogs, AEA levels
increase at moderate (70 % of maximum heart rate in
humans) rather than at low (45 % of max. heart rate)
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exercise intensities. Heyman et al. (2012) found that
circulating AEA (but not 2-AG) levels increase following
exercise at both 55 and 75 % of maximal power output
during cycling, and the increase, relative to baseline, is
greatest following the highest exercise intensity. However,
in this study, subjects performed both exercise intensities in
the same testing session, making it difficult to determine
whether increased eCB activity was due to intensity alone,
or whether it was affected by exercise duration. Feuerecker
et al. (2012) measured changes in AEA following physical
activity outside of the laboratory in more natural settings.
Subjects completed three exercise protocols. On different
days, subjects hiked at low altitude, hiked to a high-altitude
location, or took a helicopter to high altitude for similar
durations (~3-5 h). Circulating AEA increased under both
hiking conditions, but more so on the strenuous hike to
altitude, and did not increase in the passive travel condition
(helicopter to high altitude), which suggests strenuous
exercise leads to a greater increase in AEA. While these
studies are informative, their methods do not readily show
how circulating AEA levels respond under more stan-
dardized exercise conditions (i.e., exercise at specific
intensities).

The purpose of this study is to examine changes in
circulating eCBs following exercise at a wide variety of
intensities under standardized conditions. Here, we exam-
ine circulating eCBs before and after exercise at four dif-
ferent intensities, with each measurement occurring on a
separate day. We predicted that peripheral levels of eCBs
would increase following moderate- or high-intensity
exercise, but not following low-intensity exercise.

Methods
Participants

Ten healthy subjects participated in this study. The subject
group included six males and four females who are all self-
reported fit, healthy, regular runners (see Table 1). All
subjects were instructed not to exercise outside of the
laboratory on data collection days and fasted for 3 h prior
to coming to the lab. All procedures were approved by the
University of Arizona Institutional Review Board, and
subjects gave their informed consent prior to the beginning
of the study.

Procedures

Subjects came to the laboratory on five separate occasions
at the same time of day for each visit. The first day was a
general information session to let them become familiar
with the procedures and requirements of the study. On
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Table 1 Subject characteristics

Variable Mean Standard deviation
Body mass (kg) 67.35 9.06
Age (years) 31.91 12.08

Heart rate at intensity I (%) 44.6 4.16

Heart rate at intensity II (%) 72.48 8.43
Heart rate at intensity III (%) 83.23 7.48
Heart rate at intensity IV (%) 92.1 6.47

Heart rates are reported here as a percent of age-adjusted maximum
heart rate (see text for further explanation)

exercise testing days, blood samples were taken prior to
treadmill running (see Blood sample procedures below).
Subjects were then asked to walk or run on the treadmill at
one of four intensities for 30 min (see Table 1). A second
blood sample was taken immediately following each
exercise trial. The order of intensities was randomized for
each participant. Each participant exercised at a single
intensity on a given day.

Exercise intensity

Age-adjusted maximum heart rate (AAMHR) was used to
measure exercise intensity and was calculated following
Tanaka et al. (2001). During each treadmill trial, subjects
wore heart rate monitors (Polar RS400 heart rate monitor)
for determination of exercise intensity. Treadmill speeds
were adjusted to elicit heart rates as percentages of
AAMHR at four different intensities (see Table 1). The
lowest corresponded to a moderate walking speed (inten-
sity I-HR <50 % AAMHR). The other three intensities
were a slow jog (intensity II-HR ~70 % AAMHR), a
medium-intensity run (intensity [II-HR ~ 80 % AAMHR),
and a high-intensity run (intensity IV-HR ~90 %
AAMHR).

Blood sample procedures

Blood samples (0.5 ml) were collected before and after
each of these trials using a syringe filled with 1 ml of
Krebs-Tris buffer/EDTA (4.5 mM). Samples were imme-
diately centrifuged in Accuspin tubes (Sigma) at 800xg,
for 10 min. Methods for eCB extraction and quantification
by GC/MS isotope dilution are described in detail in
Hardison et al. (2006).

Data analysis

Because day-to-day fluctuations in baseline eCB levels are
known to occur in healthy individuals (Vaughn et al. 2010;
Zoerner et al. 2009), we investigated the change in circu-
lating eCBs from pre- to post-exercise values on a given

day only. We used a two-way repeated-measures ANOVA
[time of blood sample (pre- vs. post-exercise) X intensity]
to compare pre- and post-exercise eCB levels across the
four speeds. If a significant interaction between the two
independent variables was found, we examined which
intensities elicited a significant post-exercise change in
eCB level using Fisher’s least significant differences (LSD)
post hoc test to control for multiple comparisons. If the
time X intensity interaction was significant, we examined
the effect of intensity on the magnitude of the change in
eCB levels using a one-way repeated-measures ANOVA
where the dependent variable was the difference between
pre- and post-exercise eCB and the independent variable
was intensity level. Finally, we used a Fisher’s LSD post
hoc test to determine which intensities significantly
differed.

Results

Heart rates as a percentage of AAMHR differed significantly
across the four exercise intensities (one-way repeated-mea-
sures ANOVA: F[3, 27] = 194.41, p < 0.001). A Fisher’s
LSD post hoc analysis found that heart rate as a percentage
of AAMHR increased significantly at increasing intensity
levels (Table 2). A two-way repeated-measures ANOVA
(time of blood sample [pre- vs. post-exercise] x intensity)
found a significant effect of time (F[1, 9] = 7.36, p = 0.02),
intensity (F[3, 27] = 4.60, p = 0.01), and the interaction
between time and intensity (F[3, 27] = 3.42, p = 0.03) on
AEA levels (Fig. 1). However, a two-way repeated-mea-
sures ANOVA (time of blood sample x intensity) of 2-AG
found no significant effect of time (F[1, 9] = 0.018,
p = 0.90), intensity (F[3, 27] = 0.964, p = 0.42), or the
interaction between time and intensity (F[3, 27] = 0.965,
p = 0.42). Therefore, we investigated changes in AEA only,
using a post hoc analysis. A Fisher’s LSD post hoc test
showed that exercise intensities II and III led to a significant
increase in post-exercise AEA levels (Fig. 1). A one-way
repeated-measures ANOVA found that exercise intensity
had a significant effect on the magnitude of the difference
between post- and pre-exercise values of AEA (F[3, 27] =
342, p = 0.03), and a Fisher’s LSD found that exercise

Table 2 Fisher’s LSD post hoc test statistics for difference in heart
rate as a percentage of maximum heart rate across intensities

Intensity 1I I v

I 13.42 (<0.00001) 18.59 (<0.00001) 22.86 (<0.00001)
I X 5.17 (0.00006) 5.17 (0.00006)
I X 4.27 (0.0005)

Values given are f-statistic (p values) for pair-wise comparisons. Bold
values are significant at alpha = 0.05
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Fig. 1 Change in AEA levels following exercise at different

intensities. Stars represent significant differences (pre vs. post at
each intensity) following Fisher’s LSD post hoc tests (p < 0.05)

Table 3 Fisher’s LSD post hoc test statistics for difference in post-
and pre-exercise levels of AEA

II I v
I 2.86 (0.005) 1.34 (0.097) 0.22 (0.412)
II X —1.52 (0.070) —2.63 (0.008)
111 X —1.12 (0.140)

Values given are #-statistic (p values) for pair-wise comparisons. Bold
values are significant at alpha = 0.05

intensity II had a significantly greater difference between
post- and pre-exercise levels of AEA compared with inten-
sities I and IV (Table 3).

Discussion

Our data show that exercise-induced AEA release in the
bloodstream is dependent on exercise intensity. Only
moderate exercise intensities (~70-85 % of AAMHR)
lead to significant changes in circulating levels of AEA.
Circulating levels of 2-AG are not influenced by exercise at
any intensity. We build on the results of Sparling et al.
(2003) who showed an increase in AEA, but not 2-AG, at a
moderate intensity of exercise. In addition, our results
support and help clarify recent work showing that higher
intensities elicit higher levels of circulating AEA (Feu-
erecker et al. 2012; Heyman et al. 2012). Here, we show
that there is a relatively narrow window of exercise
intensities that elicit an eCB response and that intensities
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corresponding to walking speeds do not generate an
increase in circulating eCBs.

These results are particularly important given the pos-
sible functions of the eCB system during exercise. Dietrich
and McDaniel (2004) proposed a role for the endocan-
nabinoid system in the neurobiological rewards associated
with exercise. As described above, this hypothesis is sup-
ported by a range of both human and nonhuman mamma-
lian studies (Dietrich and McDaniel 2004; Keeney et al.
2008, 2012; Raichlen et al. 2012; Sparling et al. 2003). Our
results confirm previous work showing that these rewards
follow a U-shaped curve with respect to exercise intensity
(e.g., Berger and Motl 2000). For example, the change in
psychological state associated with running in humans is
generally only present at moderate intensities, whereas low
and high intensities lead to limited changes in mood or
affective state (Berger and Motl 2000; Kirkcaldy and
Shephard 1990).

In addition to neurobiological rewards, eCB signaling
may have important peripheral effects that likely aid
exercise performance. Specifically, Sparling et al. (2003)
suggested that eCB signaling during exercise may reduce
pain sensitivity associated with intense physical activity.
There is a growing body of evidence suggesting that eCBs
effectively mitigate chronic and acute pain at both central
and peripheral sites (Agarwal et al. 2007; Gerdeman 2008;
Hohmann and Suplita 2006; Hohmann et al. 1999, 2005;
Ibrahim et al. 2003; Piomelli 2003; Richardson 2000;
Meng et al. 1998) and therefore likely play a role in
exercise-induced analgesia. Peripheral analgesia by eCBs
is achieved through CB;-mediated inhibition of neuro-
transmitter release in nociceptive afferent pathways of the
peripheral nervous system (Agarwal et al. 2007; Gerdeman
2008; Piomelli 2003) and via activation of CB, receptors,
which inhibit the release of inflammatory mediators
(Hohmann and Suplita 2006; Ibrahim et al. 2003). A great
deal of work has shown that exercise has analgesic effects
(Koltyn 2002), which likely contribute to feelings of
effortlessness associated with the neurobiological rewards
during exercise (i.e., ‘runner’s high’), and may improve
athletic performance by allowing athletes to exercise at
higher intensities for longer periods of time (Dietrich and
McDaniel 2004). Our results are consistent with studies
showing intensity-dependent effects of exercise on pain
sensitivity, with low intensities generally reducing the level
of analgesia experienced by athletes (Hoffman et al. 2004;
Koltyn 2002).

Finally, recent work in animal models implicates eCB
signaling in exercise-induced adult hippocampal neuro-
genesis (Hill et al. 2010; Wolf et al. 2010), which may
improve memory and increase the volume of brain struc-
tures in young and elderly human populations (Erickson
et al. 2011). Neural progenitor cells express CB receptors,
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and experimental studies show that they synthesize eCBs
(Hillard 2000; Howlett et al. 2004). The presence of AEA
is essential for neurogenesis (Aguado et al. 2005, 2006),
and genetic deletion of FAAH (fatty acid amide hydrolase),
the enzyme responsible for AEA hydrolysis, significantly
increases cell proliferation in the dentate gyrus (Aguado
et al. 2005, 2006). It should be noted that one study
(Dubreucq et al. 2010) found that CB; knockout mice had
similar levels of activity-induced neurogenesis compared
with wild-type littermates. Thus, the role of eCB signaling
in adult exercise-induced neurogenesis requires more
experimental work. An additional caveat of these studies is
that neurogenesis cannot be directly measured in humans,
so we must interpret results from animal models with
caution. Despite these caveats, our results are consistent
with limited evidence for an intensity-dependent relation-
ship between exercise and neurogenesis. Two studies show
that hippocampal neurogenesis is reduced when rodents are
forced to run at very high intensities on treadmills, whereas
it is significantly increased at lower and moderate intensi-
ties (Kim et al. 2003; Lou et al. 2008).

In addition to possible functional effects of eCB sig-
naling, we can view our results through the evolutionary
lens suggested by Raichlen et al. (2012). In taxa that
evolved to run long distances, AEA levels increase fol-
lowing moderate-, but not low-intensity exercise (Raichlen
et al. 2012). However, exercise-induced eCB activity did
not occur in taxa that do not generally use high-intensity
aerobic activity in their foraging behaviors (Raichlen et al.
2012). Thus, mechanisms to enhance eCB signaling during
exercise may have evolved in the distance-running taxa to
motivate and reward running as an essential foraging
behavior, and would provide the additional benefit of
mitigating pain and inflammation incurred during running.
Our results suggest that any evolutionary link between
AEA and exercise in humans is restricted to moderate,
rather than very high or very low exercise intensities.
These results are consistent with anatomical and physio-
logical evidence that humans evolved as aerobic athletes,
and that moderate, rather than very high or very low,
intensities were important for foraging success during
human evolution (Bramble and Lieberman 2004; Carrier
1984; Lieberman et al. 2006, 2007, 2009).

Although our results are consistent with these neurobio-
logical and physiological functions associated with eCB
signaling, it is important to note that this study measured
peripheral eCB signaling only, and thus, we cannot be sure
that our measurements fully reflect changes in eCBs within
the central nervous system. However, previous work
strongly suggests that peripheral levels of eCBs are reflec-
tive of central levels, given their ability to readily traverse
the blood—brain barrier (Dietrich and McDaniel 2004; Glaser
et al. 2006; Willoughby et al. 1997). For example, peripheral

intravenous injection of AEA in rodents leads to increased
AEA and dopamine levels in brain reward regions (Solinas
et al. 2006; Willoughby et al. 1997). Additionally, intrave-
nous injections of eCBs activate CB receptors in the brain
and lead to reward-seeking behaviors (e.g., self-administered
injections) in animal models (Justinova et al. 2005, 2011;
Solinas et al. 2006; Willoughby et al. 1997).

In conclusion, exercise activates the eCB system in a
narrow window of exercise intensities. Our results suggest
that studies specifically testing for the neurobiological
effects of eCB signaling must take into account exercise
intensity since exercise at either very high or very low
intensities may not elicit eCB activity. Through these kinds
of studies, we can more effectively prescribe exercise in
ways that benefit psychological state, pain management,
and overall cognitive health.
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