Opioid release after high-intensity interval training in healthy human subjects

1,23

.. .. . . . .1 . 1 ..
Tiina Saanij Okll, Lauri Tuominen =7, Jetro J. Tuulari’, Lauri Nummenmaa , Eveliina

. . . R 1.4
Arponenl, Kari Kalliokoski', Jussi Hirvonen"

1) Turku PET Centre, University of Turku, Turku, Finland, 2) Department of
Psychiatry, Massachusetts General Hospital, Boston, MA, USA, 3) Harvard Medical
School, Boston, MA, USA, 4) Department of Radiology, Turku University Hospital,
Turku, Finland

Running title: Physical exercise and p-opioid system

Corresponding author:

Jussi Hirvonen, M.D., Ph.D.

Adjunct Professor

Department of Radiology and Turku PET Centre
University of Turku

Kiinamyllynkatu 4-8, FIN-20520

Turku, Finland

Tel: +358-50-585-8865 (cell), +358-2-313-7908 (work)
Email: jussi.hirvonen@utu.fi



ABSTRACT

Central opioidergic mechanisms may modulate the positive effects of physical exercise
such as mood elevation and stress reduction. How exercise intensity and concomitant
affective changes affect central opioidergic responses is unknown. We studied the
effects of acute physical exercise on the cerebral p-opioid receptors (MOR) of 22
healthy recreationally active males using positron emission tomography (PET) and the
MOR-selective radioligand [''C]carfentanil. MOR binding was measured in three
conditions on separate days: after a 60-min aerobic moderate-intensity exercise session,
after a high-intensity interval training (HIIT) session, and after rest. Mood was
measured repeatedly throughout the experiment. HIIT significantly decreased MOR
binding selectively in the frontolimbic regions involved in pain, reward, and emotional
processing (thalamus, insula, orbitofrontal cortex, hippocampus, and anterior cingulate
cortex). Decreased binding correlated with increased negative emotionality. Moderate-
intensity exercise did not change MOR binding, although increased euphoria correlated
with decreased receptor binding. These observations, consistent with endogenous opioid
release, highlight the role of the p-opioid system in mediating affective responses to

high-intensity training as opposed to recreational moderate physical exercise.



INTRODUCTION

Physical exercise improves mental health by elevating mood (Kanning and Schlicht,
2010; Yeung, 1996) and by reducing stress and symptoms of depression and anxiety
(Scully et al, 1998). Exercise also improves cognitive performance and brain plasticity
(Aberg et al, 2009; Colcombe et al, 2004) and has well-known cardiovascular and
metabolic benefits. Previous research has confirmed that enjoyment is an important
incentive for engaging in leisure-time physical activity (Aaltonen et al, 2012). Many
people report pleasurable sensations and improved mood after physical exercise
(Mazzeschi et al, 2014) and some even describe euphoric feelings (“runner’s high”) in
response to prolonged physical exercise (Dietrich and McDaniel, 2004; Morgan, 1985).
Exercise intensity is one of the key modulators of exercise-induced pain
and pleasure (Oliveira et al, 2015). Exercise of low and moderate intensity is associated
with positive mood changes, whereas higher intensities tend to impair affect both during
and immediately after exercise (Ekkekakis et al, 2011). The affective characteristics of
interval exercise are less well understood, but have recently gained attention due to the
growing popularity of high-intensity interval training (HIIT). HIIT is superior to
moderate-intensity continuous training (MICT) in improving several markers of
cardiovascular fitness with reduced training time commitment (Milanovi¢ et a/, 2015;
Ramos et al, 2015; Weston et al, 2014). HIIT consists of brief (5-150 s) but intense
bursts of activity interspersed with short periods of rest or active recovery, and typically
elicits more negative mood responses and higher perceived exertion and pain than the

more traditional MICT (Decker and Ekkekakis, 2017; Jung et al, 2014; Saanijoki et al,



2015). This may not, however, be the case for physically fit individuals who may
experience improved mood and enjoyment also after HIIT (Bartlett e a/, 2011).

The neurobiological mechanisms underlying exercise-induced affective
responses are not known. The most commonly adopted theory on physical exercise
induced euphoria is the endorphin hypothesis”, which ascribes the positive mood
changes following exercise to an increased release of B-endorphins (Morgan, 1985;
Yeung, 1996). The level of plasma B-endorphin is usually elevated during intense
exercise (Goldfarb and Jamurtas, 1997), but a plausible link between circulating
endorphin concentrations and mood responses to acute exercise has not been established
(Dishman and O’Connor, 2009).

The endogenous mesolimbic opioid system contributes to the rewarding
effects of external factors like food, drugs, and social interaction (Henriksen and
Willoch, 2008; Trezza et al, 2011). Because endogenous opioids modulate affect
(positive and negative) (see review in Nummenmaa and Tuominen, in press) and pain
(Zubieta et al, 2001), exercise-induced affective responses might also be attributed to
the brain opioid system. Of the three types of opioid receptors (-, 6-, and k-receptors),
the p-opioid receptors (MOR) mediate the effects of endogenous opioids (e.g., -
endorphins) and of exogenous opioid agonists and antagonists, and are thus responsible
for mediating positive reward and euphoria (Chartoff and Connery, 2014).

In humans, endogenous opioid release can be examined with positron
emission tomography (PET) by changes in the binding of [''C]carfentanil, a highly
selective high-affinity agonist radioligand for MOR (Colasanti et al, 2012; Mick et al,
2014, 2016; Titeler et al, 1989). Although a previous PET study linked “runner’s high”

(euphoria after 2 hours of running) with a decrease in the binding of the non-selective



opioid receptor radioligand ['*F]JFDPN (Boecker et al, 2008), the relation between
MORs and physical exercise in humans is not known.

In this study, we measured the effects of different types of acute physical
exercise on MOR availability in 22 healthy men using PET and [''C]carfentanil. The
participants were scanned after rest and after 60 minutes of MICT on cycle ergometer,
twelve of them additionally after HIIT, in a counterbalanced order. We used a classic
form of recreational 60 min instead of prolonged sessions of aerobic exercise
traditionally associated with “runner’s high” in an attempt to examine the typical
positive mood changes associated with shorter exercise challenges, and to make the
results applicable to the population. Additionally, we employed HIIT, a popular and
time saving but strenuous method in improving cardiovascular fitness. We hypothesized
that physical exercise leads to decreased MOR binding consistent with endogenous
opioid release and that HIIT is even more effective in this respect, and that MOR

binding correlates with exercise-induced positive mood changes.

SUBJECTS, MATERIALS AND METHODS

Ethics

The study was conducted at the Turku PET Centre, University of Turku and Turku
University Hospital (Turku, Finland) and followed the principles of the Declaration of
Helsinki. The Ethics Committee of the Hospital District of South-West Finland
approved the research protocol. The purpose and potential risks of the study were
explained to the subjects each of whom gave written informed consent. This study was

registered at clinicaltrials.gov under the number NCT02615756.



Subjects

Twenty-two healthy men (age 26.1 + 4.9 years, range 21—-36 years) with a variable
exercise background participated in the study (Table 1). The inclusion criteria were
male sex, age 18-65 years, and body mass index below 27 kg m™. The exclusion
criteria were a history of or current neurological or psychiatric disease, use of tobacco
products or medication affecting the central nervous system, current or past excessive
alcohol or substance abuse, any chronic illness resulting in disability in daily life,
excessive or competitive athletics not consistent with common exercising habits,
claustrophobia, and the presence of any ferromagnetic objects that would contraindicate
magnetic resonance imaging. Laboratory tests, urinanalysis, and an ECG were obtained

to assess health and the absence of psychoactive drugs.

Maximal exercise test

To determine the individual workload for the MICT exercise task, the subjects
performed a maximal aerobic exercise test on a bicycle ergometer (Ergoline 800s,
VIASYS Healthcare, Germany) starting at 40 W and followed by 30 W increments
every 2 minutes until volitional exhaustion. Ventilation and gas exchange were
measured (Jaeger Oxycon Pro, VIASYS Healthcare, Germany) and reported as the
mean value per minute. The highest 1-min value of oxygen consumption was expressed
as the VOymax. The maximal workload (Load.x) was calculated as the average
workload during the last two minutes of the test and used as a measure of maximal
performance. Metabolic thresholds were determined from the blood lactate

concentration measured from capillary samples taken repeatedly during the test. The



aerobic threshold corresponded the workload at which the blood lactate rose above the
baseline level, and the anaerobic threshold the workload at which blood lactate began to

accumulate rapidly.

Experimental design
Ten participants underwent two consecutive PET studies — one at rest and another after
completion of a MICT session. Twelve other participants underwent three PET studies -
after MICT, after HIIT, and after rest (Figure S1). A bolus injection of [''C]carfentanil
was used. The participants fasted for 3 h before studies and were instructed to
discontinue the use of caffeine containing products and not perform any physical
exercise 24 h before the PET studies. For all participants, the order of the PET studies
was randomized and all studies took part on separate days.

The MICT session consisted of 60 minutes of continuous aerobic cycling
(Tunturi E85, Tunturi Fitness, Almere, The Netherlands) at workload in the middle
between aerobic and anaerobic thresholds predetermined individually by the maximal
exercise test (mean workload 164 =42 W; 54 £ 7 % from Loadpay; range 145—295 W;
average heart rate during exercise 143 = 15 beats per min; 74 + 7 % from maximal heart
rate). All participants performed the MICT session successfully. Due to an unexpected
delay with radiotracer supply, one of the participants had a slightly longer MICT
session (77 minutes rather than the programmed 60 minutes).

The HIIT session consisted of four minutes of warm-up and five all-out
cycling efforts (Monark Ergomedic 894E; Monark, Vansbro, Sweden) with four
minutes of recovery, during which participants remained still or did unloaded cycling.

Each sprint started with a few seconds of acceleration to maximal cadence, followed by



a sudden increase of the load (7.5 % of body weight) and maximal cycling for 30
seconds. Participants were familiarized with the HIIT protocol prior to HIIT session.
Two participants could perform only three 30 s sprints: one was too exhausted and
experienced knee pain, the other vomited after three bouts. Nevertheless, the data from
these studies was included in the data analysis.

Heart rate was monitored during exercise (RS800CX; Polar Electro Ltd.,
Kempele, Finland). The blood lactate concentration was measured from venous samples
before and within 1 minute after completion of training (Lactate Pro; Arkray KDK,
Kyoto, Japan). Music, television, or other technical devices were not available to the
subjects during exercise. PET scanning began within 15—37 min after the completion
of the exercise session, concomitantly with the administration of the radiotracer.

During the MICT and HIIT sessions the participants’ subjective degree of
exertion was assessed with Borg’s Rating of Perceived Exertion (RPE) 620 scale and
their subjective feelings of emotional valence (pleasant versus unpleasant) and arousal
(calm versus excited) were assessed with the Self-Assessment Manikin (SAM) rating
scale (Bradley and Lang, 1994) (Figure S2). The RPE and SAM scales were
administrated before, and at 15 min, 30 min, 45 min and 60 min during MICT, and
before HIIT and within 5 seconds after each 30 s sprint. Subjective feelings of pleasant
versus unpleasant emotions were measured using the Positive and Negative Affect
Schedule (PANAS) (Watson et al, 1988) and a visual analogue scale (VAS; separate
scales for tension, irritation, pain, exhaustion, satisfaction, motivation to exercise,
euphoria, and energy) prior to and within three minutes after the end of each training
session. After the HIIT session, three of the participants vomited and filled the

questionnaires within 15 minutes after exercise completion. Euphoria and energy were



added in the middle of the study, thus only 15 participants completed full VAS
questionnaire.

On the day of the baseline study, the participants rested for 60 minutes
before the studies without music, television, or mobile entertaining devices. PANAS

and VAS were administrated prior to and after the scans.

Radiotracer synthesis and PET data acquisition and analysis
[''C]Carfentanil was synthesized by '' C-methylation of desmethyl carfentanil (sodium
salt) with [''C]methyl triflate prepared from cyclotron-produced [''C]methane. The
synthesis was performed according to the procedure previously published (Hirvonen et
al, 2009) with minor modifications. An intravenous catheter was placed in the left arm
of each study participant for blood sampling and radiotracer injection. The radioligand
was administered at tracer doses with no expected pharmacological side effects. The
specific radioactivity and the injected mass of the radioligand did not differ between the
scans (Table S1). After an intravenous injection of [''C]carfentanil (257 +12 MBq,
range 224—295 MBq, injected mass 0.26 + 0.17 pg, specific radioactivity 507 & 259
MBg/nmol), radioactivity in the brain was measured with a Philips Ingenuity PET/MR
scanner for 51 min, using 13 frames, with in-plane resolution of 3.75 mm. A T1-
weighted TR 25 ms, TE 4.6 ms, flip angle 30°, scan time 376 s MR images (1 mm’
voxel size) were acquired for anatomical reference. Radioactivity data acquisition was
started concomitantly with the injection of the radiotracer.

To correct for head motion all the volumes of the dynamic PET scans
were realigned to each other. A T1-weighted MR image was coregistered with the

summed PET image and the occipital cortex was manually defined on the coregistered



T1 image using the PMOD 3.3 software (PMOD Technologies, Ziirich, Switzerland).
Receptor availability was expressed in terms of BPnp, which is the ratio between
specific and non-displaceable binding in the brain. A simplified reference tissue model
(SRTM) was used to obtain non-displaceable binding potential estimates voxel-wise
using occipital time activity curve as reference tissue input (Gunn ef al/, 1997). This
outcome measure is not confounded by changes or differences in peripheral distribution.
Specific binding of [''C]carfentanil is unaffected by changes in cerebral blood flow
(Endres et al, 2003; Frost et al, 1989; Liberzon et al, 2002). The resulting parametric
BPnp images were normalized to the Montreal Neurological Institute (MNI) space using
deformation fields obtained by segmenting the T1-weighted images. Finally,
normalized parametric images were smoothed with a Gaussian kernel of 7 mm full-
width half-maximum. All preprocessing steps were carried out using the SPM8 software
(www.fil.ion.ucl.ac.uk/spm/) run on Matlab R2012a (MathWorks), except for simplified
reference tissue modelling, which was done using PMOD. Due to technical problems
with the PET scanner, the PET-data following one MICT and one HIIT were

subsequently found to be invalid and were excluded from the analysis.

Statistical analyses

Within subject effects of MICT on MOR availability were tested with the paired t test
for the whole group, since every subject completed rest and MICT scans (n=21, age
25.1 (8.6) years). The within subject effects of MICT and HIIT on MOR availability
were tested with repeated measures one-way ANOVA for the subset of participants who
completed all three studies (n=11, age 24.8 (9.1) years) (Figure S1). The calculations

were performed using the SPMS software (www.fil.ion.ucl.ac.uk/spm/) running on
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Matlab R2012a (MathWorks). The threshold for statistically significant differences was
set at p < 0.05 for all assessments, false discovery rate (FDR) corrected at cluster level.
The Marsbar toolbox for SPM (http://marsbar.sourceforge.net/) was used to extract
mean BPxp estimates from each activation cluster observed in the full-volume analysis.
The effects of physical exercise on RPE, valence and arousal measured
during exercise, and positive and negative affect and VAS items measured before and
after exercise, were analysed using ANOVA for the participants who performed both
exercise modes (MICT and HIIT, n=12) with IBM SPSS Statistics 21 for Mac OS X
(IBM Corp., Chicago, IL, USA). To ensure that MICT-induced affective responses were
similar between the group that performed only MICT (n=10) and the group that
performed both MICT and HIIT (n=12), another set of general linear model analyses
were performed using condition (pre/post) as a within-subject factor and group (only
MICT; or both MICT and HIIT) as a between-subject factor. The associations of
exercise-induced changes in mood responses and changes in MOR binding were
assessed using an exploratory whole-brain analysis with statistical threshold set at p <

0.05, false discovery rate (FDR) corrected at cluster level.

RESULTS

Effects of exercise on MOR binding

After HIIT, [''C]carfentanil BPxp values were significantly lower in widespread regions
of the brain than after rest or MICT conditions according to full-brain voxel-based
analysis (Figure 1). This was the case for cortical regions (prefrontal cortex, anterior

cingulate cortex, and insula) and subcortical brain regions (hippocampus, thalamus,
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amygdala, ventral striatum, periaqueductal gray matter in the brainstem, and
cerebellum). The average change of ['' C]carfentanil BPxp was -19 = 14 % (range -50 %
to 0 %) (Figure 2). HIIT did not induce increases of [''C]carfentanil binding. In
contrast, [''C]carfentanil BPxp values were not significantly affected after MICT
compared to rest, neither for the whole group (n=21) using paired t test nor in the
repeated measures one way ANOVA for the subset of participants who underwent all
three scans (n=11). The results were the same even after controlling for scan order
(whole brain analysis p < 0.05).

Regional time-activity curves suggested that physical exercise changed
brain uptake in a global fashion both in target and reference regions. This would be
consistent with a change in the arterial input function, perhaps due to changes in the
peripheral distribution after exercise (Figure 3A, 3B). Nevertheless, regional
radioactivity concentration ratios of target and reference regions suggested lower
specific binding of [''C]carfentanil after HIIT, despite any such changes in radioligand
delivery (Figure 3C). To further investigate the occurrence of changes in radioligand
delivery to the target, we analyzed data from defined anatomical regions of interest,
which we defined manually: thalamus, ventral striatum, dorsal anterior cingulate cortex,
dorsolateral prefrontal cortex, and insula. For this, we used SRTM as implemented in
PMOD. We found that BPxp was significantly decreased after HIIT (n=11) in the dorsal
anterior cingulate cortex (-10%, p=0.003) and ventral striatum (-8%, p=0.044), but
unchanged after MICT (n=21; all p>0.1). This is in agreement with the full-brain voxel-
based analysis results. In addition, we found that the estimate of radioligand delivery in
the target region relative to the reference region (R1) was also slightly reduced after

HIIT in the dorsal anterior cingulate cortex (-6%, p=0.040) and insula (-8%, p=0.028),
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whereas the efflux constant from target tissue to plasma (k) was reduced in the ventral

striatum (-10%, p=0.040) (Table S2).

Effects of exercise on emotional state

In the subset of participants who performed both exercise modes (n=12), HIIT increased
perceived exertion and arousal more and decreased affective valence more than MICT
during exercise, £ 11 =31.71, p <0.001; F11,=6.44, p=0.028; and F;; = 13.44, p =
0.004, respectively. Participants experienced more positive affect after MICT than after
HIIT, Fi 11 =10.01, p = 0.009, and more negative affect after HIIT than after MICT,
F111=29.37, p <0.001. Exhaustion ratings were higher after HIIT than after MICT,
F111=6.92, p=0.023. Tension ratings were higher under HIIT than MICT conditions,
but the pre- and post-exercise ratings did not differ significantly from each other, F ;; =
13.49, p = 0.004. Satisfaction ratings increased after MICT and decreased after HIIT,
F111="7.60, p=0.019. Pain ratings were higher after exercise, but not differently so
between MICT and HIIT, F;; = 9.62, p = 0.01. Motivation to exercise was lower under
HIIT than MICT conditions and there were no differences in ratings between before and
after exercise, F,11 = 10.14, p = 0.009. Irritation ratings were higher after HIIT than
after MICT, F;; = 10.91, p = 0.007. Euphoria ratings were higher in MICT than in
HIIT condition, F ;; =4.74, p = 0.052, and higher after exercise, F;;; = 6.00, p =
0.032. Feeling of energy was higher after MICT than after HIIT, F;; =14.98,p =
0.003. Lactate was higher after HIIT than after MICT, F ;; = 923.62, p <0.001. There
were no differences in MICT-induced affective responses between the subset of
participants who performed only MICT and the subset of participants who performed

both MICT and HIIT (all p > 0.05).
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To examine if exercise-induced changes in mood responses are associated with changes
in MOR binding, exploratory whole-brain analysis was used. After MICT, increased
euphoria after exercise correlated with decreased BPxp in the dorsal prefrontal cortex (r
= 0.81) and precuneus (r = 0.80) (Figure 4A). Decreased valence during MICT was
positively associated with decreased BPnp in the orbitofrontal (r = 0.63), and a
perceived exertion increase was associated with a reduction in BPyp in the frontal (r =
0.77) and parietal regions (r = 0.71) of the brain. After HIIT, an increase in negative
affect (Figure 4B) and tension correlated with decreased BPxp in the frontal cortex (r =
0.75 and r = 0.90, respectively), and an increase in dissatisfaction correlated with

decreased BPnp in the thalamus (r = 0.76). No inverse correlations were recorded.

DISCUSSION

Our results indicate that brain opioid action has a previously unrecognized
role in association with acute physical exercise. We showed that the exercise intensity
modulates MOR activation and the concomitant changes in affective state. High-
intensity exercise elicits endogenous opioid release, as showed by significantly
decreased MOR availability in widespread brain regions where pain, mood, and
affective states are processed, i.e., the thalamus, anterior cingulate, orbitofrontal and
insular cortices. Moderate-intensity exercise did not induce any net change in MOR
availability, but it did improve the positive affect, satisfaction and euphoria, and
changes in these variables correlated with change in MOR binding. In contrast, high-

intensity exercise resulted in increased negative affect, exhaustion, and irritation, and
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loss of energy. This pattern of results suggests that MOR may have a dual role at
different levels of physical exercise: modulation of positive emotionality at low-
moderate intensity exercise and modulation of negative emotionality at high-intensity
exercise.

Decreased MOR availability after HIIT compared with availability after
rest is consistent with increased endogenous opioid release (Colasanti et a/, 2012; Mick
et al, 2014, 2016). In a previous study, increased opioid activation was demonstrated
with the non-selective opioid receptor radioligand ['*F]JFDPN after two hours of
running and concomitant sensations of euphoria in experienced endurance athletes
(Boecker et al, 2008). ['*F]FDPN binding, however, does not differentiate between the
opioid receptor subtypes and thus changes in [ *F]JFDPN may reflect a combination of
changes in several receptor subtypes. Given that the MOR is the receptor subtype most
relevant in mediating analgesia and reward, our finding of decreased [''C]carfentanil
BPnp specifically reflects the release of MOR-binding opioids such as endorphins and
enkephalins, and thus more closely defines opioid action in response to exercise. In
contrast to previous findings after two hours of running, we did not find activation of
MOR function after one hour of indoor cycling, yet it increased positive affect,
satisfaction, and energy. Although there was no net change in MOR binding, we found
that decreased binding predicted increased euphoria, suggesting some level of
modulation by MOR function. These milder mood improvements, in comparison with
the “runner’s high” associated with prolonged exercise such as marathon running, are
typically reported to occur in response to low to moderate-intensity exercise and
physical activity in general (Hall ef a/, 2002; Kilpatrick et a/, 2007). Significant dilution

of the BPnp effect by the time between the exercise and the PET study seems unlikely,
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since decreased BPnp persists for 20—65 min after pain stimulation (Scott et a/, 2007).
Mood elevation after moderate intensity exercise is probably also modulated by other
neural factors and neurotransmitter systems, such as the endocannabinoid system (Fuss
et al, 2015).

Decreased MOR availability following HIIT but not MICT indicates that
endogenous opioid action at the MOR sites in response to physical exercise may be
more important for more strenuous exercise regimens. This hypothesis is supported by
findings in healthy subjects that blocking MOR with naloxone decreases maximal cycle
ergometry performance mainly through increased perceived exertion rather than by
physiological limits (Sgherza et al, 2002). Peripheral (3-endorphin levels have also been
found to rise in response to high-intensity or prolonged exercise, but not in response to
low or moderate-intensity exercise (Schwarz and Kindermann, 1992). This implies that
endogenous opioid activation after high-intensity exercise is related to mechanisms of
antinociception and stress relief. An acute bout of HIIT induces greater physiological
(Wahl et al, 2013) and emotional stress and pain than aerobic exercise (Saanijoki et al,
2015), and may well result in endogenous opioid release and MOR activation, which
not only promotes analgesia, but also regulates the stress response by modulating
behaviour and responses of the endocrine and autonomic nervous system. The lesser
demands of one hour of aerobic exercise may not result in such persistent stimulation of
the MOR system.

We recorded significant decreases in MOR availability specifically in
regions related to processing pain and analgesia: the thalamus, anterior cingulate cortex,
insula, prefrontal cortex, basal ganglia, and periaqueductal gray matter (Duerden and

Albanese, 2013; Zubieta et al, 2001). These regions are also primary for reward and
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emotions (Haber and Knutson, 2010) and process both positive and negative affect
(Saarimaiki et al, 2016). We found diverse associations between exercise-induced mood
changes and changes in MOR availability in these regions, and these associations are
consistent with a role of the endogenous opioid system for pain and pleasure (Leknes
and Tracey, 2008). Although unequal sample sizes may confound the comparison
between MICT and HIIT correlations, a more spatially widespread correlation was seen
between increased euphoria after MICT than between increased negative affect after
HIIT (Figure 4). There was a stronger correlation in the prefrontal and anterior cingulate
cortex in MICT than in HIIT analysis, maybe due to the importance of these brain
regions with regard to reward processing (Haber and Knutson, 2010). Although there
were no correlations between MOR availability and pain ratings related to HIIT, the
increased pain associated with HIIT may contribute to MOR activation. MOR activation
in the anterior cingulate cortex and thalamus is associated with attenuation of the
affective component of pain (Zubieta et a/, 2001), and this could contribute also to
tolerance of high-intensity exercise. But ultimately, we cannot separate the specific
contributions from pain, analgesia, and negative emotionality to the outcomes in this
study setting, since all of these functions involve MOR activation in these brain regions.
Previous animal studies have not yielded conclusive data regarding MOR
function after physical exercise. A recent autoradiography study using ["THIDAMGO, a
selective MOR agonist, showed increased MOR binding in several cortical regions after
a few repeated low-intensity exercise sessions (7 days, 1 hour per day) in rats (Arida et
al, 2015). Another study reported increased MOR expression in rat hippocampal
formation in response to acute, moderate-intensity, voluntary, and forced exercise (de

Oliveira et al, 2010). The findings after habitual exercise are mixed, as chronic
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prolonged exercise results in decreased MOR expression (de Oliveira ef a/, 2010) and
increased as well as decreased MOR availability (Arida ef al, 2015) in rat hippocampal
formation. Rats selectively bred for high voluntary wheel running have higher MOR
mRNA expression in the nucleus accumbens than rats bred for low voluntary wheel
running, indicating that MOR may be involved in the long-term motivation for exercise
(Ruegsegger et al, 2015). Taken together, these preclinical results suggest that higher
levels of exercise may produce greater compensatory responses within the MOR
system.

HIIT exercise changes the radiotracer kinetics of [''C]carfentanil in a
manner that poses challenges to quantitative modelling of receptor binding.
Specifically, the radioactivity concentration was much lower after HIIT in all brain
regions than after rest (Figure 3), suggesting altered peripheral distribution of the
radiotracer after exercise (e.g., due to vasodilatation, increased metabolism or
excretion). The kinetic model compensates for such alterations, because specific
binding in the target regions is compared with non-displaceable binding in the receptor-
free reference region. Nevertheless, some regions also showed decreased R1 values
after HIIT, suggesting a potential effect of exercise on the relative delivery of the
radiotracer to the brain. While this confounding factor cannot be definitively ruled out
on the basis of current data, it is unlikely that decreased blood flow would explain
decreased BPnp after HIIT. First, previous simulations (Endres et a/, 2003; Frost et al,
1989; Liberzon et al, 2002) have demonstrated that reference tissue modelling of
specific binding is relatively insensitive to changes in cerebral blood flow. Second,
decreased radioligand retention after HIIT was most pronounced during later phases of

the study (Figure 3C), when blood flow no longer plays any substantial role for
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radioligand kinetics, suggesting that change in specific binding is more likely to explain
this phenomenon. Taken together, it is unlikely that altered radioligand delivery
confounded our finding of decreased BPxp after HIIT, but this matter cannot be
resolved using current data. Future studies with simultaneous [''C]carfentanil PET and
perfusion MRI could resolve the issue.

Some additional issues remain to be examined in future studies. First,
females and males may have differential neurochemical responses to exercise (Heijnen
et al, 2015) and different opioid responses to pain (Zubieta et al, 2002). Thus, the
current results are not necessarily generalizable to females. Second, we did not assess
the changes in affect while the subjects were recovering from exercise (during the PET
studies). Affect fluctuates continuously and dynamically, and although high-intensity
exercise increases negativity immediately after exercise, a shift towards positivity tends
to occur during recovery of ten to twenty minutes (Hall ez a/, 2002). Finally, we
recruited recreationally active individuals with various sports backgrounds (from yoga
to crossfit and martial arts). Future studies should determine whether similar MOR
responses occur in competitive endurance athletes (such as runners, cyclists, or
triathletes) and completely sedentary individuals after acute exercise, and even in
subjects who dislike or even hate exercise, and, further, whether long-term repeated
exercise sessions also modulate MOR.

We conclude that high-intensity interval training triggers opioid release, as
evidenced by significant reductions in MOR availability, in key brain regions related to
reward and pain processing. A reduction in MOR availability correlated with measures
of negative emotionality. In contrast, moderate-intensity exercise did not impact on

MOR availability, although it did elicit a positive mood and euphoria, which correlated
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with reductions in MOR availability. Endogenous opioid release thus depends on the
intensity of exercise and on the concomitant affective changes. MOR action modulates
positive emotionality after moderately intensive exercise, and negative emotionality or
pain after highly intensive exercise. These effects may contribute significantly to the

development and maintenance of exercise motivation in humans.
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FIGURE LEGENDS

Figure 1. Brain regions showing significantly decreased MOR availability after HIIT in
comparison with rest. The data are thresholded at p < 0.05, FDR corrected. Peak voxels
are located in the left hippocampus, coordinates -26, -10, -12 mm (X, y, and z,
respectively, in MNI space), cluster size 11098 voxels, 7= 6.3, Z=4.99; and in the left
cerebellum crus II, coordinates -14, -84, -28 mm, cluster size 1922 voxels, T=3.83, Z=
3.43. DLPFC, dorsolateral prefrontal cortex; MCC, middle cingulate cortex; PCC,
posterior cingulate cortex; ACC, anterior cingulate cortex; PFC, prefrontal cortex; OFC,
orbitofrontal cortex; vSTR, ventral striatum; PAG, periaqueductal gray matter; L, left;

R, right.

Figure 2. Means and standard errors of the means of [''C]carfentanil BPyp in both
statistically significant cluster in each condition. Data include subjects who performed
all three scans (rest, MICT, HIIT; n=11) and are shown for visualization purposes only,

statistical inference is based on the full-volume SPM analysis.

Figure 3. Means of regional radioactivity concentrations over time in the thalamus
(THA), a target region (A), and occipital cortex (OCC), the reference region (B) after
injection of [''C]carfentanil. Although changes in both target and reference regions after
HIIT suggests altered arterial input function, possibly due to peripheral effects,
radioactivity concentration ratios between target and reference regions clearly suggest

lower specific uptake after HIIT (C).

Figure 4. Whole brain exploratory analysis revealed that changes in [''C]carfentanil
BPnp predicts increased euphoria after MICT (A) and increased negative affect after
HIIT (B). Circles denote the clusters where BPnp changes are shown against euphoria
(A) and negative affect (B) in the scatterplots. Cook’s distance for all observations is <
1 suggesting that no single data point or their removal significantly biases the
correlation. Peak voxels for euphoria are located in the dorsal prefrontal cortex,
coordinates 6, 26, 46 mm (X, y, and z, respectively, in MNI space), cluster size 11039

voxels, T=6.11, Z=4.12; in the medial prefrontal cortex, coordinates 4, 56, 2 mm,
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cluster size 988 voxels, 7= 5.43, Z = 3.86; and in the precuneus, coordinates 8, -74, 40
mm, cluster size 1499 voxels, 7= 5.26, Z = 3.78. Peak voxel for negative affect is
located in the frontal cortex, coordinates 20, 2, 62 mm, cluster size 31066 voxels, 7=

6.71, Z=3.92.

Figure S1. Study design. Ten subjects underwent two PET studies (after rest and after
moderate-intensity continuous training [MICT]), and 12 subjects underwent three PET
studies (after rest, after MICT, and after high-intensity interval training [HIIT]). Within-
subject effects of MICT were tested with the paired t-test for the whole group, since
each subject completed the rest and the MICT study. Within-subject effects of MICT
and HIIT were tested with repeated measures one-way ANOVA for the subset of

participants who completed all three studies.

Figure S2. Sample time line of experimental sessions. Arrows indicate time points
where affective responses were measured. HIIT, high-intensity interval training; MICT,
moderate-intensity continuous training; RPE, rating of perceived exertion; SAM, Self-
assessment manikin; PANAS, Positive and Negative Affect Schedule; VAS, visual

analogue scale.

Table 1. Study participants (N = 22)

Mean (SD)
Age (years) 26.1 (4.9)
BMI (kg/m2) 23.4 (1.7)
Physical activity (min/week) 276 (128)
VOimax (ml/kg/min) 48.9 (6.2)
Work loadpa.x (W) 303 (50)
Heart ratem,x (bpm) 195 (7)

BMI, body mass index; VOmax, maximal oxygen uptake
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