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Abstract

Physical inactivity is a global health problem. Despite a goutkrstanding of
the benefits of completing regular exercise, adherence rates at atpoplével are
extremely low. An experimental medicine approach to health behaviour chhawme
recently proposed, which prioritises an understanding of how, not just whether
interventions are effective. The present study serves as the first applicahanmbdel
to develop a physical activity behaviour change intervention. This thesis is cahgdrise

eight studies in 6 experimental chapters, which are presented in two parts.

Part | is focussed on understanding whether changes in perceptual responses to
exercise, caused by caffeine, are sufficient to elicit a changehysical activity
behaviour. Chapter 4 utilised a single-subject experimental desigpreknainary trial.

We provided the first experimental evidence that pharmacologicatverition can
influence physical activity choice behaviour by manipulating feelings during and around
exercise. In chapter 5, a group trial corroborated many of the psychologiparaagtual
effects of caffeine observed in chapter 4, whilst a qualitativeoeatpry analysis of the
factors underlying exercise choice revealed that perception of efforthegsrimary
determinant of exercise preference. chapter 6 investigated the nwetetiects of
caffeine during high-intensity interval training (HIIT). Providingaamce to suggest that
caffeine can elicit a dual function of increasing non-exercise thermoagenity, as well

as increasing metabolic activity during HIIT, without an increase in percetiaifort

and discomfort.

The aim of Part Il was to develop a preclinical model to measureffibets of
pharmacological interventions on physical activity behavida chapter 10 we
determined an appropriate running wheel access paradigm. In chapter 11 wef@roved

the first time that caffeine does not elicit a significant in@easoluntary wheel-running
[



activity during the active phase in mice. Whilst chapter 12 atdil a method of
pharmacologically inducing human sedentary-like behaviours in mice, arahdeated

the ability to completely reverse wheel-running suppression with café&iministration.

In sum, this thesis offers translational models, able to detect psytadlagd
behavioural effects of pharmacological intervention, providing a platform from which to
test the effects of alternative drugs, for trials at a pre-cliaiedlhuman level, on physical

activity behaviour in the future.
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infrared motion detection over 15 days. Black/White bahattop of the graph denotes L
cycle.

Figure 8.2. Displays a rhythm plot of infrared motion detection atyithroughout the LD
cycle. Characteristically, activity is low during the lighhase, intense when lights go off,
nadir mid-way through the dark phase, with higher levidetivity toward the end of the dar
phase. Black/White bar at the bottom of the graph den®@esytle.

Figure 10.1.Shows the initiation time for experimental procedureslation to the light-dark
cycle. Treatment administration is marked by an illusttayringe.

Figure 10.2.Study schematic. Animated syringe represents treatmeriiathation.

Figure 10.3.Enclosed (EFWR) vs open (OFWR) free wheel-running activitynduai2-hour
observation period, at baseline and following injectionplofsiological saline or 20 rrkg
caffeine. The time of day was ZT12 (start of the actikiase). All values are presented
means + SEM. Indications of significance derive fromv&¢ RM ANOVAs and subsequel
simple main effects. {11 Significant main effect of wheel access (P <.001). # Significant main
effect of treatment (P <.05). *** (horizontal) Significant wheel access x treatment interact
(P £0.001). * (vertical) indicates significant simple main effect of treatment at P < .05, *** <
.001. aaa indicates a simple main effect for wheel access at baseline (P <.001).

Figure 11.1.General study schematic. Syringe indicates treatagministration.

Figure 11.2.Shows the initiation time for experimental proceduresudysi, in relation to the
light-dark cycle. Treatment administration is marked myllastrated syringe.

Figure 11.3.Shows the initiation time for experimental procedurestimyii, in relation to
the light-dark cycle. Treatment administration is marean illustrated syringe.

Figure 11.4.Shows the initiation time for experimental procedurestimyiii, in relation to
the light-dark cycle. Treatment administration is marean illustrated syringe.

Figure 11.5. Enclosed free wheel-running activity, during a 2-hour ols@n period, at
baseline and following multiple treatment occasions. fithe of day was ZT6 (middle of th
inactive phase). Mice received injections (administeR)f either saline (n = 5), 20 rkgy
caffeine (n = 5), or 40 mkg caffeine (n = 5). A) total distance covered B) percents#g
sedentary time. C) average running speed. D) maximum running spkbedhlues are
presented as means + SEM. Indications of significanceed&iwm ANOVAs completed or
within-subject change score values.t Significant main effect of time (P < 0.05). # Significant
main effect of condition (P < 0.05).* Significant condition x time interaction (P <0.05). Where
a significant interaction is present, [a] and [b] repmesignificant differences from saline fi
40 mgkg and 20 mgkg groups respectively (P < 0.05), from Bonferroni post-hoc tests.

Figure 11.6. Enclosed free wheel-running activity, during a 2-hour ols@n period, at
baseline and following multiple treatment occasions. fline of day was ZT12 (start of th
active phase). Mice received injections (administereadiRjther saline (n = 5), or 20 nhgy.
caffeine (n = 6). A) total distance covered B) percentdgedentary time. C) average runni
speed. D) maximum running speed. All values are presented as m8&hs. tndications of
significance derive from ANOVAs completed on within-subjetiange score values.
Significant main effect of condition (P < 0.05).
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Figure 11.7.Enclosed free wheel-running activity, during a 2-hour ols@n period, at
baseline and following multiple treatment occasions. flihe of day was ZT12 (start of th
active phase). Mice received injections (administerediR)ther saline (n = 5), or 40 rhg.
caffeine (n = 6). A) total distance covered B) percentdgedentary time. C) average runni
speed. D) maximum running speed. All values are presented as m8&hé. indications of
significance derive from ANOVAs completed on within-subjetiange score values.
Significant main effect of condition (P < 0.05).

Figure 11.8.Enclosed free wheel-running activity, during a 2-hour obsenveperiod, at
baseline and following multiple treatment occasions.tirhe of day was ZT18 (middle of th
active phase). Mice received injections (administerediRjther saline (n = 7), or 20 rhg.
caffeine (n = 8). A) total distance covered B) percentdgedentary time. C) average runni
speed. D) maximum running speed. All values are presented as mB&hé. tndications of
significance derive from ANOVAs completed on withimbject change score values. T
Significant main effect of time (P < 0.05). # Significant main effect of condition (P < 0.05).

Figure 11.9. Enclosed free wheel-running activity, during a 2-hour olsgen period, at
baseline and following multiple treatment occasions. fithe of day was ZT6 (middle of th
active phase). Mice received injections (administereaiRjther saline (n = 7), or 40 nky
caffeine (n = 8). A) total distance covered B) percentdgedentary time. C) average runni
speed. D) maximum running speed. All values are presented as m8&h4. indications of
significance derive from ANOVAs completed on withittbject change score values. T
Significant main effect of time (P < 0.05). # Significant main effect of condition (P < 0.05).*
Significant condition x time interaction (P < 0.05). Where a significant interaction is present,
[a] represents significant differences between conditions at the time points indicated (P <0.05),
from Bonferroni post-hoc tests.

Figure 12.1.Effect of different doses of haloperidol (0.0, 0.05, @rid 0.2 mgkg) on time
spent in a running wheel or consuming sucrose. Data arenfgéses mean (£ SEM) secon
in 15 minutes. Black bars represent sucrose consumptionbgreyepresent weérunning.
*p <.05, ** p<.01 significantly different from 0.0 nigg haloperidol for the same reinforce
Taken from Correa and colleagues (2016).

Figure 12.2. Enclosed free wheel-running activity, during a 2-hour ols@n period, at
baseline and following 3 treatment conditions. Treatmgateived in a randomised order a
administered via IP injection) were: haloperidol vehictdlofved by saline (control)
haloperidol, followed by saline; and haloperidol, followeddBymgkg caffeine. The time o
day was ZT12 (start of the active phase). A) total distaoeered B) percentage of sedent¢
time. C) average running speed. D) maximum running speed. All vakipssiented as meal
= SEM. * Indicates a significant difference between coods at P < 0.05, ** at P < 0.01, ar
*** at P < 0.001.

Figure 12.3.SPA measured via infrared motion detection, in a horge-eavironment, afte
completing 2-h enclosed free wheel-running, at baselinéodlod/ing 3 treatment conditions
Treatments (received in a randomised order and admimstéee IP injection) were:
haloperidol vehicle followed by saline (control); halopekidfmllowed by saline; anc
haloperidol, followed by 40 mkgg caffeine. Drugs were administered at ZT12 (start of
active phase). A) during the remaining active phase (Z12%00); B) during the following
inactive phase (ZT00 ZT12). All values are presented as means + SEM. * Inghcat
significant difference between conditions at P < 0.05; **Pat 0.001.

Figure 12.S.Enclosed free wheel-running activity, during the first 1-hofua (total) 2-hour
observation period, at baseline and following 3 treatroentlitions. Treatments (received
a randomised order and administered via IP injection) wetepéridol vehicle followed by
saline (control); haloperidol, followed by saline; and palidol, followed by 40 mdg

caffeine. The time of day was ZT12 (start of the aqgbkase). A) total distance covered

percentage of sedentary time. C) average running speed. D) umaxiomning speed. Al
values are presented as means + SEM. * Indicates a samifiifference between conditiol
at P <0.05, ** at P < 0.01, and *** at P < 0.001.
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1. General Introduction



1.1. Benefits of physical activity

Evidence indicates a U-shaped curve whereby low and moderate dpbgsicél
activity significantly reduce long-term risks for both total mortality and cardicar
mortality, whilst at very high doses of chronic strenuous exereié® fours vigorous
exercise per week) much of the protection against early morgaldycardiovascular
disease is lost, especially for those over 45 years of@dé&efe, O’Keefe, & Lavie,
2018). Indeed, this is consistent with animal work suggesting that extesnle of
exercise have deleterious effects, including chronically elevateatasidrone levels
(Girard & Garland, 2002), and impaired learning (J. S. Rhodes, Gammie, & Garland,

2005a).In appropriate doses, at least, physical activity is a force for good.

A systematic review of longitudinal studies investigating ¢ffect of physical
activity on weight gain and obesity, coronary heart disease, tgib&tes mellitus and
dementia and\lzheimer’s disease found that in all available literature physical activity
Is associated with positive health outcomes (Reiner, Niermann, Jé&ksmll, 2013). It
can prevent some cancers and facilitate the treatment of otleavofiN& Galvao, 2008),
provide treatment for sleep-related disorders (Reid et al., 2010) and dep(Essiorny
et al., 2013), as well as attenuating the negative effects ofdwglslof sedentary time
(Ekelund et al., 2016) that are commonplace in modern society (Cardinal, 2016). In fact,
regular physical activity has so many health benefits that the Academy of Reyaial
Colleges has defined exercise as the ‘‘miracle cure’” (The Academy of Medical Royal
Colleges, 2015). Despite ubiquitous understanding of the benefits of physicay,activ
public health exercise guidelines are (almost) entirely ignored Kakis Vazou, Bixby,

& Georgiadis, 2016) and combatting physical inactivity has been atbased as "the
biggest public health problem of the 21st century” (Blair, 2009; Trost, Blair, & Khan,

2014).



Physical activity is a very complex behaviour, and only a contibimaf different
interventions that target behaviour at all levels is likelysticceed (Biddle, Mutrie, &
Gorley, 2015; E. Kahn et al., 2002). Accordingly, current research seekindli ttae
physical inactivity pandemic (Kohl et al., 2012) has adopted sevérateges.
Approaches recommended in a review by Heath et al. (2012) are: inforrhationa
approaches of community-wide and mass media campaigns, and short|@otsids
messages targeting key community sites, which often utilise sghilty programming
such as television, radio, newspapers etc. (e.g., D. R. Young, Haskell,,T&aylor
Fortmann, 1996); Behavioural and social approaches, introducing social support for
physical activity within communities and worksites, and school-basadegies that
encompass physical education, classroom activities, after-school, spodtsactive
transport (e.g., Kriska et al., 1986); and environmental and policy approaches include
creation and improvement of access to places for physical actithyinformational
outreach activities, community-scale and street-scale urbagndasd land use, active
transport policy and practices, and community-wide policies and planning (e.g., Heath et
al., 2006). These types of interventions are necessary to promote phgsiagl and
should be widely implemented. However, adherence to physical actwigine a major

issue (Hallal et al., 2012).

Many consider physical activity to be a determinant of obesityw@ew obesity
as the primary health-related issue. However, in several longitustindies (Ekelund,
Brage, Besson, Sharp, & Wareham, 2008; Metcalf et al., 2011) baseline pagsicg)
did not predict follow-up fat mass, whilst baseline fat mass did griedliow-up physical
activity. Further, in a study investigating a 22-week remotely rsigesl walking
programme, stepwise regression analysis revealed baseline badydes(BMI) to be
the major determinant of adherence rate (Masuki et al., 2015). Togetherfindesss

suggest that fat mass could instead be a determinant of physivélyaconsidering
3



recent epidemiological data suggesting that physical ingcpvédicts twice as many
deaths as BMI alone (Ekelund et al., 2015), There should be no disputatgthe
primary objective is. The relevance of introducing the obesity/pHysiativity
relationship here is that it may shed light on the importaniogakttip between perceptual
responses to exercise and physical activity behaviour. A studytigatesn perceptual
responses to exercise revealed that exercise does not feel thimsparécipants who
were overweight as it did for participants who were not overweight (Eklse&al ind,
2006). Specifically, affect and perceived exertion were lower and higher, espect
which is indicative of a less desirable psychological experienmeerweight individuals.
Perhaps the way that high levels of fat mass affect the way elsedigring exercise, at
least in part, explains the relationship between BMI and adherence? If so, it isHdtely t
variance in perceptual responses to physical activity, independent bf By also

impact adherence.

A recent editorial suggested that not enough attention has beeto paelcore
psychobiological reason for why most people do not regularly engage icg@adivity,
which, according to Marcora (2016), is that humans do not like to exert effatoiMa
(2016)is not alone in this view, however, the Principle of Least Effort waisdresented
by Ferrero (1894), and later developed and supported by 25 years of empirical data
(Florence & Zipf, 1950; Zipf, 1949¥.ipf (1949) concluded that “Each individual will
adopt a course of action that will involve the expenditure of the probeddy dverage of
his work”. In other words, humans are efficient. The principle of least effort still stands
and perceived exertion, which is measured as a proxy to perception of effort, is currently
established as a negative correlate of physical activity balraiBauman et al., 2012; R.
E. Rhodes & Smith, 2006; Trost, Owen, Bauman, Sallis, & Brown, 2002; van Stralen, D
Vries, Mudde, Bolman, & Lechner, 2009). There is a call for further development in this

area as brain mechanisms of physical activity have been dubbed asd@&movative
4



categories of physical activity correlates (Bauman et al., 2012)efbiney perceptual
responses to physical activity which are underpinned by neurophysiolpgicaissing,

such as perception of effort (de Morree, Klein, & Marcora, 2012), exercise-induced pain
and discomfor{O’Connor & Cook, 1999), as well as affect and enjoyment (Dishman &

O’Connor, 2009), are prime areas for further investigation.

1.2. Experimental medicine approach to behaviour change

A recent review article (Sheeran et al., 2017) proposegtiag an ‘Experimental
Medicine (EM)’ approach to guide the development of health behaviour change
interventions. The EM approach (visually represented in Figure 1.1.) walopled by
the Science of Behaviour Change (SOBC) working group, with support from the Nationa
Institutes of Health (NIH) Common Fund (Riddle, 2015). This approach can bastedtr
with traditional efficacy trials (Figure 1.1. Path X), which are principally concesiied
whether, not how, interventions promote health behaviour change and oftea fail t
identify mechanisms by which interventions have elicited their tefiacthe primary
behavioural outcome, which in this case would be physical activitwlmiraThe EM
model offers a vantage point on what programs of research need to bekarjevtay
research questions need to be tackled experimentally, and how differeatches
programs can be integrated to forge a more cumulative science of placiviy

behaviour change (Sheeran et al., 2017).

The EM approach involves four steps: 1) the identification of factorsetlze to
behaviour and are potentially modifiable and that thus qualify as tdogétserventions
to change health behaviours (Figure 1.1., Path A); 2) validate targetevieyoping
measures of the targets and assessing when, how, and to what exterrgatselicit

behaviour change (Figure 1.1., Path B); 3) test different intervention gstsat®
5



determine how target engagement, the desired change in targets, oaxibesed
(Figure 1.1., Path C); 4) Findings from studies following Paths B and C provide
researchers with a firm foundation from which to pursue the final step, fudl dest
randomised controlled trials (RCTs) to determine whether an interventioeggtiat a

set of strategies changes physical activity behaviour via ttieat® on specified targets
(Figure 1.1., Path D). Whilst the standard efficacy trial measures tbet @iffect of

interventions on behaviour (Figure 1.1, Path X).

The EM approach has been adopted here to guide the development of this
investigation. The paths, which were introduced in the previous paragraph and displayed

in Figure 1.1., are subsequently referred to (where appropriate) throughout the thesis.

Path A: Identification

Putative
target
Path D: Path D:

Full test Full test

Path C: Path B:
Engagement Validation

"y Path X: Standard efficacy trial )
[ Intervention ) Outcome:
4 Behavior change

Figure 1.1. lllustrates the experimental medicine approacid its implications for intervention
development. Taken from Sheeran et al., (2017).

1.3. Target Identification- Path A

Putative targets are modifiable factors that may cause, or mdgiasjiour (i.e.,
physical activity/exercise) (path A). There is extensive liteeaton barriers and
determinants of physical activity behaviour, for example the Lancgtidzth activity

series in 2012 (e.g., Bauman et al., 2012; Hallal et al., 2012; Heath2&1a; ,Kohl et
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al., 2012) and subsequent update in 2016 (e.g., Das & Horton, 2016; Ding et al., 2016;
Ekelund et al., 2016). As eluded to in the previous section, the psychobiologsmaigea

for physical inactivity are still poorly understood (Bauman et al., 2012; Marcora, 2016).

There are currently two available theories, which together predicetitionship
between psychological and perceptual responses during and around exeréigaerand
physical activity behaviour. These are Hedonic Theory (HT; Ekkeketked., 2011,
Kahneman, 1999; P. T. Young, 1952) and Motivaidntensity Theory (MIT: Brehm &
Self, 1989; Richter, Gendolla, & Wright, 2016; Wright, 2008). Of these two thebiies,
has thus far received considerably more research interest, in thextcohiphysical
activity, and is used frequently to explain physical activity behafrom the perspective
of acute perceptual responses to exercise. HT suggests that pogttiethealence of
affective responses to a stimulus serve as reward (positive Vakemdepunishment
(negative valence), which will influenaa individual’s decision to engage (seek reward)
or disengage (avoid punishment) with similar behaviours in the future (Ketme.999;
P. T. Young, 1952). In the context of physical activity behaviour, the HT qbsetthiat,
among previously sedentary individuals, the acute affective resporsgertase would
either reinforce or punish the behaviour, making it more or less likely fomithiaidual

to engage with similar activities (exercise) in the future.

In short, MIT (Brehm & Self, 1989; Richter et al., 2016; Wright, 2008) suggests
that task disengagement (i.e., exhaustion in the case of exaskisgdccurs when either
the dfort required by a task exceeds potential motivation (i.e., maxinf@ont ¢he
participant is willing to exert to succeed in the exercise task) loenvan individual
perceives the exercise to be impossible (i.e., said individual dsailsough they have
already exerted a true maximdf @t and therefore can no longer continue). Within the

limit of what an individual perceives to be possible, an increapetential motivation



will improve exercise tolerance (Marcora, Bosio, & de Morree, 2008). edfiT
receiving relatively less interest from a physical actilsghaviour perspective thus far,

it is the primary theory which underpins the psychobiological model, whichdae®wan
explanation for intensity regulation and (in)tolerance in endurance exendis@aa stood

up to considerable experimental testing (e.g., Blanchfield, Hardy, & Marcora, 2014;
Blanchfield, Hardy, De Morree, Staiano, & Marcora, 2014; de Morree & Marcora, 2010,
2013; Marcora & Bosio, 2007; Marcora, Bosio, & de Morree, 2008a, 2008b; Marcora,
Staiano, & Manning, 2009; Marcora & Staiano, 2010; Pageaux, Marcora, & Lepers

2013).

Together, HT and MIT propose an explanation for the mediating role of perceptual
responses to exercise in determining physical activity behavioure Tthesries are
primarily related to affect and perception of effort but can also be exténdelated
constructs suchsenjoyment, mood responses such as fatigue, tiredness, and vigour as
well as discomfort, and exercise-induced muscle pain. Together, thdsédual
perceptual/psychological constructs can be considered broadly to form ahmvatale
target of how one feels during (and around) exercise. Utilising the experirmettizine
approach, this thesis will investigate the role of this overattive target in explaining

physical activity behaviour.

1.4. Target measurement

An essential requisite for establishing promising targets for inteovento
promote behaviour change is having reliable and valid target measiise(fReddle,
2015; Sheeran et al., 2017). Often, researchers seeking to test new ienavgtis are
forced to create a unique measurement that has not been previolidhteda

Consequently, these studies, no matter how innovative, they lack meastaidity.
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As such, the SOBC working group also provided guidance on measure develapeent
they introduced the EM approach. Figure 1.2. shows the assay types ttetiearlbped
to ensure valid putative target measurement (Riddle, 2015), and ultirdatelynine

whether an intervention has engaged its intended targets.

As the proposed overall putative target is how one feels during (and around)
exercise we are primarily concerned with perceptual and psychologézdure ments.
The construct of perceived exertion was introduced in the early 1960s by @amgar
who also developed the two most common instruments used to measui@erce
effort; the rating of perceived exertion scale (RPE) scale (Borg, 1970) acdttyory-
ratio (CR-10) scale (Borg, 1982). The RPE scale uses a 15-point schleenlial
anchors. Whilst the CR-10 can not only be used to measure perception of effort, but also
the intensity of other sensations, such as exercise-induced musco{Bqagnl1998), the
rating of dyspnoea (Zamunér et al., 2011), and thermal sensation (Versson,Ha
Dawson, 2012). Both scales have good reliability and validity when apat@pri
familiarisation and standardised instructions are provided (M. J. Chen, Fan, & Moe
2002). For the measurement of basic affect responses, particularly duriniges e
feeling scale (FS) (Hardy & Rejeski, 1989) is recommended (Ekkekakit, &
Petruzzello, 2005) and demonstrates strong concurrent and discriminant validity
(Ekkekakis, Hall, & Petruzzello, 2004; Svebak & Murgatroyd, 1985). With ttases
individuals can provide a positive, neutral or negative response on an 1lsgalet
Other associated targets, such as enjoyment, and mood state algaliclaared reliable
self-report measures. Here, we are ultimately interested indgsednd perceptions, these
perceptual scales provide a highly appropriate tool for putative targasurement.
However, there is a developing body of literature which corroborates thesptoal
response scales with objective measurements. Behavioural mod#lsrioare used in

animals, where collecting perceptual responses is not possible. Foplexdmmaze
9



paradigms, with barriers which require substantial effort to climb separiatala. By
manipulating brain function, through drug administration, or by creating lesidmaim

areas associated with calculating decision costs (i.e., effort)ecudst behavioural
observation (i.e., are they willing to climb the barrier?) is useduantify effort
perception (Salamone, Correa, Nunes, Randall, & Pardo, 2012). Similar experiments are
also now being conducted with humans (Treadway et al., 2012). There arefalgo a
studies which have used neuroimaging techniques to identify areasbrhihéhat are
associated with the perception of effort during physical task&(fet& Marcora, 2014).
Whilst EEG, which is a biological technique, has been used to establish cwuetdtes

of the perception of effort (de Morree et al., 2012).

Self-report Behavioural Neuroimaging Biological
measure measure measure measure

Figure 1.2. lllustrates the experimental medicine approadd, its implications for measures
development. Adapted from Riddle (2015), and Sheeran €2@1.7).
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1.5. Target Validation- Path B

This section will review the currently available literature ideting the
relationship between physical activity behaviour the broad putatigettaf feelings

during exercise. Including affect, perception of effort, and related constructs.

Dishman, Ickes, and Morgan, (1980) originally proposed the association between
perceptual responses to exercise and physical activity behaviaygessing that
“biological factors may influence behaviour by interacting with psychological or setting
factors to affect behaviour by interacting with psychological factors totdféhavioural
states that are reinforcing or aversive such as exercise sensations”. A few years later
Dishman, Sallis, and Orenstein, (1985) stated, more generally, that gdhgsiwity
produces results that can encourage or discourage subsequent participatibnis whic
echoed by Kendzierski and Johnson (1993), who suggested that the thoughts people have
when contemplating actual performance of a behaviour affect whethleehgiour is
subsequently performed. The following two section will review evidenegéinglto the
broad putative target of feelings during exercise, a focus will be govexiféct and
perception of effort (and related constructs) responses and their assocititiphysical

activity behaviour.

1.5.1. Affect and related constructs

Although a clear theoretical application of this theory can be niadelation to
HT (as discussed previously in section 1.1.) it was Pollock that figglested a causal
link between affect and exercise adherence in the late seventies, “people participate in
programs they enjoy” (Pollock, 1978). Despite this relatively early proposition, most

research has been concerned with changes in affect states assatieéedte bouts of
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exercise (Berger & Motl, 2000; Ekkekakis et al., 2005; Gauvin & Rejeski, 1993;
McAuley, Courneya, Rudolph, & Lox, 1994), consequently, there are relatively few
studies investigating the link between affect responses to exaraisgositive changes

in long-term physical activity behaviour (i.e., exercise adherence).

Annesi(20@a, 2002b, 2006) conducted three studies examining affective states
pre- and post-exercise and subsequent attendance at an exercise Téaliguthors
measured affect using the Exercise-induced Feeling Inventory (BENIG& Rejeski,
1993), which measures four distinct affective stathese are engagement, revitalisation,
tranquillity, and physical exhaustion. Although observing no main effectisddirst two
studies, it is interesting to note that there was an interaatitin engagement,
revitalisation, and tranquillity with scores positively relatingti@ndance for participants
with low self-motivation, but the reverse was seen for those with datjimotivation.
This suggests that facilitating affect related feelings in physictivity settings may be
particularly important for individuals who are not highly motivated. Intthel study
revitalisation related positively, and exhaustion negatively to esecattendance and the

other two subscales were not used.

Berger and Owen (1992), assessed state-trait anxiety and the meo@ sitag

the Profile of Mood States (POMS); McNair, Lorr, & Droppleman, 1971) for students
enrolled in exercise classes. The authors established an associatieanbmood and
physical activity behaviour, reporting that the exercisers who reporeateg mood
benefits had fewer absences. Unfortunately, in this study, the partsip@né not
previously sedentary, and previous physical activity was not contridtedhus, the
changes in mood states could have been influenced by differences in bplsgdical
activity. A more recent study (Carels, Berger, & Darby, 2006) also useQMS to

assess mood states pre- and post-exercise among obese, previouslyyseaanta.

12



Although no relationships were found for changes in POMS scores and subsequent
exercise behaviour, it should be noted that when post- baseline exarores are
considered in isolation, the subscales of vigour-activity, depressientidey, anger-
hostility related positively to measures of subsequent physicaltactwd negative
relationships were found for fatigue-inertia and confusion-bewilderment. Alhoug
interesting, the authors did not control for baseline scores in this secondary anasysis. It
possible that baseline affect may have influenced both the postAgaseércise affect

and the subsequent physical activity behaviours, therefore, these sl be

interpreted with caution.

Taking a slightly different approach in scaling affect, Klonoff, Annechild and
Landrine (1994) used single item Likert scales to measure both hapgpmkesiphoria
pre- and post-exercise (an aerobics session). Changes in scores werdeatbtadle
number of sessions that were subsequently completed. Similarly, anotlydostudithat
although mood, specifidgl measures of happiness, euphoria, and overall mood, did
improve with exercise, stepwise multiple regression analysislesl#&at mood was un-
related to exercise adherence in a free 10-week supervised aerobics programme (Klonoff

et al., 1994).

All of the studies discussed thus far used measuredisifnct affect’, where
actually there are several reasons why using the alternative ‘basic affect is preferable.
Multi-item inventories required for measuring distinct affect, for example, can only be
completed pre- and post-exercise, not during. Ekkekakis and Petruzzello (20800%de
this “analysis of affect measurement conundrum”, highlighting issues with measuring
acute affective responses to exercise. Ekkekakis and Petruzzello (200€9t siggle
item scale for basic affect such as the feeling scale (B&y+& Rejeski, 1989) would

be preferable as affective responses to exercise can be recordedcefogeand after
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exercise. Subsequently, several more recent studies have followe#takkkand
Petruzzello's (2000) recommendations and adopted this approach, either exclusivel

using, or at least including, a measure of basic affect.

Williams and colleagues (2008), examined affective responses to a neoderat
intensity exercise stimulus and then recorded subsequent physicay geticipation
6-months and 12-months later. They found that individuals who reported moieeposit
affective responses to a single bout of exercise at baseline als@depante physical
activity at both 6-months and 12-months later. What is interestithgisalthough these
findings are concurrent with HT in that positive valence seems to pfetlice activity -
in this study they also recorded ratings of perceived exertion (RPE). Tdeppen of
effort (RPE) and affect (FS) are distinct constructs, but negativetgdeia one another
(Hardy & Rejeski, 19890 it’s not surprising that RPE was negatively related to
subsequent physical activity too (i.e., the higher the perception of effontienqed
during the baseline exercise bout, the less physical activitycorapleted 6- and 12-
months later). Based on their primary objective of understanding the role of affect
responses authors seem to dismiss this, stating that future research should “seek to clarify
the relationship between affective responses to exercise and subsequent phigigal act

behaviour independent of the perception of effort” (Williams et al., 2008).

A later investigation by Williams, Dunsinger, Jennings, and Marcus (2@1@jht
to determine whether affect during and following andid-walk predict future physical
activity behaviour. Affect, measured using the feeling scale, duvailging and cool
down was associated with physical activity 6- and 12-months postestingly,
however, RPE, which was the strongest predictor of physical activitbein previous
study (Williams et al., 2008), was not associated with subsequemtghacivity at 6 or

12 months post. This is not surprising, as it was their intention to claefyelationship
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between affect exercise behaviour independently of RPE. It appearssthrs pert, been
achieved by more accurately standardising relative exercise intensityteadigalower
variability in RPE during exercise, which was lower in 2012 (M £ SD; 11L..6}than it
was in 2008 (M + SD; 11.4 + 2.27). With more homogenous RPE responses itilsdess |

to explain considerable variance in subsequent physical activity behaviour.

Whilst the majority of these previous studies focused on physical tpobivi
participation in exercise programs. With technological advancemergtatavely new
area of physical activity assessment is utilising acceldrgnte capture bodily
movement as exhibited in everyday life. The analysis of links betaective states
and free-living physical activity, especially whether and how affecand physical
feeling states might act as a predictor for daily physicaliiGtivas subsequently been
enhanced by the addition of this objective measure of behaviour. For ameovef
studies investigating this relationship (i.e., with daily phgisactivity rather than with
exercise adherence), see Liao, Shonkoff, and Dunton, (2015). One particular study using
accelerometry to explore the affect/physical activity behaviouttioakhip was by
Schwerdtfeger and colleagues (Schwerdtfeger, Eberhardt, Chmitorz, & Schaller, 2010).
Where various positive and negative affect states (e.g., exhaustdd litiely, happy
etc,) were monitored throughout the day on tablets (handheld computers). Whilst
Physical activity was sampled in 1-minute blocks throughout. Pesitianges in affect
were associated with a reduction in ‘sedentary’ time. There was no association between
affect and the percentage of time spent in a ‘low’ intensity domain, whereas positive
changes in affeabere associated with increased time in both ‘moderate’ and ‘vigorous’
intensity domains. Similarly, another study (Niermann, Herrmann, Von Hadesm,
Kann, & Woll, 2016), using the same accelerometer devices and periotis/iby alata
extraction, measured distinct affeeta the “vigour” (positive affect) and “fatigue”

(negative affect) subscales of the POMS (McNair et al., 1971). Idtimodelling
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revealed that afternoon affect scores predicted after-work physicélyasb the greater
affect, the more physical activity was completed. Inconsistéhttivese findings, in a
very recent study (Maher et al., 2018), accelerometer data wereousezhsure free-
living physical activity as well as sedentary time ovdraday period. Taking it one step
further, the authors calculated total time in respective intetigityains and compared to
the current public health guidelines (i.e., > 60 minutes of moderate voluntary physical
activity per day for children, and > 30 minutes for adults). Within-subject variability in
“energy” was a significant predictor of meeting activity guidelines, so those with more
variability in self-reported energy were less likely to meetvagtiguidelines, whilst
energy in itself was not a predictor of behaviour. Neither positive affectaniability in
positive affect (measured using distinct scales of “happy”, “joyful”, “cheerful”, and
“calm”) predicted subsequent physical activity. Authors of this study recognised that their
exclusive use of distinct measures of affect may have resultedrmnot capturing the
complete picture. The inclusion of a measure of basic affect (as wasstedjdy
Ekkekakis and colleagues (2005 and discussed previously) such as tharB$ &H
Rejeski, 1989) in future work seems a logical recommendation. This regesurissue
seems to be recurrent in the literature examining the relationshiygdretaffect and
physical activity behaviour. Affect is conceptually broad and there is a fundamektal la
of consistency in its measurement. Therefore, interpretation of previeasale$indings
should be conservative. There is a need for consistency, particoleglgtion to the EM
approach, when measuring the effect of an intervention on a putative sajeas affect,

it necessary to determine if an intervention produces a behavioural outcome by engaging

the putative target.
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1.5.2. Effort and related constructs

Perception of effort/perceived exertion is well accepted as a tamtsigegative
correlate of physical activity behaviour (Bauman et al., 2012). Whiclerisioly an
association that is supported by intuition, as well as theory (B&Iigulf, 1989; Zipf,
1949). Perception of effort is also reciprocally related to self-effiqg®Rudolph &
McAuley, 1996) which is considered to be the main correlate of physit&ityac
behaviour in adults (Bauman et al., 2012; Courneya & McAuley, 199 following
section reviews the substantive body of evidence that was cited development of a
series of reviews on the correlates and determinants of physioatyabehaviour,
published between 1985 and 2012 (Bauman et al., 2012; Dishman, 1990; Dishman &
Pender, 1988; Dishman & Sallis, 1994; Dishman et al., 1985; Sallis & Owen, 938,
et al.,, 2002). This is the literature which underpins the wegedblished ‘negative
correlate’ status (Bauman et al., 2012) of the relationship between perceived exertion and

physical activity behaviour.

It is worth noting that spanning half a century there is some condisptuahtic
ambiguity. For example, in a review by Dishman and colleagues (198%ijetheaure is
discussed in relation to exertion, but the main review summary tabkswalts refers
instead to perceived discomfort. Which was, in a subsequently updated (Bisbwan,

1990) changed to perceived effort, as it has remained since (Bauma2itl. Anothe
source of ambiguity is in terms of measurement. For example, in a stucly rgpiorts
‘fatigue’ in patients (Hughes, Crow, Jacobs, Mittelmark, & Leon, 1984), closer inspection
reveals that they used a standard RPE scale which, of coursdyantsasdures perceived
exertion, which is an analogue of perception of effort. Therefore, when reviewing these
studies, it is necessary to accept a broad conceptual definition eppencof effort to

include: exercise-related fatigue, exhaustion, discomfort, and exettioRimally, it is
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also important to note that although the following literature serveslidate the
theoretically important relationship between perception of effort and physitsity
behaviour, this includes physical activity behaviours sashpreference, exercise

initiation, as well as factors directly influencing exercise adherence.

When investigating why individuals found the transition in to exerciskffcult,
participants in the fithess Ontario study (White, 1988)rted that “fatigue” associated
with exercise is the reason for their sedentary behaviours. Sim#aldyer study, using
interviews to develop barrier scales, presented qualitative data frondirads who were
considering exercise programs, reporting that “exercise would be tiring”. Whilst other
studies have also reported that physical “discomfort” during exercise is a perceived
barrier to their participation (Garcia & King, 1991; Marcus, Selby, Nla&r&ossi,
1992). Other negative factors/costs associated with exercise havadtlieated by items
such as being “too tired” to exercise, feeling “out of breath” (Marcus et al., 1992).
Additional ‘barriers’ to exercise refer to exercise being “too much work”, or “too boring”,
and the individual identifying as “too tired”, or “too lazy” (Myers & Roth, 1997; Salmon,
Owen, Crawford, Bauman, & Sallis, 20033 well as physical barriers such as “getting
hot and sweaty”, the preconception that exercise “causes sore muscles”. This is supported
by other findings that individuals are more likely to adopt moderate comioaviggrous
adivity (Rizk et al., 2015; Sallis et al., 1986). Clearly, the percepifaffort and related
constructs are an important consideration for those planning to ir@iateise as they

present perceived psychological barriers.

Among individuals who have initiated regular exercise, those who repotégrea
levels of perceived discomfort are more likely to drop out (Ingjer & DE®I9; Mann,
Garrett, Farhi, Murray, & Billings, 1969; Oldridge et al., 1983) which is supgpdyea

finding that there was a lower dropout rate for a walking programme in cdoteastore
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vigorous regime (Ballantyne et al.,, 1978). Although no specific measurethefr ei
affective responses or the perception of effort were provided in these studies so this does
not provide any direct support for a causal link between perceptual respnses

behaviour, although it can be, cautiously, inferred.

During a 6-month supervised training programme, approximately 50% of
dropouts were attributed to the muscle and joint soreness which appeared during or were
aggravated by exercise (Mann et al., 1969). Later, in a cohort of partgigpamnpleting
a cardiac rehabilitation program, a questionnaire regarding the rdasaingp-out was
completed, and the item most consistently relating to doopras “fatigued by exercise”
(Andrew & Oldridge, 1981). In another study where participants completed éi&wé
an aerobic exercise program eight out of the 15 previously sedentarypaatsailropped
out (Ingjer & Dahl, 1979). The authors stated that the participants who dropplealdout
frequently reported excessive stress and discomfort associated vaethese program.
Although there was no difference in the aerobic capacity of thoseaimgieted the study
vs. those who dropped out, and all training was completed at the sathe neltensity
for all participants. Interesting, a muscle biopsy revealed that those who dropped out had
a lower percentage of slow twitch muscle fibres than those continued furdtgon of
the study (57.9% and 46.6% respeelyy. As the training program consisted of
exclusively aerobic exercise it could be speculated that the panticyno adhered were
naturally predisposed to the type of training. If so, perhaps a combinednmesisand

aerobic training program could have seen different results.

Several studies have revealed that if individuals have physaeihanding jobs
(i.e. item: “work of heavy nature”) they are less likely to adhere to exercise. This has been
supported by a negative association with self-report spontaneous piyactavity

(White, 1983), as well as with the initiation of, and adherdancgsupervised exercise
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training (Cox, 1984; Fielding, 1982; Oldridge, 1982; Oldridge et al., 1983). Whilst
previously sedentary individuals and smokers (regardless of previous plagsicy)

were found to have experienced higher levels of ‘fatigue’ during exercise (which was
measured using an RPE scale), that was not associated with twis fatage, blood
pressure, serum cholesterol, serum high-density lipoprotein, and obesityasit w
concluded that the increased fatigue experienced by inactive persoma@etsmay
account for their decreased compliance to exercise programs (Hughes1€84).,
Together, these findings implicate fatigue and perceived exertionpastant factors in

exercise adherence.

The 2012 review (Bauman et al., 2012) did not update the 2002 review (Trost et
al., 2002) with any new literature supporting the association between pencefpsffort
and physical activity behaviour. However, there is some additional readé& few
studies reviewed in the previous section reported a negative assobigtiveen physical
adivity behaviourand constructs such as ‘physical exhaustion” (Annesi, 2006} fatigue-
inertia’ (Carels et al., 2006) and rating of perceived exertion (Williams et al., 2008).
Though not the objective of their research, the strongest link was prowdaflliams
and colleagues (2008), who demonstrated that RPE during an acute bout okeexercis
related negatively to exercise adherence at 6-months and 12-morthsuptier, when
RPE was controlled for, the relationship between affective responses andraghwas

lost.

There is certainly evidence to support the association betweenagftbrelated
constructs which justify its status as a negative correlate ofqgathysitivity behaviour,
however, there is a clear lack of quantitative data and a generatetigece on the
qualitative explanation of dropout and the generation of barriers questi@antaoagh

the use of interviews. It may be that the association is accapladye, and therefore is
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not provoking further interest. Alternatively, this stagnation may be theltref
disciplinary level complacency where researchers have lost toubhthé original
sources that inform review articles, perhaps especially those pubimshighly respected
and ‘high impact’ journals (Seglen, 1997). Either way, the appropriate course of action is
the same. In the mid-eighties, Dishman and colleagues (1985) #tatet should be
determined how perceived exertion during and after exercise influences dstivity.
This statement is still valid. We need to develop a clearer understanding of reiweaneg
perceptual responses to exercise, including effort and affect and related cqonstiatets
to physical activity behaviour if we are to affect change. By takimg=M approach,
ultimately conducting full trials (Figure 1.1. Path D), revealing a alatedationship
between the putative targets and behaviour, would provide evidenassiycperception
of effort and other perceptual responses as a determinant, rathastlegiative correlate

of physical activity behaviour.

1.6. Intervention to Elicit Target Engagement - Path C

This section will cover target engagementvhich (in this thesis) is the process of
establishing interventions that manipulate effort and/or other pertepsmonses to

exercise.

Thereis a multitude of interventions that have been used to manipulatgppeatce
responses during exercise. These include psychological interventions, foplexam
imagery (Razon, Mandler, Arsal, Tokac, & Tenenbaum, 2014) and self-tatic(Bield,
Hardy, De Morree, et al., 2014; McCormick, Meijen, & Marcora, 2018) interventions,
which have both elicited a reduction in perception of effort and improvedisser
performance. Pharmacological intervention via psychoactive drugs such asecaffe

(Doherty & Smith, 2005; Schubert et al., 2014), or modafinil (Jacobs & Bell, 2004), for
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example, have been shown to increase affect, reduce perceptiboripfaad improve
exercise performance. There is even literature on the use of hypnotismar(\atlh et al.,
2001), subliminal cues (Blanchfield, Hardy, & Marcora, 2014), and afternoon naps
(Blanchfield, Lewis-Jones, Wignall, Roberts, & Oliver, 2018) being usedd®ase
exercise tolerance by modifying perceptual responses during exercise, pauttyrihe

perception of effort.

Establishing target engagement is not limited to perceptual resgpdrEm
humans, however. Effort-based decision-making paradigms are frequently asaual
models to test target engagement (Salamone et al., 2012). An example of tdibevaul
barrier climbing task that required physical effort to ascend. When factarsragfeffort-
related decision making are manipulated, for example, via brain lesiom@seas
associated with effort-related processing, or with pharmacological ention targeting
pathways responsible for calculating effort-related decision cost. In ¢ixpseiments,
observations of subsequent effort-based behaviour (i.e., do they climb the barrier to
receive a reward) can be used as an indication of target engag&alkantone, Yohn,
Lépez-Cruz, San Miguel, & Correa, 2016), just as, for example, lower RPE in humans
can be. In fact, effort-related functions engage a distributed neural circuitry thateiscl
multiple neurotransmitters across the brain, including the basal gafigibic and
cortical areas. Moreover, there is a striking similarity betweebrtne areas involved in
behavioural activation and effort-related processes in rodents and in humianso(&a
et al., 2016), making it possible to use rodents in preclinical stwtliek are translatable
to concurrent human-based research. Target engagement from interventiomsah a

models will be discussed in more detail in the Animal Introduction (chapter 8).

Clearly, there are several interventions that would be suitable cteslifia

testing path C and subsequently path D of the EM approach. However, thpeetisular
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form of intervention that was recently suggested by an NIH Working GropprRken
innovative research to improve maintenance of weight loss (MacLedn 2015). The
authors propose the “potential to pair drugs with specific behavioural therapies”, “to take
advantage of synergistic effects”, and “counter a broad range of the homeostatic and
hedonic adaptations”. They also state that the working group “envisioned novel targets
for pharmacotherapy which include the motivatiobd@hysically active”. Though they
do not make direct reference to HT or MIT their proposal is consistentpvéthictions
from these theories. For example, drugs may be paired with physisélyacticounter
hedonic and effort related adaptation, such as pain, discomfort, exertion, fatiggie. T
echoes the suggestion from a recent editorial (Marcora, 2016) that psjhakoys
may be appropriate for the facilitation of exercise by reducing perceptidfodfand
discomfort associated with exercise. See Figure 1.3. focdviés (2016) illustration of
theory-based psychological mediators of the hypothesised positivedffssichoactive

drugs on physical activity behaviour.
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Figure 1.3. Theory-based psychological mediators of thethgpized positive effect of psychoactive drugs
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Caffeine is a psychoactive drug, and also a proven ergogenic aid forsexerci
performance, which has been demonstrated by a meta-analysis of forty double-b
studies, eliciting an improvement in exercise test outcomesbgvarage of 12.3%
(Doherty, 2004)The primary mechanism of action seemingly responsible for caffeine’s
ergogenic effect may be due to its antagonism of receptors for the neurdttiemsm
adenosine (this mechanism will be elaborated upon in the nexdrse€tthis chapter).
Caffeine can affect exercise performance while decreasing perceivéidrexBoherty,

2004; Doherty & Smith, 2005). In addition, blocking adenosine receptors can decrease
the activation of nociceptors, resulting in a blunted pain response to exeraisk is
supported by multiple studies reporting lower exercise-induced muscle painirigl
caffeine ingestioGliottoni & Motl, 2008; Motl, O’Connor, & Dishman, 2003), an effect

that is persistent even with low doses (Spriet, 2014), and among high heaftame

users (Gliottoni, Meyers, Broglio, & Motl, 2009). Caffeine has also been shown t
increase affect related constructs such as pleasure (Backhouse, Biddts, Bs
Williams, 2011), and enjoyment (Schubert et al.,, 2014) during exercise. All ¢ the
responses to caffeine ingestion can not only improve exercise perforimdanaecording

to MIT and HT may also facilitate physical activity behaviamnd adherence. In
accordance with suggestions from Marcora (2016) and MacLean and colleagues (2015),
and considering the potential for caffeine to elicit effects on so manyrectsstelating

to our broad putative targéfeelings during exercise”, as referred to in the brief review

above, it presents the ideal intervention to apply to this EM approach.

1.7. General introduction to caffeine

Caffeine (1,3,7-trimethylxanthine) is the most commonly consumed stimulant

worldwide (Fredholm, Battig, Holmén, Nehlig, & Zvartau, 1999). In pure forns, @ i
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bitter white powder. Following ingestion, caffeine is rapidly absorbethéybody and
appears in the blood within-B5 min, with serum concentration peaking between 40 and
80 min (Spriet, 2014). In humans, the principal metabolic pathway for cafigine
catalysed by the cytochrome P450 (CYP) enzyme CYP1A2 in the livercandrds for
approximately 95% of its initial breakdown. The process begins with rerobaahethyl
group to form the primary metabolite paraxanthine; theobromine and theophy#line a
also formed in smaller concentrations (Doepker et al., 2016). The half-life eineaiifi
healthy adults is approximately# hours (Carvey, Thompson, Mahoney, & Lieberman,
2012); however, half-life may range between 1.5 and 9.5 hours (Brachtel & R982;
Busto, Bendayan, & Sellers, 1989). In mice, the half-life is considesablger between,

40 and 60 minutes, and is eliminated from serum and tissues (ee, Kigney, brain,

muscle) after 4 to 5 hours (Hartmann & Czok, 1980).

Caffeine binds reversibly to plasma proteins, and protein-bound caffeine accounts
for about 10% to 30% of the total plasma pool. Caffeine is hydrophilic and diefribut
freely into the intracellular tissue water (Abd, Benson, Roberts, & @0de3). However,
caffeine is also sufficiently lipophilic to pass through all biolagimembranes and
readily crosses the blood-brain barrier (Fong, 2015; McCall, Millington, & Wurtma

1982).

Plasma caffeine levels rise to ~P® pmol/L with a low caffeine dose (Bgkg),
~40 umol/L with a moderate dosertGykg), and ~6670 umol/L with a high dose of 9
mgkg (Graham & Spriet, 1995). Since caffeine interacts with many tissues,fftaslti
to independently study its effects on the CNS, the peripheral nerysigsns and the
many metabolic tissues in the body (skeletal muscle, liver, heargdipalse tissue) at
rest and during exercise. However, it has been shown that the plasmaecksfieis

needed to effect changes in the metabolic tissues are substdmgladly than required to
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affect the adenosine receptors in the brain and peripheral nervous systdholfre

1995; Nehlig, Daval, & Debry, 1992; Spriet, 2014).

Desirable effects of low or moderate intake levels include chaingesood,
energy, alertness, and vigour (Garrett & Griffiths, 1997; Nehlig et al., 199&2¢lhas
alteration in the perceptual responses to exercise, resulting in adesirable exercise
experience, have been shown to increase tolerance and improve performancécah phys
tasks (Doherty & Smith, 2005). There is also literature demonstratingdfiaine may
be used to create an energy deficit that facilitates weight tegyldy concurrently

increasing metabolic rate and reducing appetite for fatty foods (Schubert et al., 2014).

In relatively low doses, caffeine mediates many of its physiolbgictons
through the antagonism of central adenosine receptors (ARs) (Nehlig e99#), 1
Adenosine is an inhibitory neuromodulator in the central nervous systenseaaldive -
like properties. Four subtypes (Al, A2A, A2B, and A3) of G protein-coupled AiRs ha
been identified. Although the contribution of each is uncertain, A1 and A2A receptors in
the brain are responsible for the behavioural effects of caffeine (Doepkér 2016).
Adenosine Al receptors are present in almost all brain areas, but lpastica the
hippocampus, cerebral cortex, cerebellar cortex and thalamus. The stimulatory effects of
caffeine appear to result primarily from the blockade of A2A receptdnghwin turn,
functionally increases dopamine (Josselyn & Beninger, 1991). Therefore, thedbealavi
effects of intrastriatal caffeine are ultimately mediated by dwpa (Josselyn &

Beninger, 1991; Nehlig et al., 1992).

Desirable effects of caffeine, such as changes in mood, energy, aleaimess,
vigour, are associated with low or moderate intake levels (Netdig 992), In the case
of depression, moderate caffeine intake has been associated véathsjgmptoms and a

lower risk of suicide. This antidepressant effect of caffeine may imapkcations for
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other aspects of health due to the strong association of depression with
immunosuppression (A. P. Smith, 2011). Caffeine consumption is also considered to be
safe for the heart (Wilson & Bloom, 2016) with little evidence to sugdpastchronic

ingestion increases blood pressure.

However, high levels of caffeine are reported to produce negative effectsas
anxiety, jitters, and nervousness (Benowitz, 1990; Fredholm et al., 1999; @arrett
Griffiths, 1997; Lorist & Tops, 2003). Extreme side effects were observednmans at
caffeine intakes of 1,000 mg (1Bgkg), including restlessness, irritability, and
progressing to delirium, emesis, neuromuscular tremors, and convulsions (Gliatlan,
Nies, & Taylor, 1990). Other symptoms included tachycardia and increapa@tios.
Caffeinism is one of the more extreme examples of caffeine’s adverse effects and has
been discussed as a potential psychiatric disorder (Victor, Lubets@®yeden, 1981).
Caffeinism is usually associated with daily intake of 1;40800 mg caffeine. This term
refers to a constellation of symptoms associated with very hifgireintake that are
virtually indistinguishable from severe chronic anxiety; however, caffai@igpears to
be a specific condition, and there is little evidence for correlatietvgeen caffeine intake
and anxiety in either nonclinical volunteers or psychiatric outpat{¢at®, 2010). The
fatal acute oral dose of caffeine in humans is estimated to-iel §0(156-200 mg-kg)
(Hodgman, 1998) whilst the toxic dose for mice is between 125 anchg§6Q (Seale,

Johnson, Carney, & Rennert, 1984).

For the effect of caffeine on physical activity in mice, see thenAhintroduction
(chapter 8). For the effect of caffeine on perception of effort, pain, affect, rmodd,

enjoyment during exercise see the Human Introduction (chapter 2).
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1.8. Full tests - Path D

The purpose of path D is to answer the fundamental question that underlies the
experimental medicine approach: How much change in behaviour accrues from
interventions that successfully engage key targets specified lily bedbviour theories?

MIT and HT have been introduced and predictions they make about how entaain
putative target “feelings during exercise” should also facilitate physical activity behaviour
among sedentary populations have been discussed. Correlational designs cannot rule out
the impact of unmeasured (third) variables and are therefore not fit fnmnuieing
whether engaging a target changes health behaviours (Weinstein, 2083jisty (i.e.,
test) this path (D), only experimental studies able to permit caotalemnces are
acceptable (Sheeran et al., 2017). Experiments have three defimhgese 1)
Participants are randomised to a treatment versus a control or ewnpaondition; 2)

the treatment engages the target (i.e., engenders a difference dégveeatment versus
control condition on the target measurement); and 3) behaviour change or seme ot
related outcome is measured in the wake of the intervention (Sheerar2@13j West,

Biesanz, & Pitts, 2000).

To date, there have been very few experimental studies testingeimtiens in
sedentary populations, where feelings during exercise have been inclugathtase
targets and physical activity behaviour, or a related outcomeunegagive been reported.
A review of the literature has identified only two such studies (Ivanova, JenseoffCass

Gu, & Knauper, 2015; Schrader, Panek, & Temple, 2013).

The first of these studies (Schrader et al., 2013) used low-dose caffeng§}
as an intervention to facilitate repeated (6 sessions over avé®k-period) moderate
intensity treadmill walking in previously sedentary adults. Theiretsrgvere RPE and

exercise ‘liking” (which is an affect related construct). As a behavioural outcome
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measure, they included a self-determined exercise trial (in atioadd visit following
the final training session) where exercise duration was determined fgrtlugpant (i.e.,
participants chose when to stop walking). Individuals who received caffaittee final
test day exercised for significantly longer in the self-determaxedcise trial than those
who received placebo. However, surprisingly, RPE was not significantlyratiffe
between conditions. There are two potential explanations for this null findingrénaot
fully identified by the authors. Firstly, there is no reference to standdrdistructions
on how to use the RPE scale, nor was ttarepportunity for participants to gain
familiarity with its use. Secondly, exercise intensity waslseted on age-predicted
maximum heart rate rather thafO-max for example, to standardise intensity, which
would have been preferable. Thirdly, relating the second point abmdastiésing
exercise intensity, the workload was not fixed or monitored in any watgad, it was
regulated by the participant continuously throughout each session agtrngttaheart
rate range. This is problematic because in order to identify percegfasgnces between
conditions the physical demand (i.e., workload) needs to be standardised.rAeasoa
this method is problematic is that the heart rate may havdeadsodirectly affected by

the caffeine (Nehlig et al., 1992) making it an unsuitable reference for settingityite

The second study (Ilvanova et al., 2015) used acceptance and comntigregmy t
(ACT; a form of psychotherapy) as an intervention to improve exercise tatenanc
sedentary women. Their a priori targetsaffect, measured using the FS, and RPE based
on theoretical predictions of MIT and HT. However, the intervention spasifically
designed to develop cognitive diffusion and acceptance techniques for coping wi
aversive physical discomfort (e.g., leg discomfort) and negativet §&ex, boredom).
Exercise tolerance time during a high-intensity cycle exertest was used as a
behavioural outcome measure. In line with MIT, they found that psyclealdgichniques

derived from ACT help low-active women to perform the high-intensitycgse for
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longer while also feeling less perceived effort. However, contrary toctatpms, there
was not a group-time interaction for affect during or immediately gmstdown. This

result suggests that affective responses during exercise cannot prediseexéecance.

Together, these studies suggest that interventions engaging taaigédsl to
feelings during exercise, such as perception of effort and affect are alilgttpositive
changes in outcomes related to physical activity behaviour. Howelear]ycmore

experimental studies are needed.

1.9. Standard efficacy trials Path X

Standard efficacy trials (Figure 1.1. Path X), are principally concerned with
whether, not how, interventions promote health behaviour change and oftea fail t
identify mechanisms by which interventions have elicited their tetiacthe primary
behavioural outcome. There is one relevant human study (Judice et al., \2BitB),
demonstrated that caffeirfd mg-kg administered in two equal doses of hgkg in a
single day) did not elicit a change in daily free-living physieativity energy
expenditure, which was measured using accelerometry. The issuer@rthe caffeine
did not elicit an effect, it is that no putative targets were medsuiteis, it could not be
concluded whether the intervention was not sufficient to engagess, targvhether target
engagement was not sufficient to produce a change in the behavioural outcome measure.
Although this type of design does not offer the same explanatory poweeaperiment
testing path D, it is suitable for use in preclinical models, fomgka, where it is not
possible to collect self-report perceptual data. Instead, behavioural paradigmsBuch as
maze experiments (which were briefly introduced earlier, in section 1.6.), arisexer
tasks, use the primary behavioural outcome (i.e., exercise completed, or barrier climbed)

to determine whether the putative target has been engaged. €aggefement from
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interventions in animal models will be discussed in more detdie Animal Introduction

(chapter 8).

1.10. Thesis aim

The EM approach has been adopted to guide the development of this iriestiga
This approach provides a framework to examine not just whether, but alsarhow
intervention elicits its effect on behaviour change. Specifically, thi wonducted in
this study is focussed on understanding whether changes in perceptualsesspo
exercise, caused by psychoactive drugs such as caffeine, are sufti@écit a change
in physical activity behaviour. It is also an aim to faciététte further development of
pharmacological interventions, in a form of pharmacotherapy, by providbasgia to
investigate the effects of other drug compounds at a pre-clinieal [Bo achieve both

aims two independent research pathways were followed, which are presetto parts.

1.11. Thesis structure

This thesis is split into two parts. Part | utilises human ppaiids to test patb
of the EM model. Part Il uses an animal model (mice) to tebtXatirectly observing
the effects of interventions on physical activity behaviour. Howewasth @art follove
the same structure. Chapters 2 and 8 provide separate introductions to theahdman
animal work respectively. The investigations then unfold in series, with genehaddset
in chapters 3 and 9. In each part of the thesis, there are 3 experimeptaihduman
studies are presented in chapters 4, 5, and 6, animal studies are dethigpoters 10,
11, and 12. Chapter 7 and 13 are general discussions specific to each payt.thaall

two parts are combined in chapter 14, the General Discussion.
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Partl

A Full Test (Path D): Pharmacological intervention to facilitatereise in

humans by modifying perceptual responses.
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2. Human Introduction
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2.1. Introduction

There is some evidence th&eelings during exercise including affect and
perception of effort, are considered important correlates of physicaltattahaviour,
as was discussed in the general introduction (sections 1.5.1., and 1.5.2.yeHowe
extraordinarily little has been done to look at the effect of fachatsrhanipulate these
feelings on physical activity behaviour (as identified in section.1Calfeine has been
chosen as an intervention to elicit changes in physical activity behaviats gféect on
(engagement of) the putative target (i‘&gelings during exercise”). Caffeine was
introduced in the general introduction (section 1.6. and 1.7.) but the literature on
performance effects and perceptual responses to exercise will be elishass (section
2.3.) in more detail. Literature also relating to exercise trainiadatities suitable for
sedentary populations (section 2.2.), as well as the identificatiomaadurement of

outcomes relating to physical activity behaviour (section 2.4.).

2.2. High vs moderate intensity exercise for previously sedentary humans

The American College of Sports Medicine (ACSM) recommends thatadals
engage in moderate-intensity cardiorespiratory exercise trainirgg@minday* on>5
day-week® for a total of>150min-week™, vigorous-intensity cardiorespiratory exercise
training for >20 min-day! on >3 day-week® (>75 min-week™), or a combination of
moderate- and vigorous-intensity exercise (Garber et al., 2011). Whilstisexe
recommendations related to weight management calb200 to 300min-week™ of
moderate intensity exercise (Jensen et al.,, 2014). Despite the dafefibmpleting
regular exercise (as discussed in the general introduction sectipnatcbrding to
experts, these public health guidelines are (almost) entirely igriBidetkakis et al.,

2016).
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The reasons for not engaging in regular physical activity are numeraais
complex, but “lack of time” is one of the most commonly cited barriers (Steinhardt &
Dishman, 1989; Trost et al., 2002). Therefore, developing more time-effiatergyally
effective exercise strategies are urgently needed (Gillah,2016). At least, that is the
view of some experts. The Journal of Behavioural Nutrition and PhyAxiadty
published a debateegarding the intensity and duration of exercise prescription in
previously sedentary adultsetween Biddle and Batterham (Biddle & Batterham, 2015).
Essentially, eme (e.g., Biddle) advocate moderate intensity and long duration, whereas
others (e.g., Batterham) call for high-intensity and shorter durationlaftbe approach
attributes the inactivity and high dropout to limited time alality and the slow

development of visible benefits.

There are some extreme examples of high-intefngitint interval training” (SIT),
which consists of a total exercise duration of 10 minutes (Gillen @04l6). This is made
up of 2-minute warm-up and 3-minute cool-down, either side of 3se&d ‘all-out’
cycle sprints, interspersed with 2-minutes of cycling at a maalentainsity. This protocol
was found to be equally as effective at improvivi@zmaxas 45-minute sessions of
moderate-intensity continuous training in previously sedentary men. Hovedtreugh
this type of SIT appears to be effective for physiological benefitestben heavily
criticised. SIT has been describadinappropriate for a largely sedentary population”
(Hardcastle, Ray, Beale, & Hagger, 2014) because engagement requiréevhlg of
motivation and confidence. In addition, the supramaximal intensitiepasalered likely
to evoke negative affect, which may lead to subsequent avoidance of kx#reise

(Hardcastle et al., 2014).

Both sides of the debate (Biddle & Batterham, 2015) agree that 80 isable

Batterham, however, argues that scalable HIIT interventions haveedwalvich have
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similar cardio-metabolic responses to those observed with the extneme protocol
These HIIT interventions are often described as Aerobic Interval Trai#hp),
typically involving 4-6 cycles of exercise at 80-95% of maxinagdacity, each lasting 3-
4-minutes (Decker & Ekkekakis, 2017). For example using brisk inclined walking
(Francois et al., 2014; Lunt et al., 2014), which has been shown to be matigestfesm
moderate continuous exercise and is well tolerated in patientsavihary artery disease
(Rognmo, Hetland, Helgerud, Hoff, & Slordahl, 2004), metabolic syndrome (Tjgnna et
al., 2008), and heart failure (Wisloff et al., 2007). Althoughoammitment of >30
min-day? is still required with many of these protocols, the vigorous intervals have
higher relative contribution, in terms of meeting health guidelines vger feessions are
required per week. For example, the protocol developed by Rognmo and colleagues
(2004) (and adopted in the studies detailed in chapters 4, 5, and 6 ofdtgsrétiires
33-minutes of exercise per session, made up ahifites of vigorous intensity exercise
and 18minutes of moderate intensity exercise. When the duration of vigorous exsrcise
doubled (i.e., 32ninutes) and combined with the duration of moderate intensity exercise
(i.e., 18minutes) the session can be considered equivalent to 50-minutes.ofderef
rather than accruing 15@inutes of exercise over five days of 80Rutes, this protocol
would only need to be completed 3 times per week, reducing the owveeatidmmitment

by 34%, before considering reduced travel time.

The second point of contention is underpinned by hedonic theory, which suggests
that displeasure during exercise will lead to aversion and drop-out. HowetterhBm
identifies that the assertion that high-intensity exercise will be aeerssbased on work
demonstrating that exercise at or above the ventilatory thresloldnpleasant
(Ekkekakis, Hall, & Petruzzello, 2008). This, of course, does not account for the
anticipation of impending recovery, and the recovery period per se canineswte

positive affect than continuous vigorous intensity exercise. For exampbaeirstudy
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recreationally active men found HIIT (6 x 3 minutes at 9%0@may) more enjoyable than
continuous moderate, despite higher perception of effort (Bartlett et al., 2011} Ménils
authors of another study (Jung, Bourne, & Little, 2014) reported that HIIT intervals were
conducted at a higher intensity than in the continuous vigorous intensityiconget
affect was more positive. A caveat to this argument may be thetabtaoderating role
that obesity plays in the relationship between affect and intemgiigh was originally
identified by a study (Ekkekakis & Lind, 2006) where overweight participamsrted
lower ratings of pleasure during relatively higher inteesitwhilst there was not a
difference for their ‘ideal weight’ counterparts. The BMI of the participant in the study
by Bartlett and colleagues (2011) was (M + SD) 24.2 +Ky#&r? and in Jung and
caleagues (2014) study it was 23.34 + 2Kin? for men and 24.92 + 5.54 for women
Whereas, in a more recent study (Decker & Ekkekakis, 2017) where parsdiaaha
BMI of 34.96 + 4.46kg/m?, despite using a similar protocol to Jung and colleagues
(2014), inDecker and Ekkekakis’s (2017) study affect was lower and perception of effort
was higher in the HIIT compared to the moderate intensity continuoussexgroup.

Furthermore, post-exercise enjoyment was lower in the HIIT condition.

In his rebuttal, Biddle accepts the effectiveness of HIIT, whilshtaaiing that
“few who need to exercise the most will cheake ‘hard’ option of HIIT”. This may
indeed be the key, as although the relationship between intensity acidigtteus far
equivocal, an increase in exercise intensity requires higher effortedbtask demands
Biddle also states, in relation to the time efficiency of Hthkt “it is not whether we
have time, but how we choose to spend our’tifiéis links clearly to a study by Vara
and Epstein (1993) which identify that even when sedentary behaviourfikad®
equally to physically active behaviours, in choice paradigm sageiédaviours are
chosen significantly more than active (exercise) behaviours (Vara &igpdi993).

Similar to the effort-based decision-making paradigm used in rotiergsidy effort
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dysfunction (which was introduced in the General Introduction and will $eusked
further in the Animal Introduction), choices to engage in sedentary rdiaeractive
behaviours, despite no difference in task preference (Vara & Epstein, 49§32 sts that

the required effort is influencing decisions to engage in these loeingavirhis assertion

is supported by MIT, the principle of least effort (both of which are introdurcéae
general introduction) and also an evolutionary biological perspectives iapparently

no innate drive to be substantially physically active (Cordain, Gotdketibn, & Eaton,
1998; Eaton & Eaton, 2003; Peters, Wyatt, Donahoo, & Hill, 2002). It is thoughhtha
the period in which the current human genome was selected physicaly aatiergy
expenditure was driven by the procurement of food (Eaton et al., 2002). Because of
human societal evolution, for many at least, physical effort is no longeredqua
procure food. Therefore, for those in high-income industrialised countries, gt least
engaging in regular and frequent physical activity behaviours requimnscious

cognitive effort (Peters et al., 2002).

Biddle, Batterham, and to a certain extent Vara and Ep$i€83) have a
commonality. They have each made a single assumption, whichtipehzeptual
responses to exercise are not modifiable. This assumption isTiaéseis a multitude of
interventions that can manipulate perceptual responses during exercisen e g
physical demand. These include psychological interventions, for exammpgery
(Razon et al.,, 2014) and self-talk (Blanchfield, Hardy, De Morree, et @14;2
McCormick et al., 2018) interventions, which have both elicited a reductiperception
of effort and improved exercise performance. Pharmacological interventeon v
psychoactive drugs such as caffeine (Doherty & Smith, 2005; Schubert2&1a), or
modafinil (Jacobs & Bell, 2004), for example, have been shown to increade raifiece
perception, and improve exercise performance. There is even literatuine oset of

hypnotism (Williamson et al., 2001), subliminal cues (Blanchfield, Ha&dylarcora,
38



2014), and afternoon naps (Blanchfield et al., 2018) successfully modifyireppeat

responses during exercise.

It stands that, in addition to being more time efficient, HIIT hasirdele
physiological outcomes either proving to be as effective (e.g.erGit al., 2016;
Shepherd et al., 2015), or more effective (Helgerud et al., 2007; Karstoft 2018;,
Milanovi¢, Sporis, & Weston, 2015; Rognmo et al., 2004; Tjgnna et al., 2008; Wisloff et
al., 2007) when compared to continuous moderate intensity/endurance exenaisg. trai
The issue is that it is not considered toadeasible modality in the treatment of disease
or for previously sedentary individuals due to associated negativet affielc high
perception of effort (Biddle & Batterham, 2015; Decker & Ekkekakis, 2017; Halelcas
et al.,, 2014; Holloway & Spriet, 2015}t is therefore logical that if HIIT can be
facilitated, modifying the psychological experience (i.e., increpsaffect and/or
reduction perception of effort or pain), it would be preferable to modeoat&naous

aerobic exercise.

2.3. The effects of caffeine on “feelings during exercise”

2.3.1. Caffeine and activity levels

Benefits associated with caffeine ingestion in athletic populatmhsde delayed
feelings of fatigue (Anselme, Collomp, Mercier, Ahmadi, & Prefaut, 199&knjan,
Wendling, Friars, & Graham, 1996), reduced exercise-induced muscle pain Bell G.

& McLellan, 2002) and perception of effort (Backhouse et al., 2011; D. G. Bell &
McLellan, 2002; Doherty & Smith, 2005), increased time to exhaustion (Graham &
Spriet, 1991), as well as increasing affect (FS scale scores) (Bacldtoalse2011)

alertness, feelings of subjective energy and ability to concentratslgiKk& Armsey,
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2006; Lorist, Snel, & Kok, 1994). Which provides a strong rationale for the paitenti

positive effects of caffeine on feelings during exercise.

The effects of caffeine on exercise tolerance and perceptual plysiformance
have also been assessed to a lesser degree in recreatiotnadypapulations. These
studies reported that caffeine significantly reskithe perception of effor{Schubert et
al., 2014) and exercise-induced muscle pain during high (Gliottoni & K088) and
moderate (Motl et al., 2003) intensity exercise. Exercise enjoynasrtbeen shown to be
higher following caffeine ingestion (Schubert et al., 2014) as well dslaying the
feelings of fatigue and increasing feelings of vigour around a bout of exé@igsm,
Thornton, Adam, & Lieberman, 201@espite the huge interest caffeine has received at
large, there is, however, still relatively little work investigating the &ffe€caffeine on

exercise tolerance and feelings during exercise in sedentary populations.

The first study investigating the effect of caffeine during exercissedentary
participants was conducted by Engels and Haymes (1992). In thatreebrchers
reported significantly higher minute ventilation, as well as an as&én pre and post-
exercise free fatty acids associated with aréGdte walking protocol in sedentary males
following caffeine ingestions, however, the ability to perform work, tolerdoce
exercise, or any perceptual responses were not measured. Likewise, irr@osiorstudy
(Leelarungrayub, Sallepan, & Charoenwattana, 2011) found differences in substrate
mobilisation in sedentary men following coffee equivalent to 5kgqngHowever, no
perceptual responses were recorded. In another study (Wallman, Goh, {& ZRi]).
Perception of effort was not different during steady-state exercise, at %% H
following 6 mgkg caffeine ingestion compared to placebo in sedentary women. There
was also not an improvement in performance in a subsequent timeskiahta were

there any differences in any other variables, including HR, RPE andRER. However,
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60% of participants correctly identified when they were in the caffeine ttamdiue to
feelings of restlessness, hyperactivity, and shaky hands and lisgsossible here that,
as a relatively high dose of caffeine was used, &kgygome of the negative side effects
of caffeine were more prevalent than the beneficial effects, whichnoage such an
issue with a lower dose. For example, 3kgdas been shown to elicit positive responses

to exercise in active people without eliciting side effects (Spriet, 2014).

A subsequent study from the same lab investigated the effects oheaféei
mgkg) ingestion on time trial performance in sedentary males (Lagiré&Mallman, &
Guelfi, 2012). The authors reported that exercise tolerance improved, witbr gresk
done, higher energy expenditure, higher oxygen consumption, and higher HR in the
caffeine condition despitao change in ‘effort sense’. The authors concluded that the
ability to do more exercise after caffeine ingestion, without an accompanynegsedn
perception of effort, could motivate sedentary men to participate in sgemore often
and so reduce adverse effects of inactivity on health (Laurence 2082), which is

consistent with the theories that have been presented in this thesis (i.andvHIT).

The °liking’ of physical activity was higher following caffeine ingestion (3
mgkg), compared to placebo, in previously sedentary women, whilst there was no
difference between conditions for men. Independent of sex, participantsaaffiiae
group exercised for significantly longer in ‘tolerance test(essentially a time to

exhaustion test), compared to those in the placebo group (Schrader et al., 2013).

Despite considerable data on the effects of caffeine during exerciidatica
populations, the amount of available data is inversely correlatedheihabitual physical
activity levels among participants, as there are relatively fewer stadien-trained and
sedentary participants. The limited data that does exist from sedeofauiations is

inconsistent and largely focussed on the metabolic rather than peledfacis. This is
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not surprising as caffeine is widely considered to be an ergogeniwithdyvell know
performance-enhancing effects, whilst the idea of using it as an intervéatimprove
tolerance in sedentary people is relatively new (Schrader et al.,@8d.8¢quires further

investigation.

2.3.2. Caffeine and intensity of exercise

There is extensive literature (for a review see Burke, 2008) supporting the
ingestion of caffeine to increase tolerance and improve endurance perforiRatiey
astonishingly, however, there is currently no published literature on thseffeaffeine
on exercise tolerance during highintensity interval training (HIIT).I8Vimference can
be made about tolerance to exercise from studies investigatieffe¢lts of caffeine on
short-term high-intensity exercise performance (for a review see AstorirRaistson
(2010) as performance is inextricably linked with exercise tolerancee®re relatively
few studies, compared to endurance performance, and the finding from theseastudies

equivocal.

Some studies demonstrate an increase in exercise tolerance, weihecd#50
mg) increasing performance in sprints on a cycle ergometer following atlds6 mg
(Anselme et al., 1992) and following 5 rkg (Woolf, Bidwell, & Carlson, 2008).
Caffeine has also been shown to improve bench press performance in sta@ngth-t
men following a 2.5 mfgg dose (Beck et al., 2006) and after a dose of &gn@Voolf
et al., 2008). Sprint speed, drive power, and passing accuracy has beencsinopvoue
among rugby players following 6 nkg (Stuart, Hopkins, Cook, & Cairns, 2005).
Swimming velocity increases over 100-m following a dose of 250 mghiswdftect was
only true for trained swimmers as there was no difference in perforn@ngetrained

swimmers (Collomp, Ahmaidi, Chatard, Audran, & Prefaut, 1992). Other research has

42



shown that caffeine has no effect, for example, in one study 6 mg.kgpdigicit an
increase in maximal strength or muscular endurance (reps to fatigue) ngress or

leg press (Astorino, Rohmann, & Firth, 2008). Whilst in another study, 2.5 mg.kg had no
effect on maximal strength or running performance at 884eax(Beck, Housh, Malek,
Mielke, & Hendrix, 2008). There is even research to suggest that caffiem@shes
performance, as a study showed that healthy physically active mémwe mean power

in repeated Wingate tests after receiving 6 mg.kg caffeine (Gredeadv, & Graham,

1998).

Although there is an overwhelming body of literature documenting thaveosit
effects of caffeine on endurance performance and continuous intensity eretigg
clearly the evidence in relation to high-intensity exercsendt as substantial, and
somewhat equivocal. Although performance data can be used to makenfetiahces
about subjective exercise tolerance, this is not ideal. Consideamptential impact that
caffeine could haven mitigating the negative perceptual responses associated with HIIT
(Biddle & Batterham, 2015), to access the superior physiological tepéthis (HIIT)
exercise modalityHelgerud et al., 2007; Karstoft et al., 2013; Milanovi¢ et al., 2015;
Rognmo et al., 2004; Tjgnna et al., 2008; Wisloff et al., 2007) (as discussediom se

2.2.) this is an area that is in need of research attention.

2.4. Exercise choice choice as a behavioural outcome

Increasing adherence to exercise is the ultimate long-term gadle ofvork
presented in this thesis, as well as many researchers acrgstbeAlthough the end
goal is shared, approaches vary dramatically. As part of the EM apphaatias guided

all investigation herein, understanding the mechanisms by which an mtiervelicits
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its effect on behaviours is of fundamental importance. Therefore, behawatsaimes,

as well as putative target engagement needs to be quantifiable.

Essentially, completing exercise, or indeed any other instrumentalibeh&/
the result of a desion where a particular action/behaviour is chosen in favour of
competing alternatives. Therefore, what ultimately determinegentteis a systematic
bias, resulting in individuals repeatedly choosing to engage in exdrcifavour of
competing alternatives. Although adherence can be measured ydireitkler by
monitoring attendance at supervised exercise classes (e.g., Klonofflé04d), or viaa
physical activity reci (e.g., Williams et al., 2008; Williams, Dunsinger, Jennir§s,
Marcus, 2012) this is a big undertaking, requiring relatively long time-fsaame an
extended commitment from participant to engage in the follow-up, or signifi
resourcing to run supervised exercise session for participants to dttenever,
understanding this decision-making process mechanistically canctbeved in a
relatively shorter time frame and with few participants than woulrge scale RCT

testing the effect of caffeine on adherence to exercise.

Traditionally choice as behavioural outcome, related to exercise behaviours in
humans has sought to quantify how reinforcing the behaviour is. This has hesiedc
using complex choice paradigms. An example of one of these paradignusedhs a
study (Williams & Raynor, 2013) to determine preference for exerciséidnstudy
participants were asked whether they would prefer to walk for one nailee#itselected
intensity or sort paper clips for 2 minutes. Subsequent questions requireghgats to
choose between walking for one mile at self-selected intensgyveorting for 4, 6, 8,

10, 12, 14, 16, 18, and 20 min. There were various iterations of this question exploring
differences in preference for self-selected- vs imposed-integptsysical activity, but that

is not the subject of this discussion. The fact is that the edtabliway to quantify
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preference for exercise is to equate to sorting paperclips. This is usefuloemparing
two conditions directly, for example, testing path X of the EM approach, where it would
be possible to determine whether exercise was preferable following caffeinéomgest
not. However, it is not possible to attribute the difference in faskerence to the
engagement of a putative target. In other words, even if caffeine (oteanative
intervention) did increase preference it would not be possible to deteminy. An
alternative approacts the effort expenditure for rewards task, which is a behavioural
measure of cost/benefit decision-making in humans. In this decisiomgnp&radigm
participants play a game in which they are given an opportunity ontgado choose
between two different task difficulty levels (effortful gripping vs niereolding the
gripping device) to obtain varying monetary rewards (e.g., Klein-Flugganerley,

Saraiva, Penny, & Bestmann, 2015; Kurniawan et al., 2010; Treadway et al., 2012).

There is also a version of this paradigm which has been used ttigateeshe
role of mental effort in decision makingor example, in the first study of its kind (Kool,
McGuire, Rosen, & Botvinick, 2010), participants were introduced to two decksdsf ca
Participants were told that they were free to choose from either deck timaapnd that
they should “feel free to move from one deck to the other whenever you choose,” but also
that “if one deck begins to seem preferable, feel free choose that deck more often”.
Unannounced to participants, the decks could be distinguished by their demane, as
deck required task switching on 90% of occasions, whilst for the other declwitrskrey
only occurred on 10% of occasions. Thus, deck preference was used to deternoiee the

of mental effort/demand on decision-making behaviours.

On a small scale, these effort-based decision-making tasks are not only providing
a measure of initial task preference but also what is esseatilérence. If you consider

one hand grip effort decision to be equivalent to each day where adesisiade about
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whether or not to engage in exercise. In this scenario, selection fomttedfort option
would be equivalent to selecting a sedentary behaviour in favour of sxe@iearly
assertions from the findings of these hand-grip studies (e.g., Kleggd;liKennerley,
Saraiva, Penny, & Bestmann, 2015; Kurniawan et al., 2010; Treadwayétl&),cannot
be made about whole body exercise behaviour as they neither mattéredsiof energy
expenditure or perceived value (i.e., a brief handgrip task will elicisédmee health
benefits as HIIT or moderate intensity continuous exercise). However ptoaltg this
paradigm makes sense. The advantage of using hand-ghig &bility to explore the
mechanistic relationship between the putative target and the autoehaviour (i.e.,
preference) on several choice occasions per minute. The issatthigitannot translate
to whole-body exercise at a level that is required to, for exampdet public health
guidelines of >150 min-week! of moderate-or >75 min-week ™ of vigorous intensity
exercise (Garber et al., 2011). Therefore, an adaptation of this paradigm lveould
required. However, there is an alternative approach that is curreailptdg to help

establish where there is an initial preference for a particular condition.

Preference tests are not common in this field, however, they are pronmnent

consumer sensory evaluation, where the preference for cosmetic productanipies

helps to predict consumer purchasing behaviour (Cochrane, Dubnicka, & Loughin, 2005).
In simple terms, if people prefer something they are more lthathoose it in the future.

This can be applied to physical activity behaviour. For example, if an intervehtits e

a change in preference for a particular condition, such as an exsrodgality, theory

(i.e., MIT and HT) suggests that the change in preference will pygabdive changes in
subsequent physical activity behaviour (i.e., adherence). Traditiohabg fpreference
tests are completed without replication, effectively leading teingle 0/1 (binary)
measurement. Which would equate to participants completing one tragsemn after

ingesting caffeine, and another after ingesting placebo before choosirgaehidition
46



they preferred. However, with only a single preferengefée each ‘consumer panellist

it is difficult to tell whether the consumer’s response is based on true preference, or
whether they cannot differentiate between the two products and singatisse product
at random (Cochrane et al., 2005). The response to this limitation imncensesearch
has been to adopt a replicated preference test approach, resuliingrmal counts of
preference for each panellist. This would equate to participantpleting several
training sessions after consuming either caffeine or placebo and comparingagr of

sessions to establish a binomial measure of preference. Takingppitgaeh (i.e.,

replicated preference tests), measuring preference for exercise coralitbras between
a treatment and placebo can be used as a behavioural outcome wéiatiedsto ultimate

behavioural outcome (Sheeran et al., 2017), which is exercise adherence.

2.5. The present study

It stands that HIIT has desirable physiological outcomes, proving &s,bi€ not
more, effective than continuous moderate intensity exercise (Helggrad, 2007;
Karstoft et al., 2013; Milanovi¢ et al., 2015; Rognmo et al., 2004; Tjenna et al., 2008;
Wisloff et al., 2007) as well as addressing one of the most frequergty lwatrriers to
engaging in regular physical activity, which is the perceiae#t bf time (Steinhardt &
Dishman, 1989; Trost et al., 2002) . The present study will, fdrefeadopt HIIT as the
exercise modality, whilst combining with caffeine as an interventiomitmate the
negative perceptual responses associated with HIIT (Biddle &fBath, 2015). Despite
limited research investigating the effects of caffeine on eseitclerance and feelings
during exercise in sedentary populations, data from athletic as wedicesationally
active populations clearly identify it as a suitable intervention piotative target

engagement and therefore warrants further investigation in thisgbopulFor this initial
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stage of inquiry, utilising replicated preference tests (Sheerdn 2047) as behavioural
outcome related to physical activity behaviour rather than adheitsetewill allow
experimental designs to explore the mechanistic relationship betwiéeineafeelings
during exercise and an exercise-related choice, without long follow+igdpeequired

to evaluate effects on adherence.

2.6. Aim of thesis Part |

The aim of Part | of this thesis was to conduct a full test (PathtBe EM approach).
Full tests determine whether an intervention strategy or a set cégshitchanges
physical activity behaviour, or a related outcome, via their affestspecified targets
(Figure 1.1., Path D). Therefore, in this case, the aim was to deterimatieewr caffeine

was able to influence exercise preference via its effects on feelings dunngexe

Broadly, the hypothesis was that caffeine would elicit positive clsangeelings
during exercise, which would result in positive changes in physitigitadehaviour, as

determined by an increased preference for exercise following caffeine ingestion.

Experimental work in this part of the thesis consists of three cha@teapter 4
utilises a single-subject experimental design as a prelimiestyof this hypothesis,
which is built upon by chapter 5, where a group design is employed. Chapsts Gn
alternative hypothesis, related to the physiological rather than psgatalperceptual

effects of caffeine.
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3. General Human Methods
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3.1. Caffeine deception in humans

(Used in chapters 4, 5 and 6)

The participant was informed that for each one of the 12 experimental visits they
would be consuming either tyrosine oeté#alanine, in combination with caffeine;
however, this was a deception. Instead, they consumed a capsule corgdahendg
mgkg caffeine (Sigma-Aldrich, Dorset, UK), oa placebo substance (dextrose
monohydrate). The primary reason for this deception is that caffeine, thearmosonly
used psychoactive substance in the world (Mitchell, Knight, Hockenberry, Teplansky, &
Hartman, 2014), is perhaps too familiar. Thus, recognising the familiar effectd
essentially un-blind the participant to the experimental conditiond&yeiving the
participant into believing that they would receive caffeine asngtant, in combination
with one of two theoretically comparable substances, should remove biaquatd the
prior expectancy of the two conditions. When participants had completed tlaéivisit,

they were debriefed about the study’s genuine rationale and the deception was revealed.

3.1. Caffeine and placebo capsules and administration

(Used in chapters 4, 5 and 6)

Substances were weighed using high-precision scales and all cdpswdash
participant were filled ahead of their first experimental session. Gapaudre size 00,
holding approximately 1000 milligram (mg), and clear in colour (Capslgeta Group
Ltd, Basel, Switzerland). Placebo capsules contained 1000 mg of dextrose monohydrate
(myprotein.com). The caffeine dose was 3 milligrams per kilogram of body/((mg&g).
Therefore, for example, an individual weighing 80 kg, would receive a 248ose of
caffeine (Sigma-Aldrich, Dorset, UKL ontinuing with this example, the remaining space
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in the 1000 mg capsule (~760 mg) would be filled with dextrose monohydrate
(myprotein.com). Although the dextrose monohydrate was a good colour-matohed, t
caffeine had a slightly finer grain. However, once the caffeine axtdode monohydrate

had mixed, caffeine + dextrose monohydrate capsules were indistinguishable from
dextrose monohydrate only capsules. Participants ingested the capsules between 90-

60-minutes before arrival at the lab (Spriet, 2014; Wickham & Spriet, 2018).

3.2. Determination of maximal oxygen uptakédomay in humans

(Used in chapters 4, 5 and 6)

VOzmax Was assessed using an incremental treadmill test. Initligicipants
were fitted with a HR monitor (Polar Electro, Kempele, Finland). To famsk with
treadmill walking, the test started on a flat treadmill (Expert Fitbik§sPowerjog) until
the participant was able to walk confidently without needing to gralhahdrails. As
soon as participants were able to walk properly a comfortable walkieg$eltselected)
was established, whilst the experimenter made adjustments tmiiteadlination for a
10-min warm-up, with a desired intensity of ~70% age-predicted maximart Rate.
The final intensity for the warm-up was the starting intensity forirllheemental test,
thus, the intention of these adjustments was to bring the partidipa®.max after

approximately 812 min, as recommended by Buchfuhrer et al., (1983).

After the warm-up period participants were fitted with a facemask (Cortex
Biophysik GmbH, Leipzig, Germany) which was connected to a breativdath gas
analyser (MetaLyzer 3BR2, Cortex Biophysik GmbH, Leipzig, Germany)hhetbeen
calibrated witha gas of a known composition prior to use, following the manufacturers

guidelines. TheVOzmaxtestwas performed using a ramp protocol where the speed was
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constant, and the incline was increassd2% every second minute until volitional
fatigue. The highest average 30-s measurement detervi@ed.« Heart rate was
continuously recorded using a Polar Sport Tester (Polar Electro OY, Finkamdi),
maximum attainable heart rate (RR) was determined. One minute after task failure,
lactate concentration was measured by collecting 5 pl of whole fresh blood from a finger.
Blood samples were analysed using a calibrated device (E{nastic, Biosen C-Line

A test was accepted astaue max if three of the following four conditions were met:
achieved 90% age-predicted maximum heart rate; reached platé@aeelled off
when workload increased); a respiratory exchange ratio (RER) of >1.05; blodd lacta
>6mmol.l-1. In a previous study (Rognmo et al., 2004), using the same protocol, an
instructor blinded for the values from an initial test carried o@carsdVOzmax test on

the same participants, to ensure that learning to walk properlyeotnetadmill did not
affect VOzmaxmeasured during the initial test. The mean difference from test ttestto

one was only 0.011+0.111/min, or 0.46% of the two measurements.

3.3.  HIIT protocol for humans

(Used in chapters 4, 5 and 6)

All HIIT sessionsconsisted of “uphill” treadmill walking, as described previously
(Rognmo et al., 2004). During each HIIT session, participants carried auirasarm-
up period at an intensity corresponding te@@6 of VOzmax(65-75% of HReal) before
walking four intervals of 4-min at 890% 0f VOzmax (85-95% of HRay. Between the
intervals 3-min of walking at 580% of VOzmaxwas conducted. The training session was
terminated by a 3-min cool-down period at-60% ofVOzmax This gave a total exercise
time of 33-min. Training was completed on an HP Cosmos (Pulsar) tledhmiicipants

wore heart rate monitors (Polar Electro, Kempele, Finland) during everyngaession.

52



The HR display was visible to the researcher but not to the participlae researcher
could thus control the corresponding exercise heart rate relatiV®i@ax The speed
remained constant throughout the entire study after it was selectieé Iparticipants
during their first visit. The average self-selected speed acrosstutis detailed in
chapters 4, 5, and 6 was @&/SD) 3.99 + 0.51 km/h. The inclination of the treadmill was
continually adjusted throughout the fithtee ‘familiarisation’ sessions with the aim for
participants to reach the top end of the intensity band during their final #eut. The
average gradient during the (relatively) low intensity periods (i.e., warm-up, renave
cool down) was (Mt SD) 3.1 + 1.59%, whist it was 16 + 2.15% during the 4-minute

(relatively) high intensity periods across the studies detailed in chapters 4, 5, and 6.

3.4. Measuring acute perceptual and HR responses to HIIT in humans

(Used in chapters 4, and 5)

During each of the HIIT sessions, perception of effort, affective valenoejsxe
induced muscle pain, and HR were recorded. These measurements were takeheduring
final 15-s of every low-intensity block, and the final 15-s of tHefd 4" minute of high-
intensity blocks (i.e., half-way through, and at the end). The rating ofipedcexertion
(RPE) 6 - 20 scale (Borg, 1970) was used as a measure of the perception.dfaffort
(6) and high (20) anchors were established during the incremental ramysitegt
standard procedures (Borg, 1998; Noble & Robertson, 1996). During subsequent visits,
standardised instructions for memory anchoring of the scale were givengarticipant
before the warm-up. Briefly, the participant was asked to rate theicogasensation of
how hard, heavy, and strenuous the physical task was (Marcora & Staiano, 2010)
Affective valence was measured using the Feeling Scale (FS)h wiais developed to

capture the fluctuating nature of mood during exercise (Hardy & Rejeski, 1989). The FS
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uses an 11 point bipolar scale, anchored by ‘very bad’ (-5), and ‘very good’, centred by
‘neutral’ (0). Participants received standard instructions prior to the warm-up and were
asked “how do you feel right now” each time the measure was taken. Exercise-induced
muscle pain was measured using a categorical 8Caté, O’Connor, Eubanks, Smith,

& Lee, 1997). This categorical pain scale (PS) has 12 categories fooh®00 = no pain

at all, 0.5 = very faint pain (just noticeable), 1 = weak pain, 2 = mild Bairmoderate

pain, 4 = somewhat strong pain, 5 = strong pain, 7 = very strong pain, and 10eéxtre
intense pain (almost unbearable). These three (i.e., RPE, FS, ancBRS)n&re used in

the current study both because of the evidence of their reliabilityadidity and because

of their advantages being applied during exercise - unlike visual analogles $or

example, where physical marks need to be made on a sheet of paper.

3.5. Mood-state around HIIT

(Used in chapters 4, and 5)

Both immediately before and after HIIT, participants completed thgutat
(defined as “State of tiredness, low energy” (Brandt et al., 2016). Example itefitired”)
and vigour {efined as “state of energy, physical force” (Brandt et al., 2016). Example
item: “energetic) subscales of the Brunel Mood Scale (BRUMS) to quantify current
mood (“How do you feel right now?”’). This measure of mood has been validated for use
with adult populations (Terry, Lane, & Fogarty, 2003). The items are answered on a five
points scale (0 = not at all, 1 = a little, 2 = moderately, 3 = quitg 4 = extremely), and

each subscale, with four relevant items, can achieve a raw score in the rant@ of 0
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3.6. Task (HIIT) motivation

(Used in chapters 4, and 5)

Motivation was measured immediately prior to HIIT via the sucoestsvation
(example item; The task will bring out my competitive drive”’) and intrinsic motivation
(example item;“Doing the task is worthwhile’) scales, from the Dundee Stress State
Questionnaire (DSSQ), developed and validated by Matthews and celeé2002).
Each scale consists of seven items responded to on a 5-point Likert-type scatd €@
all, 1 = a little, 2 = moderately, 3 = quite a bit, 4 = extremely). Additiprea stand-alone
item measuring potential motivation (itefii:zam motivated to do the task developed
and validated by Mathews and colleagues (2001), was completedeihisséd the same

5-point scale as described above.

3.7. Exercise Enjoyment

(Used in chapters 4, and 5)

The Physical Activity Enjoyment Scale (Kendzierski & DeGafd991; Motl et
al., 2001) was completed immediately post-HIIT a measure of gmiftesl exercise
enjoyment. The participant was asked to rate "how you feel at dimeent about the
physical activity you have been doing". Each item was rated opant bipolar scale
weighted by not at all (1), and extremely (7) with moderately (4) septang a neutral
point in terms of how much they enjoyed the exercise (example itdeel good

physically while doing it Higher PACES scores reflect greater levels of enjoyment.
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3.8. Session RPE

(Used in chapters 4, 5 and 6)

Ten minutes post-exercise, whole session RPE was recorded. As withtioaice
of effort recorded during exercise, the B¢t§70)6-20 scale was used, but the context
was somewhat different. Rath&re explained to the participant that we wanted a global
rating of the entire training bout using whatever cues they felt tappeopriate.
Therefore, the session RPE represents a single global rating of the intensity fdir¢he e
training session. This measure is sensitive to the effects of cafféllen et al., 2013),
and accurate measurements can be determined as early as 10-miteutesercise

(Uchida et al., 2014).
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4. The effects of caffeine on feelings during exercise and choice

behaviour: a single-subject trial
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4.1. Introduction

N-of-1/single-subject trials offer an alternatieegroupRCTs by using intensive
data collection in small samples while still maintaining titernal validity of traditional
trials such as experimental design and randomisation to conditions (Cahig6t.3). In
single-subject trials, instead of randomising groups of participantxgerimental
conditions (e.qg., caffeine or placebo), individual participants are raneldtoi€onditions
in a pre-determined order and time series fashion whereby each participant is exposed to
both the intervention and control group on different days of the trial period ghlym
Goodwin, Kwasnicka, & Callaway, 2016). As well as a tool for sciem@&search, single-
subject trials can inform best practice in patient care (Price & Grikvays, 2002). For
example, single-subject trials have been used to identify optreathtent for patients

(Scuffham et al., 2010).

The single-subject design has a history in pharmaceutical mediBarow,
Knock, & Hersen, 2008; Gabler, Duan, Vohra, & Kravitz, 2011), but has more recently
been adopted for the study of exercise behaviour. A single-subject desigrsedhto
investigate the effect of action related non-conscious visual cugsroaption of effort
and exercise tolerance (Blanchfield, Hardy, & Marcora, 2014), which are @@m@m
related to the putative target and behavioural outcome in the pstgdnt Moreover, a
recent study has demonstrated the utility of single-subject trialsl¥@anaing scientific
enquiry of behaviour change for increasing older people’s physical activity (Nyman et
al., 2016). In Nyman and colleagu€2016) study, self-regulatory techniques of goal
setting and self-monitoring were employed, and subsequent physie#l dsthaviour

was measured using pedometers.

In the current study, a single-subject design was used as ahdrpgimental

test of path D of the EM approach. The primany, which was broadly stated in the
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Human Introduction (section 2.6.), wisdetermine whether caffeine ingestion prior to
completing HIIT would engge the overall putative target 6feeling during exercise”.
This putative target is a compound of several perceptual and psychol@gipahses
identified by their association, either empirical or theore{iddl and HT), with physical
activity behaviour. Specifically, individual putative targets inelymkrception of effort
and exercise-induced muscle pain, affect (i.e., pleasure/displeasureserejoyment,
as well as mood (fatigue and vigour) and motivation. The secoanamyf this study was
to investigate whether the effect of caffeine on feelings during and afdilifidare

associated with changes in exercise behaviour, as determined by choice.

The primary hypothesis was that caffeine would elicit an increasafect,
‘liking’, enjoyment, and vigour; a decrease in perception of effort, exercise-induced
muscle pain, and fatigue; despite no differences in motivation. Thad®y hypothesis

was that there would be a significant preference for HIIT in the caffeine condition.
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4.2. Methods

4.2.1. Participant

One female participant (age 32 years; height, 170 cm; mass, 85 Kg2BM
kg/m?; VO2max25.9 ml-kg* - min'?) volunteered to take part in the study. The participant
was previously sedentary (i.e., relatively inactive), defined hemesasre of < 4 and with
< 2 on both items of the Occupational and Spare-Time Physicalitfd@uestionnaire
(OSTPAQ- Appendix B) (Saltin & Grimby, 1968). Thepicipant’s habitual caffeine
intake was ~170 mg per day, estimated using the Caffeine ConsumpticmoQnease
(CCQ - Appendix C) (Landrum, 1992)which is considered ‘low’. The study was
approved by the School of Sport and Exercise Sciences Research Ethiogt€e at the
University of Kent. Prior to taking part, the participant completed an irddraonsent
form along with a standard medical questionnaire (Appendix A) to confinmpiesent
state of health. The participant was given an overview, detalingrocedures and
requirements of the study and was informed that the study was tésiefféct of two
different substances (either tyrosine, etamlanine), in combination with caffeine, on
physiological and psychological responses to HllWwhen in fact they received either
caffeine alone, or placebo. Consequently, the participant was naivettaegrems and
hypotheses of the study until the final session was complete, &t pbict they were
debriefed about its genuine rationale (see General Human Methods sectf@affeine

deception” for details).

4.2.2. Experimental design

The experiment was a double-blind blocked randomisation test designrdpuga

File, & Todman, 2012) in which the participant visited the laboratory on ¢&sams.
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Visits 1, 11, and 18 involved a treadmill-based incremental tests Vsl served aa
familiarisation, with visits 5-10, and 12-17 comprising the 12 experimeisitd. These
12 experimental visits encompassed a crossover design in whichrtlegppat was
allocated to six visits for each of the two experimental treatraonditions (caffeine vs.
placebo). The treatment received for the first visit of each block was randorhmegh t
the treatment for the remaining five visits of each block altedn&temaximise the
number of choice pairs (see section on choice). Blocking the experirpental allowed
for any necessary adjustments to training intensitynaintain the training stimuduf

there are changes in exercise capacity.

4.2.3. Caffeine dose and deception

For the experimental sessions, the participant received either cqBeirgekg)
or placebo (dextrose monohydrate). A deception was used to minimise thé afnibec
participant’s familiarity with caffeine. For further details on drug administration and the
deception see General Human Methods sectiri‘Baffeine and placebo capsules and

administration”, and section 31. “Caffeine deception” respectively.

4.2.4. Procedures

During visit 1, a treadmill-based incremental test was complietesktablish
VO2max — from which subsequent training intensities were determined.G&neral
Human Methods section 3.3Determination of maximal oxygen uptak€@may)” for
details. This test was repeated during visits 11 andvisits 2 — 10, and 12- 17
comprised the training portion of the study, which were completed at a m®gok2—

3 times per week, supervised by an exercise physiologist. Theigetievas instructed
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not to add any leisure exercise during the study period. All training texs$ uphill

treadmill walking. See General Human Methods sectiérnt“BIIIT protocol” for details.

4.2.5. Acute perceptual and HR responses to HIIT

During each of the HIIT sessions (visits-20, and 12 - 17) perception of effort,
affect, exercise-induced muscle pain, and HR responses were rettoaeghout. See
General Human Methods sectiod.3:Measuring acute perceptual and HR responses to

HIIT” for details.

4.2.6. Psychological questionnaires before and/or after HIT

The participant completed the fatigue and vigour subscales ofrtimelBViood
Scale (BRUMS) immediately before and after HIIT. Scales for intrimativation (IM),
and potential motivation (PM) were complete before HIT only. Whildtreglorted
exercise enjoyment was measured immediately post HIIT onlyg ke PACES. See
General Human Methods section$.3‘Mood-state around HIIT”; 3.7. “Task (HIIT)
motivation”; and 3.8. “Exercise enjoyment” for more details. Ten-minutes post-exercise,
whole session RPE was recorded using the B¥@0)6-20 scale, representing a single
global rating of the intensity for the entire training session. See Gdharean Methods

section . “Session RPE” for details.

4.2.7. Choice measurement

Our measurement of choice is simple. As described previously, theigearti
received either caffeine or placebo for their first experimental traisesgion, the

treatment alternated thereafter. After the second experimental traassijon, ten
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minutes post-exercise, the participant was asked whether they prefersassion they
had just completed or the session they completed during their previdauhisiprocess
was completed after each subsequent session, so they had the oppartohitpge
(forced choice) between caffeine and placebo on 11 occasions throughout theotourse

the study.

4.2.8. Statistical analyses

Randomisation tests (Dugard et al., 2012) were used to assess for mean
differences between treatments (Caffeine/Placebo) in the following paranfePE, FS,
PS, and HR during training; BRUMS (fatigue and vigour subscales) scores froamgre
post-exercise; intrinsic and potential motivation pre-exercise; egeetijoyment post-
exercise; exercise liking; and session RPE. For the variablesiradaturing exercise
(i.,e., RPE, FS, PS, and HR) an aggregate of the scores reported at the ehcbbtlea
four high-intensity blocks was used as a single test value (fostisiait analysis) from
each session. For each of the randomisation testsst for statistical significance, mean
values for each treatment condition were first calculated. The differeetween these
means was then obtained. These values provided the true experiméetaince
between treatments for the dependent variable. The randomised origredaimental
treatments across the 12 visits represented one of many possildenmvapich the
treatment visits could have been arranged. Using a pre-designed (Dagesd et al.,
2012) the raw data from the 12 experimental treatment visits wdsmdy rearranged
2000 times to coincide with alternative visits in the originaltineat allocation. For each
of these 2000 rearrangements, only the raw data from treatment conditionadaasiya
rearranged with the allocated treatment order of the respective 12nespiii visits

remaining the same. Specifically, this meant that the rawfolaggach visit was randomly
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swapped between the allocated treatment visits 2000 timesaRgiag the raw data in
proximity to the assigned visits in this manner permitted the edionl of a mean
difference between treatment conditions for each of the 2000 treatmenhgeanents.

In order of magnitude from high to low, the true mean difference was #riked
amongst the 2000 mean differences that were obtained from the treatment
rearrangements. Statistical significance was obtained if then rddference for the
experimental data was greater than 95% of the mean differences adonréde 2000
treatment rearrangements. Statistical significance was pet @105 (one-tailed) and the

data analyses were conducted using a specified macro (Dugard et alin2@i2psoft

Excel 2010.

4.2.9. Choice analysis

As with the measurement, the analysis is simple, taken from consesearch
where this choice paradigm is used oftetermed ‘preference tests’ (Cochrane et al.,
2005). A score of 1 was given for each choice made in preference faneaéed O for
placebo. Using the number of "successes” (i.e., how many times caffeine was preferred),
and the number of trials per experiment (i.e., the total number of choice opportunities), a
sign-test was performed (http://graphpad.com/quickcalcs/binomiall/), mgsuime

probability of success in each trial was Ggnificance was set at p < 0.05.
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4.3. Results

4.3.1. Effects of caffeine on acute perceptual and HR responses to HIIT

In a randomisation test of the prediction that caffeine consumption wmddce
lower ratings of RPE during HIIT than placebo consumption, from a random sample
2000 rearrangement statistics 1.89% were at least as large as outmerja value. This
is less than 5% - meaning that caffeine consumption significartlyceel RPE during
exercise (Figure 4.2.FurthermoreFS ratings were significantly higher (Figure 4.1.),
and PS scores were significantly lower (Figure 4.3.) during HIIT icadffeine condition
compared to the placebo condition, with only 1.70%, and 1.39% of the samples,
respectively, from the randomisation tests being as large as ournegptai value.
Furthermore, there was no significant difference in mean heart rate during HIIT between
conditions with 30.93% of samples being at least as large as ouinesipial value. With
the participant obtaining a mean heart rate of 168 + 2 beatsimtime placebo condition,

compared to a mean of 169 + 2 beats-nnnthe caffeine condition (Figure 4)4.
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Figure 4.1. Effects of caffeine consumption (8g-kg), or placebo, on feeling scale scores during HIIT.
‘High’ = 2-minutes at an exercise intensity corresponding t8@ ofV Ozmax ‘Warnt, ‘Low’, and‘Cool

= 5- 3- and 3-minutes respectively at an exercise inteasitgsponding to 580% of VOzmax Data are
presented as mean (+ SD). Statistics were derived froaggregate of the scores reported at the end of
each of the four four-minute hightensity periods (i.e., the second in each pair of ‘High’ timepoints),
corresponding to minute 9, 16, 23, and 30 (see general metlotida 83. for full details of the protocol).*
Indicates significant difference between conditions (0017).
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Figure 4.2.Effects of caffeine consumption (3g-kg), or placebo, on the perception of effort experienced
during HIIT. ‘High’ = 2-minutes at an exercise intensity corresponding @@ of VOomax ‘Warn,
‘Low’, and‘Cool = 5- 3- and 3-minutes respectively at an exercise intensityesponding to 5&0% of
VOzmax Data are presented as mean (+ SD). Statistics weved&om an aggregate of the scores reported
at the end of each of the four four-minute higtensity periods (i.e., the second in each pair of ‘High’
timepoints), corresponding to minute 9, 16, 23, and 30 (seeajemethods section 3.3. for full details of
the protocol).* Indicates significant difference betweenditions (p = 0.019).
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Figure 4.3. Effects of caffeine consumption ®gkg), or placebo, on exercise-induced muscle pain
experienced during HIITHigh’ = 2-minutes at an exercise intensity corresponding +@@% ofVOamax
‘Warnt, ‘Low’, and‘Cool = 5- 3- and 3-minutes respectively at an exercise intensitggponding to 50
60% ofVO.max Data are presented as mean (+ SD). Statistics wexeddrom an aggregate of the scores
reported at the end of each of the four four-minute hitgmsity periods (i.e., the second in each pair of
‘High’ timepoints), corresponding to minute 9, 16, 23, and 30 (see general methods section 3.3. for full
details of the protocol).* Indicates significant differefietween conditions (p = 0.017).
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Figure 4.4.Effects of caffeine consumption (8g-kg), or placebo, on heart rate during HIfHigh’ = 2-
minutes at an exercise intensity corresponding t98% ofVOumax ‘Warn?, ‘Low’, and ‘Cool = 5- 3-

and 3-minutes respectively at an exercise intensitgspanding to 560% ofVOzmax Data are presented
as mean (x SD). Statistics were derived from an aggrefi#ite values recorded at the end of each of the
four four-minute highintensity periods (i.e., the second in each pair of ‘High’ timepoints), corresponding

to minute 9, 16, 23, and 30 (see general methods section 3f3ll tiatails of the protocol).
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BRUMS (Fatigue)

4.3.2. Effects of caffeine on psychological parameters pre-HIIT

Randomisation tests between conditions immediately prior to exertiatian
revealed no significant differences for either the fatigue or vigour subsoélthe
BRUMS (Figure 4.5. A & B respectively). Similarly, there was igmigicant difference
between conditions for potential motivation (Figure 4.6. D); however, npaffei
consumption resulted in significantly higher ratings of intrinsic motivagkigure 4.6.
C), with only 3% of samples from the randomisation tests being as Esgour

experimental value.
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Figure 4.5.Effects of caffeine consumption (8g-kg) or placebo on pre- and post-training mood-state. (A)
displays scores from the fatigue subscale of the BiMiogld Scale (BRUMS). (B) displays scores from
the vigour subscale of the BRUMS. Data are presented as(e&D). (crucifix symbol) indicates a trend
for a difference between conditions (p < 0.1) * Indisagesignificant difference between conditions<(p

0.05).

4.3.3. Effects of caffeine on psychological parameters post-HIIT

Randomisation tests between conditions following the cessation of exercise
revealed a trend for fatigue scores being lower in the caffeine condigonin the
placebo condition, with 6.2% of samples from the randomisation tests lslagea as
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our experimental value. Vigour scores were significantly higher inafieine condition

than in the placebo condition - with 4.5% of samples from the randomisatiobdexjs

at least as large as our experimental value. Similarly, caffgio@uced a significant
positive effect on exercise enjoyment and session RPE (Figure 4.6. A & B redggctive
Enjoyment scores were higher, and session RPE scores were lower irfféiee ca
condition, with 1.3%, and 1.85% of samples from the randomisation tests being at leas

as large as our experimental value respectively.
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Figure 4.6. Effects of caffeine consumption (8g-kg), or placebo, on psychological responses to HIIT.
(A) displays post-exercise session RPE scores.igBlays post-exercise Physical activity Enjoyment Scale
(PACES) scores. (C) displays scores from the iritringotivation subscale of the Dundee Stress-State
Questionnaire (DSSQ). (D) displays scores from the potemtigivation item of the DSSQ. Data are
presented as mean (+ SD). * Indicates significant diffezdretween conditions (p < 0.05).
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3.3.3. Effects of caffeine on choice behaviour

Of the 11 preference tests (i.e., the total number of choice opportunities) the
number of "successes"” (i.e., how many times caffeine was preferredgrwa&hich a
sign-test revealed to be significant (p = 0.006). This suggests thexesignificant

preference for HIIT following caffeine consumption, compared to placebo (Figuje 4.7.

Placebo
9%

Caffeine
91%

Figure 4.7.Effects of caffeine consumption (8g-kg), or placebo, on physical activity choice. The chart
segment represents the distribution of preferencecédieine and placebo respectively. * Indicates
significant difference between conditions (p < 0.05)
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4.4. Discussion

The purpose of this study was to conduct a preliminary test of the hypothesis that
caffeine administration would facilitate HIIT by reducing the petioa of effort and
discomfort. The primary aim of our study was to investigate whetHézirta engaged
the putative target during HIIT. The secondary aim was to deterihithe effect of
caffeine on perceptual responses to HIIT are associated with changesercise
behaviour, as determined by our novel exercise choice paradiggnfindings of this
study largely support our hypotheses. Caffeine consumption reduced the peraeption
effort reported acutely during exercise, as veakession RPE which represents the
perception of effort associated with a training session overall. Tiieipant reported
more positive affect and enjoyment during exercise, as well as aicedurcexercise-
induced muscle pain when training in the caffeine condition. Furthegntseaffeine
consumption may also be improving mood state. The participant repogtest ppre-
training intrinsic motivation; higher vigour reported post-training, ancethas a trend
for a reduction in self-reported fatigue post-training in the caffeine condition.
Importantly, in our preference tests, caffeine was chosen significantly aften than
placebo, providing the first empirical evidence that the acute perteffeds of caffeine

consumption are associated with changes in physical activity behaviour.

The ability of caffeine to manipulate psychological variables i$ egtablished
(A. Smith, 2002). In agreement with prior research in athletic and pHysaive
populatiors (Doherty & Smith, 2005; Schubert et al., 2014), we found caffeine also
attenuated RPE during exercise in a sedentary participant. Tisoisonsistent with a
study conducted with sedentary participants, where perception of effort foll@ving
mg-kg caffeine was lower during steady-state exercise only in women (Schrader et al.,

2013). Asthis study exclusively tested one female participant itilisusiclear whether
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the effect of caffeine on perception of effaralso prevalent in sedentary men. Exercise-
induced muscle pain (PS) was also lower in the caffeine condition, whamsistent

with previous work (Gliottoni et al., 2009; Gliottoni & Motl, 2008; Motl et al., 2003).

We also observed improved affect (FS: pleasure/displeasure) which is in
agreement with a prior study in endurance-trained men (Backhouse et al.,aR@d11)
recreationally active participants (Schubert et al., 2014). Schradero#leagues (2013)
previously reported, using Likert scales, that caffeine supplementation incfiiased
of physical activity in sedentary women after two weeks of caffieamed with 30 min
of moderate physical activity. Exercise ‘liking’ was not measured here, thus, direct
comparisons with Schrader and colleagues' (2013) paper are not possible, htieever,
present study extended these findings by showing that caffeine suptd&oreimproved
the enjoyment of HIIT in a sedentary female. This is also consistiéh the findings
from a study (Schubert et al., 2014) which utilised the same relaffe@ine dose (3
mg-kg) but during sub-maximal exercise in recreationally active participants. liteleas
reported that both pleasure and enjoyment are associated with exercispgp@mi and
compliance (Ekkekakis et al., 2011). Considering that HIIT is assdanath eliciting
high effort and increase discomfort and displeasure (Biddle & Batterham, 2015;

Hardcastle et al., 2014), together, these findings are very promising indeed.

Despite the changes to perceptual responses, elicited by caffeiree jsthe
difference in HR, which was the only objective physiological measwtadad in this
study. This is not surprising as the metabolic effects of caffeithesatlatively low dose
is not entirely clear. There are studies demonstrating that a dd3segig can produce
an ergogenic effect, with no changes in exercise heart rate (e.g., Graham & S98gt, 1
but higher doses>6 mg-kg) are associated with increased HR. Whilst there are studies

demonstrating that despite no changes in HR, energy expenditoest and during
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moderate intensity exercise are increa®dldwing a 3 mg-kg dose of caffeine (Schubert
et al., 2014). Therefore, it is possible that HR is not sensitive Anmugapture any

metabolic effects of caffeine at this dose.

There were no differences in ratings of fatigue, or vigour (BRUMS) pibh T
which is not surprising as it has been suggested that mood effectaftecwhanges in
performane (Rusted, 1999), or in this case, after HIIT. Whilst it is typicalsé®
significant changes in alertness, energy, fatigue at rest only \ttvedy high doses (A.
Smith, 2002), which may account for the absence of an effect here. An alernati
explanation is that positive mood changes may be masked by indreasgative mood
immediately prior to HIIT, such as anxiety, which can be exacerbatedffgine (A.
Smith, 2002), or anticipation of exercise-related effort and discomfort. A similar dose of
caffeine (200 mg) has been shown to increase vigour and decrease @WUJS)
following a visual vigilance task (Olson et al., 2010). Which is coestisvith the fact
that vigour scores were significantly higher in the caffeine aftér Bind there was a

trend for lower ratings of fatigue in the present study.

The increase in intrinsic motivation here was not necessarilygeedRather the
motivation scales were included, primarily, to quantify potentialivaton as it is an
essential component of MIT. MIT (Brehm & Self, 1989; Richter et al., 2Wight,
2008) suggests that task disengagement occurs when eithératheesjuired by a task
exceeds potential motivation (i.e., maximuffioet the participant is willing to exert to
succeed in the exercise task) or, when an individual perceives thesex&rcbe
impossible (i.e., said individual feels as though they have alreadgéxeettue maximal
effort and therefore can no longer continue). Within the limit of what avighdil
perceives to be possible, an increase in potential motivationimgiove exercise

tolerance (Marcora et al., 2008). It was assumed that caffeine wauldtg effect on
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task engagement but reducing the relative perceived effort, rather than by actithg direc
on motivational factors. This is partially true as there is no diffaxein potential
motivation scores. However intrinsic motivation is significantlyhleig after caffeine
ingestion but prior to HIIT. There is a growing body of evidence iraphig dopamine

in motivational factors which was collated in a recent review omghgoscience of
intrinsic motivation (Di Domenico & Ryan, 2017), putting forward the inmi@irking
hypothesis that dopamine is a key substrate of intrinsic motivation. Brieflyntituesic
motivation, dopamine is associated with increased positive affgnjtive flexibility,
creativity (Ashby, Isen, & Turken, 1999), behavioural persistencer(®ala & Correa,
2012), and exploration in the face of novelty (DeYoung, 2013). There is also some
evidence of a direct link between intrinsic motivation and dopaminggUsositron
emission tomography, de Manzano and colleagues (2013) found that people who are
disposed to experience intrinsically motivated flow states in thaly activities have
greater dopamine D2-receptor availability in striatal regions,quéaitly the putamen.
This finding suggests that people’s capacities for intrinsic motivation are associated with
the number of targets within the striatum for dopamine to act upon. More yecentl
Gyurkovics and colleagues (2016) found that carriers of a genetic polymorgtasm t
affects striatal D2-receptor availability were more prone to expegifow during study-

and work-related activities. There is considerable evidence ailarelinteractions
between dopamine D2 and adenosine A2A receptors (Ferré, Fredholm, Moysdli, P

& Fuxe, 1997; Fink et al., 1992; Fuxe et al., 2003; Hillion et al., 2002). Theredor
caffeine acts primarily on A2A receptors it is reasonable to sugpateaffeine, through

an interaction between A2A and D2 receptors is eliciting an effeicitrinsic motivation

This study is the first to observe a relationship between intrinsic motivation eidea

consumption, and as intrinsic motivation is thought to facilitate lomg-gelherence to
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physical activities (Ryan, Fredrick, Lepes, Rubio, & Sheldon, 1997), this éx@ating

finding and certainly warrants further investigation.

The first study to measure post-exercise session RPE following caffeastiamy
was Killen and colleagues (2013), which demonstratedsession RPE, recorded 30-
minutes after completing 40-minutes moderate intensity cycling, \wasgisantly lower
in the caffeine condition compared to placebo. In the present study, wel ¢iie to
show that session RPE is also lower following caffeine, comparedatelmd, when
recorded 10-minutes post-exercise. Session RPE has been shown to be twimshen
measured 10- or 30-minutes post-exercise in boxing (Uchida et al., 2014), and now

following HIIT, which is a more practicéime-frame to be adopted by future studies.

Importantly, in our preference tests, caffeine was chosen significantly more often
than placebo providing the first empirical evidence that the acute pheateand
psychological effects of caffeine consumption are associated with ehamghysical

activity behaviour.

4.4.1. Limitations

Clearly, the present study is limited by the fact that a singdgest design was
used, which although able to maintain the internal validity of traditignoaips trials such
as experimental design and randomisation to conditions (Craig et al., 2013), does
inherently lack external validity. This preliminary single-subjgtcidy warrants further

investigation with a group trial.

We have demonstrated that changes in behaviour are associatedrgeth ta
engagement, that is, changes in feelings during exercise. However, with timt datae
it is not possible to establish which specific putative targegrgets, determachanges
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in choice behaviour. For example, the perception of effort (RPE) and affect (FS) are
distinct constructs, but negatively related to one another (Hardy &iRej®89). It is

likely that many of the other putative targets, which have been mdasuhes study, are

also inter-related. As caffeine appears to elicit significdnranges in several of these
variables it is important to establish which of the variadethe primary determining

factor.

An evaluation of the limitations which are shared between thdysand those
presented in the following two experimental chapters will be providederHuman

Discussion (chapter)7

4.4.2. Conclusion

In this study,we demonstrated for the first time that caffeine is effective at
facilitating HIIT in a sedentary participant. Further, this is thé éxperimental evidence
demonstrating that pharmacological intervention can influence physitigity choice
behaviour by manipulating feelings during and around exercise training. These
preliminary findings provide a valuable contribution to the field and warftather

investigation with a group trial.
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5. The effects of caffeine on feelings during exercise and choice

behaviour: a group trial
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5.1. Introduction

High-intensity interval training (HIIT) has been suggested as antaf¢ exercise
strategy for its time efficiency and ability to produce rapid improvesanphysical
fitness (Rognmo et al., 2004; Wisloff et al., 2007). However, although the rewards of
HIIT can be great, so can the costs, as it requires substafibal and discomfort
(Hardcastle, Ray, Beale, & Hagger, 2014; Biddle & Batterham, 2015). In the®yse
chapter (4. Single-subject trial), we demonstrated the use ofreaftefacilitate HIIT by
reducing the perception of effort and discomfort. In the study detailedsichibpter, a

group study design was employed to build upon these preliminary findings.

To test Path D (Figure 1.1.) of the experimental medicine approach to d@havi
change an investigation needs to be able to determine whetheetentibn changes
physical activity behaviour via their effects on specifipatative” targets. Therefore, the
primary aim of this study was to corroborate whether the effect of caffaine
psychological responses to HIIT are associated with changes insexkehaviour, as
determined by choice. A secondary aim is to understand the mechaniphasing

exercise choice behaviour by employing a qualitative explanatory aalysi

As with the single-subject experiment presented in the previous chémpe
primary hypothesis was that caffeine would elicit an increase in affect, ‘liking’,
enjoyment, and vigour; a decrease in perception of effort, exercise-inchusete pain,
and fatigue; despite no differences in motivation or HR. The secondaryhbgEotvas
that there would be a significant preference for HIT in the caffeoedition.
Additionally, the question: which putative target is the strongestmiéant of behaviour
change? will be investigated. As there is no current literatutehtsa addressed this

question previously, there is no directional hypothesis.
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5.2. Methods

5.2.1. Participants

Ten physically inactive, but otherwise healthy, adults (seegéhle, and 5.2.)
volunteered to take part in the study. Participants were previoeslkgntary (i.e.,
relatively inactive), defined here as a score of < 4 and wighon both items of the
Occupational and Spare-Time Physical Activity Questionnaire F2&J— Appendix B)
(Saltin & Grimby, 1968), and with low or moderate habitual caffeineként@400
mgkg-day), which was estimated using the Caffeine Consumption Questionnaire (CCQ
— Appendix C) (Landrum, 1992). The study was approved by the SSES ethicstis@mmi
at the University of Kent. Participants provided informed consent and cea@e
standard medical health questionnaire (Appendix A) to confirm their pretsat of
health. Participants were given an overview, detailing all procedure requirements of
the study and were informed that the study was testing the effeetootlitferent
substances (either tyrosine, omwetdalanine), in combination with caffeine, on
physiological and psychological responses to HilWhen in fact they received either
caffeine alone, or placebo. Consequently, the participants were nénecttoe aims and
hypotheses of this study until the final session was completehiel woint they were
debriefed about its genuine rationale (see General Human Methods sectf@affeine

deception” for details).

Table 5.1.Participant demographic information. n = 10.

Variable: Mean SD

Age (years) 33 12

Sex (Males/Females) 2/8 NA
Height (cm) 168.4 6.59
Mass (kg) 79.87 23.71
Recreational Physical Activity (1-4) 1.7 (0.48)
Occupational Physical Activity (1-4) 1.3 (0.48)
Habitual Caffeine Consumption (ruigy) 188 (141.79)
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5.2.2. Exercise regulation and motivation

Participant completed the Behavioural Regulation in Exercise Questiennai
(BREQ-2) (see Appendix D) during session 1 and session 11 (the first and last sessions).
The BREQ-2 is a 19-item self-report measure developed by Markland and Tobin, (2004)
to assess exercise regulations consistent with Self Determindtmory (SDT). The
guestionnaire includes subscales that measure external, introjectedfjeieand
intrinsic regulation of exercise behaviour. It also includes a subfmakmmotivation.
Sample items characterising subscale are: "l don't see tharpekdrcise (Amotivation;

4 items); "l exercise because other people say | should" (Exteegaldion; 4 items);
"I feel guilty when | don't exercise" (Introjected Regulation; Bg§ "l value the benefits
of exercise" (Identified Regulation; 4 items); "l enjoy my exersisgsions" (intrinsic
Regulation; 4 items). In answer to the question "why do you exercisgtipants

respond to each item on a 5-point Likert-type scale anchored by (0) "not true"fand

(4) "very true for me.).

5.2.3. Experimental design

The experiment was a double-blind fully repeated measures cross-over design, in
which participants visited the laboratory on 11 occasions. Visits 1 anadvalved a
treadmill-based incremental test, visits 2-4 served as fmmsdition, with visits 5-10
comprising the six experimental visits. Experimental visits empassed a crossover
design in which the participants were allocated to three visitedoh of the two
experimental treatment conditions (caffeine vs. placebo). The treatevented for the
first visit was randomised, though the treatment for the remaining feits was

alternated to maximise the number of choice pairs.
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5.2.4. Caffeine dose and deception

For experimental sessions, participants received either caffeinegi®)) or
placebo (dextrose monohydrate) in a single capsule. A deception was ns@dhise
the impact of the participasit familiarity with caffeine. For further details on drug
administration and the deception see General Human Methods se2tidtaBfeine and

placebo capsules and administration”, and section 3.1. “Caffeine deception” respectively.

5.2.5. Procedures

During visit 1, a treadmill-based incremental test was completesktablish
VOzmax — from which subsequent training intensities were determined. SeeaGene
Human Methods section 3.3Determination of maximal oxygen uptaké@zmay” for
details. As shown in Figure 5.1. this test was repeated duringrsddsDuring sessions
2 — 10 the participants completed HIIT (see General Human Methotisrs&4. “HIIT
protocol” for details) 2-3 times per week for 3-4 weeks (until 3 familiarisatioh &
experimental sessions had been completed). The participants weregealstroicto add

any leisure exercise during the study period.

Familiarisation Experimental

OFF T 1

Figure 5.1.HIIT Study schematic.
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5.2.6. Acute perceptual and HR responses to HIIT

During each of the HIIT sessions (visits-210) perception of effort, affective
valence, exercise-induced muscle pain, and HR responses were recorded thr&eghout.
General Human Methods sectiod.3‘'Measuring acute perceptual and HR responses to

HIIT” for details.

5.2.7. Psychological questionnaires immediately before and/or after HIIT

Participants completed the fatigue and vigour subscales of the Brooel 8tale
(BRUMS) immediately before and after HIIT. Scales for intrinsic nadton (IM),
success motivation (SM), and potential motivation (PM) were compédbre HIIT only.
Whilst self-reported exercise enjoyment was measured immedgatiiilIT only, using
the PACES. See General Human Methods sectign$Mood-state around HIIT”; 3.7.

“Task (HIIT) motivation”; and 3.8. “Exercise enjoyment” for details.

5.2.8. Psychological measures taken 10-minutes post-exercise

Ten minutes post-exercise, whole session RPE was recorded using the Borg
(1970)6-20 scale, representing a single global rating of the intensity fenthre training
session. See General Human Methods sectiri‘Session RPE” for details. Liking of
physical activity was the final psychological measure taken during this period. ‘Liking’
was assessed on gbint Likert scale anchored by “not at all” (1) and “extremely” (5).

This measure has been used previously with the same purpose in alpmtsids

setting (Schrader et al., 2013).
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5.2.9. Measuring and understanding exercise-related choice

Using a sequential explanatory mixed-method approach both quantitative and
qualitative data are used to measure and understand exercise-relatsa i
measurement of choice is simple. As described previously, the panticeceived either
caffeine or placebo for their first experimental training session, taartest alternated
thereafter. After the second experimental training session, ten mlipast-exercise,
participants were asked whether they preferred the session they hamirjpitted or the
session they completed during their previous visit. This process wadatechafter each
subsequent session, so they had the opportunity to choose (forced choice) between
caffeine and placebo on 5 occasions throughout the course of the Istuatder to
understand participants’ choice behaviour, once they had made their decision, on each
choice occasion, participants were askedty?”. This question was purposefully ‘open’,

to capture the “undigested complexity of reality” (Patton, 2002 p. 463).

5.2.10.Statistical analyses

Means and standard deviations for descriptive characteristics of partgigere
calculated and paired samples T-tests were performed to detevimtieer significant
changes occurred over the course of the study for BMkmax and each of the five
exercise motivation sub-scales from the BREQ-2. Subjective responsesebe
conditions from pre-trial only (IM, SM, anBM), or post-trial only {Liking’, Session
RPE, and PACES) questionnaires were compared using a paired sdnugde for each
dependent measure. Separate 2-way (condition/time) repeated medsOrédsAwere
used for between trial comparisons of pre-post subjective responsegue &td vigour

sub-scales of the BRUMS. Further, separate 2-way Condition (cafteiqacebo) x
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Time (9, 16, 23, 30 min) repeated measures ANOVAs were used for betwéen tria
comparisons of perceptual (RPE, FS, and PS) and HR responses during HIIT. The
Shapiro-Wilk's test of normality on the studentised residuals was pedofar all
variables. Where sphericity was violated the degrees of freedom were correctdabwith t
GreenhouseGeisser € (Maxwell & Delaney, 2004). When necessary, a Bonferroni post-
hoc procedure was used for follow-up comparisons. When 2-way repeated measures
ANOVA’s revealed a significant interaction between condition and time, esimplin
effects were runEffect sizes for relevant comparisons were calculated using Cohen’s d,

and defined as trivial (< 0.30), sma# 0.3), moderate>( 0.5), and large> 0.8),
respectively (Cohen, 1992). Results were considered significart@Dp. All tests were
carried out using IBM SPSS Statistics for Windows, Version 24.0. (Armonk, NY: IBM

Corp).

5.2.11.Quantitative analysis and qualitative explanation of exercise-relhteckc

As withits measurement, the quantitative analysis is simple, taken from consumer
research where this choice paradigm is often usetlerred to as ‘preference tests’
(Cochrane et al., 2005). A score of 1 was given for each choice made in peeferenc
caffeine, and O for placebo. A total score, betwe@?t) (placebo was preferred at every
choice opportunity) and GL00%) (caffeine was preferred at every choice opportunity)
was determined for each participant. This scoreesefus the ‘test variable’. Using a one-
sample T-test (IBM SPSS Statistics for Windows, Version 24.0. (Armonk, IRM
Corp)), the test variable was compared to the test value, which was set atibi$ lfaHf
way between 0 and 5), representing a theoretical outcome whetiaeafie placebo are
chosen equally (i.e., in 50% of choice occasions). Preference is detebyingutther

the test variable is significantly different € 0.05) to the test value. Responses to the
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question "why?" a particular session was preferred were transcritibedine from which
a content analysis was carried out; which has been used previouwssmitar context
in an investigation seeking to explaindividuals’ affective responses to exercise (Rose
& Parfitt, 2007). Quotes were analysed for patterns and meaning and orgadised i
themes. Subsequently, themes were combined into larger higher-orderieatefjo
ensure validity and reliability in the data, two researchers indeptyndeaentified the
emergent themes and following discussions established a set of common (Pettoes
2002). Direct quotes are provided from the participants so that readersgpeaierece for

themselves the participant’s perspective (B. Johnson & Christensen, 2004).
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5.3. Results

5.3.1. Participant characteristics

Comparing participant characteristic pre and post HIIT (table 5.2.), was@&o0
mean change in BMI, with a mean difference of .000 (95% CI, -.311 to .311¥%,kg/m
which was not statistically significant t(9) = .000, p = 1.000, d = .000. YW¥iiB3max
increased, with a mean difference of 1.250 (95% CI, -.0451 to 2.545) - kg,
and a moderate effect size, the change was not statisticadlficant, t(9) = 2.183, p =

.057, d = .690.

Table 5.2.Participant characteristics before and after cormgletine HIIT sessions. n = 10.

Pre-HIIT Post-HIIT P
Value
M SD M SD
Body Mass Index (kg/A) 27.92 (7.12) 27.92 (6.97) 1.000
VOzmax(ml-kg! - min') 326 (5.23) 33.85 (3.95) .057

5.3.2. Exercise Motivation - Behavioural Regulation in Exercise Questioa sHEQ-2)

There was no change in self-reported amotivation from session 1 to skEksfon
correlation and t could not be computed because the standard error of the difference was
0. There was also no change in self-reported external regulation, mehradifference
of .000 (95% ClI, -.612 to .612), which was not significant, t(7) = .000, p = 1.000, d = 0.
There was a non-significant increase in identified regulation t(7) = 19528170, d =
.540, and in intrinsic regulation t(7) = .403, p = .699, d = .143, with mean differences of
250 (95% ClI, -.137 to .637), and .063 (95% ClI, -.304 to).4@8pectively. Whilst
introjected regulation was statistically significantly highersession 11 than it was in
session 1, with a mean difference of .500 (95% CI, .053 to .947), t(7) = 2.646, p = .033,

d=.935.
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[ Start of Study
B End of study

Figure 5.1.Exercise motivation at the start of the study (ses%) and at the end (session 11). Variables
are derived from the Behavioural Regulation in ExercisesQuenaire (BREQ-2). * represents a
significant difference between time-points p05. n = 8.

5.3.3. Task Motivation - Dundee Stress State Questionnaire (DSSQ) pre-HIIT

Success Motivation (SM) was .095 (95% ClI, -.015 to .205), higher for caffeine
sessions that it was for placebo sessions. Though there was a moffiecatgze, this
mean difference is not statistically significantly different, t(2).851, p =.083,d = .617.
Intrinsic Motivation (IM) was .099 (95% ClI, -.120 to .318), higher for caffeine sessions
than it was for placebo sessions, with a small effect size.né&as difference was also
not statistically significant, t(9) = 1.024, p = .332, d = .324. Finally, caffeicéeslia
mean change of .033 (95% ClI, -.230 to .296), on Potential Motivation (PM). A difference
which had a trivial effect size and was not statistically ficamt, t(9) =.284, p =.783,d

=.090.
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IM SM PM

Figure 5.2.Effects of caffeine consumption (Bgkg), or placebo, on task motivation prior to HIIT. IM =
Intrinsic Motivation; SM = Success Motivation; PM = PotahMotivation. Values are presented as Mean
(x SD) and are derived from the Dundee Stress State Quedt®(ID8SQ). n = 10.

5.3.4. Heart rate responses during HIIT

There was no statistically significant main effect of condition, showinghleas
is no difference in HR responses to HIIT between the caffeine and plassimseF (1,
9) = 0.066, p = .804. With a mean difference of .108 (95% ClI, -.850 to 1.066). The main
effect of time showed that there was a statistically sigmfigacrease in HR over
time, F(1.194, 10.7455 68.878, p < .00, £ =.398. Changes in HR responses over time
were not dependent on which condition participants were in, as there was no statistically

significant two-way interaction between conditiamd time, F(3, 27) = 1.298, p = .126.
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Figure 5.3. displays the effect of caffeine consumptionnf@kg) or placebopn acute heart rate (HR)
responses to HIIT:High’ = 2-minutes at an exercise intensity corresponding @@ of VO2max;
‘Warnt, ‘Low’, and‘Cool’ = 5- 3- and 3-minutes respectively at an exercise intensitgsponding to 50
60% of VO2max. Data are presented as mean values with errorépaesenting the SD. Statistics were
derived from a 2-way Condition (caffeine, or placebo)imé& repeated measures ANOVA. Only the data
recorded at minutes 9, 16, 23, and 30 were included in the analigit correspond to the end of each of
the four four-minute high-intensity periods (i.e., the sekn each pair of ‘High’ timepoints; see general
methods section 3.3. for full details of the protocol). 111 Indicates a significant main effect of time p <
0.001. n=10.

5.3.5. Perceptual responses during HHRating of perceived exertion

The main effect of condition showed that RPE responses to HIIT in théneaffe
condition were statistically significantly lower than those ingleeebo condition, F(1,
9) = 10.743, p = .010. With a mean difference of .763 (95% ClI, .236 to 1.289). The main
effect of time showed that there was a statistically sigmifichange in RPE responses
over time, F(3, 27) = 8.261, p < .001. Changes in RPE responses over time were not
dependent on condition, as there was no statistically significantvwyointeraction

between condition and time, F(3, 27) = 1.716, p = .187.
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Figure 5.4.displays the effect of caffeine consumptiom{&kg) or placebo, on acute rating of perceived
exertion scale (RPE) responses to HIIT, used here tsureghe perception of effortHigh’ = 2-minutes

at an exercise intensity corresponding te % of VO2max;‘Warn?, ‘Low’, and ‘Coof = 5- 3- and 3-
minutes respectively at an exercise intensity correspondif§-60% of VO2max. Data are presented as
mean values with error bars representing the SD. $tatigere derived from a 2-way Condition (caffeine,
or placebo) x Time repeated measures ANOVA. Only the dataded at minutes 9, 16, 23, and 30 were
included in the analysis, which correspond to the end of ddbk tour four-minute high-intensity periods
(i.e., the second in each pair of ‘High’ timepoints; see general methods section 3.3. for full details of the
protocol). **Indicates a significant main effect of condition p <0.01; 17 Indicates a significant main effect

of time p <0.001. n = 10.

5.3.6. Perceptual responses during HHRffective valence

The main effect of condition showed that FS responses to HIIT in theneaffe
condition were statistically significdgthigher than thosm the placebo condition, F(1,
9) = 9.478, p = .013. With a mean difference of .625 (95% ClI, .166 to 1.084). The main
effect of time showed that there was a statistically signifidactease in FS responses
over time, F(1.171, 10.538) = 4.704, p = .056 .390. Changes irFSresponses over
time were not dependent on which condition participants were itheas was no
statistically significant two-way interaction between conditiad time F(1.649, 14.841L
=2.201, p =111, £ = .550.
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Figure 5.5.displays the effect of caffeine consumptiom{@kg) or placebo, on acute feeling scale (FS)
responses, which represent hayood or ‘bad one feels, to HIIT‘High’ = 2-minutes at an exercise
intensity corresponding to 800% of VO2max; ‘Warn?, ‘Low’, and ‘Coof = 5- 3- and 3-minutes
respectively at an exercise intensity corresponding t®®% of VO2max. Data are presented as mean
values with error bars representing the SD. Statisim® derived from a 2-way Condition (caffeine, or
placebo) x Time repeated measures ANOVA. Only the datadedat minutes 9, 16, 23, and 30 were
included in the analysis, which correspond to the end of ddbk four four-minute high-intensity periods
(i.e., the second in each pair of ‘High’ timepoints; see general methods section 3.3. for full details of the
protocol). *Indicates a significant main effect of condition p < 0.05; 1 Indicates a significant main effect of
time p < 0.05. n = 10.

5.3.7. Perceptual responses during HHExercise-induced muscle pain

There was no statistically significant main effect of condition, showing that ther
is no difference in PS responses to HIIT between the caffeine and phasstians, F(1,
9) = 2.546, p = .145. With a mean difference of -.229 (95% ClI, -.554 to .096). The main
effect of time showed that there was a statistically sigmfitacrease in PS responses
over time, F(1.391, 12.515) = 5.112-p006, &= .464. Changes in PS responses over
time were not dependent on which condition participants were irheas tvasnot a
statistically significant two-way interaction between conditeomd time, F(3, 27) =

769, p = .522.
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Extremely intense pain 10 -
¥ Placebo

9 - Caffeine
TT

Very strong pain 7

Strong pain 5 4

Somewhat strong pain 4 -

Pain (0 - 10)

Moderate pain 3 -
Mild pain 2
Weak pain 1

Very faint pain 0.5 -
No pain at all 0 -

Figure 5.6.displays the effect of caffeine consumptiomigkg) or placebopn acute muscle pain (PS)
responses to HIIT:High’ = 2-minutes at an exercise intensity corresponding t9@ of VO2max;
‘Warnt, ‘Low’, and‘Cool = 5- 3- and 3-minutes respectively at an exercise intensitggponding to 50
60% of VO2max. Data are presented as mean values with errordpaesenting the SD. Statistics were
derived from a 2-way Condition (caffeine, or placebo)imd& repeated measures ANOVA. Only the data
recorded at minutes 9, 16, 23, and 30 were included in the analjgit correspond to the end of each of
the four four-minute high-intensity periods (i.e., the sdda each pair of ‘High’ timepoints; see general
methods section 3.3. for full details of the protocol). 1 Indicates a significant main effect of time p < 0.01.
n=10.

5.3.8. Self-reported fatigue & vigour reported immediately pre- and post-HIIT

The main effect of condition showed that self-reported fatigue (BRUMS sub
scale) in the caffeine condition was statistically signifigalaver than in the placebo
condition, F(1, 9) = 7.606, p = .022. With a mean difference of -1.000 (95% CI, -1.820 to
-.180). There was no main effect of time, showing that there was ratistically
significant change in self-reported fatigue from pre-HIIT to post-HHI, 9) =
1.298, p = .284. Differences in self-reported fatigue between the caffeine astigplac
conditions were not dependent on time, as there was no statistigaifycaint two-way

interaction between condition and tinkgl, 9) = 1.784, p = .214.
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The main effect of condition showed that self-reported vigour (BRUMS sub
scale) in the caffeine condition was statistically signifigahtgher than in the placebo
condition, F(1, 9F 5.234, p = .048. With a mean difference of 1.083 (95% ClI, .012 to
2.155. The main effect of time showed that there was a statistiagiyfisant increase
in self-reported vigour from pre-HIIT to post-HIIT, F(1, €)14.995, p = .004. With a
mean change of 3.583 (95% CI, 1.490 to 5.677). Changes in self-reported vigour were
not dependent on whether participants were in the caffeine or placebo condition, as there
was no statistically significant two-way interaction betweendition and time, F(1, 9)
=.054, p = .821.

-+ Placebo 16+ ¥ Caffeine

¥ Caffeine -k Placebo
L %

X

1/ TT

L
Post-exercise

*
w

-
N
A
=
N
i

o
L

BRUMS (Fatigue)
BRUMS (Vigour)

IS
1
IS
1

T T T
Pre-exercise Post-exercise Pre-exercise

Figure 5.7.Effects of caffeine consumption (8g-kg) or placebo on pre- and post-training mood-state. (A)
displays scores from the fatigue subscale of the BriMioeld Scale (BRUMS). (B) displays scores from
the Vigour subscale of the BRUMS. Data are presented asvakees with error bars representing the SD
*Indicates a significant main effeof condition p < 0.05; 1 Indicates a significant main effect of time p <
0.01. n =10.

5.3.9. Psychological responses post-HHPACES, ‘Liking’, and Session RPE

PACES scores were, on average, 8.433 (95% CI, 2.441 to 14.426) higher
immediately following HIIT in caffeine sessions than they wereoWwhg placebo

sessions. This mean difference has a large effect size andsiscsifit significant, t(9)
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= 3.184, p = .011, d = 1.00Ratings of exercise ‘Liking’ scores were, on average, .430

(95% CI, .116 to .743) higher 10-minutes post-HIIT in caffeine sessions than they we
following placebo sessions. This mean difference has a large efieetsl is statistically
significant, t(9) = 3.099, p = .013, d = -.980. Self-reported whole session RPE score
were, on average, -.900 (95% Cl, -1.133 to -.667) lower 10-minutes post HIITemeaff
sessions than they were following placebo sessions. This mean differenaddrge

effect size and is statistically significant, t(9) = -8.735, p <.001, d = -2.762.
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Figure 5.8.A. displays whole session ratings of perceived exe(lRIPE) scores; B. exercise liking, which
was measured using a single item Likert scale anchored fyo0at all”, and 4 — “very much”: C. PACES

is the physical activity enjoyment scales, a 17 item quaséire measuring how much participants enjoyed
each session higher scores suggest more enjoyment; and D. choice, thisrepesents the percentages

of choices in favour of caffeine or placebo sessiomglithates a significant mairffect of condition p<0.05;
**%p <0.001. n = 10.

96



5.3.10.Choice - preference test and content analysis

The caffeine condition was preferred in 82 (19.889)% of the choice opportunities
with a mean 32 (95% CI, 17.772 to 46.227)% higher than the test valheofatical
value representing equal preference), 50%, which demonstrates a higtificasid

preference for caffeine sessions, t(9) = 5.031, p =.001, d = 1.609.

The contents analysis transcript, complete with colour coding to iddimtify
order themes is available in Appendix L. A summary of the frequency ofrhogtier
theme occurrence is shown in Table 5.3. Following each replicated prefeeshce t
participants were asked why their chosen session was preferred. Padieoipee free to
explain their reasoning and were not restricted in any way to thtéhleftheir answer,
or the number of factors they could attribute their preference to. Nor were they Bxplicit
asledto identify the most potent factor influencing their choice. On avepagécipants
cited (M + SD) 1.860 + 0.997 different higher order themes in any given respoims
highest number of themes cited in a single response was five.flrlldve@ng statement
(paticipant IT006, preference test 3): “Less pain today (pain), | felt good (affect), alert,
and energetic (mood state). Less effort! (perception of effort) The end ofttfelttblse
halfway through (time-relatgd The factor most frequently attributed to determining
choice was perception of effort, occurring in responses following 84 + 16% of all
preference tests. Affect, Pain, Mood state, and time-related factargextin 22 + 37,

22 £ 36, 18 = 21, and 15 £ 20% of responses respectively, whilst factorageiati
motivation or negative side-effects were cited in 2 + 4 and 1 + 3% ofrenefe tests

respectively.
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Table 5.3.Contents analysis summary.

1st-order theme

Higher order theme

Occurrences

Task difficulty

Mental effort

Physical effort

Exertion

Perception of effort

84 +16%

Feeling

Enjoyment

Affect

22 +27%

Exercise-induced pain

Pain

22 + 36%

Fatigue

Tiredness

Alertness

Energy

Exhaustion

Mood state

18 +21%

Time

Monotony

Time-related

15 +20%

Thirsty

Dizzy

Seepdisturbance

Sickness

Side-effects

2+4%

Motivation

Motivation

1+3%
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5.4. Discussion

The primary aim of this study was to test whether the finding froninitiel
single-subject trial reported in chapter 4. Mainly, whether the teffet caffeine on
psychological responses to HIIT are associated with changes insexeehaviour, as
determined by choice. A secondary aim was to understand the mechar@asing
exercise choice behaviour by employing a qualitative explanatorysanalt was
hypothesised that caffeine would elicit an increase in affect, ‘liking’, enjoyment, and
vigour; a decrease in perception of effort, exercise-induced muscle pain,tigné;fa
despite no differences in motivation or HR. The secondary hypothesishatathére
would be a significant preference for HIIT in the caffeine condition. Additiontiig
study sought to answer the following question: which putative tasggtei strongest
determinant of behaviour change? The findings were largely in support of ounésjisot
with caffeine once again eliciting positive perceptual and psyclwalogesponses before,
during, and after HIIT. There are however a few instances where targets were
engaged in chapter 4 are not engaged here and vice versa. Théseidentified and
discussed throughout. Regarding the secondary aim of this study, to understand the
mechanisms explaining exercise choice behaviour, our contents amelysa¢ed that
perception of effort is the factor most frequently attributed to exerceein replicated

preference tests.

We revealed a trend for an increas®/tD:max With a moderate effect size, at the
end of the study (session 11) compared to the start (session 1). Although kaude
reported significantly increasé.maxafter as few as six (Astorino, Allen, Roberson, &
Jurancich, 2012) or eight (McKay, Paterson, & Kowalchuk, 2009) sessions linittota
should be noted that these studies used a more extreme form of SIT, whiclednvolv

repeated 3@{(Astorino et al., 2012) or 68{McKay et al., 2009) sprint efforts on a cycle
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ergometer. However, studies using AIT similar (Karstoft et al., 2013)deamntical
(Helgerud et al., 2007; Rognmo et al., 2004; Tjgnna et al., 2008; Wisloff et al.,ta007)
the protocol used in the present study have observed significant improvémédtsax
after 24 (Helgerud et al., 2007), 8Rogmo et al., 2004), 36 (Wisloff et al., 2007), 48

(Tjenna et al., 2008), or 80 (Karstoft et al., 2013) session ovdi68veeks.

Another measure that was included in this study which was indepeofdire
pharmacological intervention, assessed once during session 1 and amejrsession
11, was exercise motivation, using the BREQ-2 (Markland & Tobin, 2004). Sedentary
men and women reported ‘liking” exercise more over time, regardless of experimental
condition (Schrader et al., 2013). If this is true liking/enjoying are badlexgbto intrinsic
motivation (Di Domenico & Ryan, 2017), which in turn is thought to be an irmapbrt
factor in determining long-term exercise adherence (Ryan et al., 1997). The implications
of this are that continued engagement in an exercise training programesudtyin
changes in exercise motivation. In this study we did not reveal@mficant changes in
amotivation, external regulation, identified regulation, or intrinsic egui; however,
introjected motivation was significantly higher at the end of shely (session 11)
compared to the start (session 1). Introjected regulation underliesidaghtor those
feeling compelled to take part in physical activity to avoid averieeling states (e.g.,
guilt over skipping a workout) or to experience ego-affirming states (e dg, iprfitness)
(Ers6z & Eklund, 2016). It is likely that longer time-frames are requoedignificant
changes in intrinsic motivation, which would be desirable from a long-telmerence
perspective (Gardner & Lally, 2013); however, the increase in introjeetpdation
observed here, over a relatively short period, is positive as it is dgadahabit forming
behaviours (Gardner & Lally, 2013) which form through repeated performance in

consistent settings (Lally, Van Jaarsveld, Potts, & Wardle, 2010). Fstudees could
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adopt a between-subject design to investigate whether changescisexegulation can

be enhanced by caffeine.

Consistent with findings from chapter 4, RPE was significantly lower durifig H
in the caffeine condition. This extends our current knowledge, demonstratiPiBas
reduced during exercise in sedentary women (chapter 4; Schrader et al., 2013) to include
a mixed sample. There is not enough statistical power to detewhéatber there is a sex-
dependent effect of caffeine in the present study. However, there is little reason to doubt
it as itis consistent with findings from studies in athletid physically active populations
(Doherty & Smith, 2005; Schubert et al., 2014), and the only evidence tossugge
otherwise is from Schrader and colleagues' (2013) study, where RPE wasuadly a

measured during exercise.

We also observed improved affect (FS: pleasure/displeasure) during exercis
which is in agreement with chapter 4, as well as studies in endttranted (Backhouse
et al., 2011) and recreationally active participants (Schubert &04K,). However, in
direct conflict with chapter 4 and data published in the likeeafGliottoni et al., 2009;
Gliottoni & Motl, 2008; Motl et al., 2003), there was no difference inr€$onses to

HIIT between the caffeine and placebo sessions in the present study.

This is likely due to the small absolute effect, with averagegatetween "Very
faint pain" and "Weak pain" even during the final high-intensity pericatapmed with
relatively high variability (see mean plots and error bars in Figure 5l&e)source of
this variability may be due to the high variability in BMI in fhieesent study (see table
5.2.), indicated by a standard deviation of 7.12 Kg&m obesity can increase feelings of

discomfort during exercise (Ekkekakis & Lind, 2006).
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Schrader and colleagues (2013) previously reported, using Likert scales, that
caffeine supplementation increased ‘liking’ of physical activity in sedentary women after
two weeks of caffeine paired with 30 min of moderate physical gctiithough not
measured in chapter &eecise ‘liking” was measured in the present study allowing direct
comparison with Schrader and colleagues' (2013). We extend their findings to
demonstrate that exercise liking is also higher following caffeigestion in a mixed-

sex sample of sedentary participants.

Caffeine supplementation improved enjoyment of HIIT in a sedentary deimal
chapter 4, and during sub-maximal exercise in recreational activeigeants in study
published in the literature (Schubert et al., 2014) which is corroboratée findings of
the present study, where we reveal that exercise enjoymecrtaased following caffeine

ingestion in sedentary participants.

Consistent with the findings from chapter 4, caffeine had no effect on HR
responses during HIIT. However, as was discussed in chapter 4 (section 4%4.), it
possible that HR is not sensitive enough to capture any metabobttsaffecaffeine at
this dose, therefore, a more thorough assessment of the metabolic effeatteiot

during HIIT are required (which is conducted in chapter 6).

In chapter 4, there were only differences between conditions for ratinggyokfa
and vigour after HIIT. Whilst in the present study fatigue was lower\agour was
higher in the caffeine condition both before and after HIIT. The explanation pddade
the null effect prior to HIIT in chapter 4 was that positive mood changes may be masked
by increases in negative mood immediately prior to HIIT, sucimastg, or anticipation
of exercise-related effort and discomfort (A. Smith, 2002). This explanation is not
necessarily invalidated by the findings of the present study, rather, it may haee tee

demonstrate that the single-subject design is more sensitinditdual differences in
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mood responses, whilst the group design reveals the average effect ficgmbar of
participants. Another contributory factor may be the fact that the amaiysd in the
present study, which was a 2-way (condition/time) repeated measuf@g ¢ more
powerful than the randomisation tests used in chapter 4, as wellngsaixe to factor
multiple time points whilst therp-HIIT and Post-HIIT data had to be analysed separately

in chapter 4.

Whilst chapter 4 revealed that there was a significant incramasetrinsic
motivation following caffeine ingestion, the present study produced conflictsudtse
with neither potential motivation, or intrinsic motivation, whilstrthavas a trend for an
increase in success motivation. The potential relationship betwaffeine and
motivation is presented in chapter 4 (section 4.4.) which the conflictingsdsere
suggest that more work is neetto develop a better understanding of the relationship
between motivation parameters and pharmacological interventigesing A2A or D2

receptors (Di Domenico & Ryan, 2017).

Session RPE was lower DOnutes post HIIT, which is consistent with the
findings in chapter 4 and those published in the literature (Killen et2@l3),
demonstrating for the first time that caffeine elicits a significadtiction in session RPE

following HIIT in sedentary participants.

In the present study, and in chapter 4, we demonstrate that thereigbly
significant preference for caffeine sessions, compared to placebo sé¥sien.you
engage a putative target and you see a change in behaviour, that pecuidese to
consider the target as a determinant of behaviour (Sheeran et al., 201&jorEh@ur
findings provide further evidence that feelings during exercise, spdlgifieaception of
effort and affect, are important correlates/determinants of physicatybghaviour. We

also provide evidence to suggest a casual role of psychological eargalih as mood
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states of fatigue and vigour, as well as liking, enjoyment, ancseR§IE, even though
we did it in a minor way, through choice, which is a related outcome itidre long-

term exercise adherence.

An aim of this study was to understand the mechanisms underlyingechoi
behaviour because with replicated preference tests alone, suchhapierat, it is not
possible to establish which specific putative target, or targets,tlee primary
determinants of changes in choice behaviour. For example, the percdgtifort (RPE)
and affect (FS) are distinct constructs, but negatively relatedecanother (Hardy &
Rejeski, 1989). It is likely that many of the other putative targetéchwhave been
measured in this study, are also inter-related, which could mean that aceduetifort
mayexplain improved affect, or enjoyment, rather than them having a direbanistic
relationship between caffeine and choice. As caffeine appears tgighiiicant changes
in several of these variables it is important to establish twbfcthe variables is the
determining factor. To achieve this aim a qualitative explaypatoalysis was conducted.
The qualitative content analysis revealed that the factor frexptiently attributed to
determining choice was perception of effort. Affect, Pain, Mood state, anddlated
factors, in contrast, were cited in less than one-quarter of all prefeegptanations

respectively.

This exploratory qualitative analysis has provided the first experahevilence
that perception of effort may be more influential in determining exereis¢ed choice
compared to affect and other perceptual and psychological responses durimguenad a

exercise.

Another interesting product of this analysis is that time-related factors wede cit
on 15% of all choice occasions. Factors relating to the perception ofwiare not

identified in the literature, and certainly not formally asated with caffeine ingestion.
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However, a recent study (Edwards & McCormick, 2017) tested the hypothedistbier
maximal exercise distorts the perception of time, which was basé@drmaiture reporting

that when working on an enjoyable attention-demanding task, chronological time appear
to pass quickly, but if working on a less pleasurable attentional-denggtadk, it seems

to pass slowly (Wittmann & Paulus, 2008). In Edwards and McCormick's (2017) study
participants completed three exercise trials at intensities corresponding thlRRfht)

RPE 15 (heavy), and RPE 20 and participants indicated their perceiveaf tates.
Perceived time was significantly slower in the RPE 20 conditian it was in either of

the lower intensity conditions. This study is the first to demondinatehe perception of
time is significantly influenced by exercise intensity and astegtigerceived exertion. It

is speculated that as intensity of physical effort grows, so tooidoesased sensory
awareness due to hyperarousal (Jansen, Van Nguyen, Karpitskiy, Matte&leibewy,
1995). This means a greater amount of neural information processingyisiikeshorter

than usual time, thus making it appear as though more time had geesés objectively

true. It is possible, therefore, that the high effort and discomfort assbwidkeHIIT my

also slow perceived time relative to chronological time, andctiféeine by reducing the
perception of effort and discomfort during HIIT could mitigate the reductipericeived

time. However, this is purely speculative. The contents analysis omalethat time-
perception is a factor influencing exercise-related choice. Futuressitbuld determine

whether caffeine is able to manipulate time perception.

5.4.1. Limitations

An evaluation of the limitations which are shared between tadysind those

presented in chapters 4 and 6 will be provided in the Human Discussion (chapter 7
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5.4.2. Conclusion

As expected, low dose caffeine ingestion induced a more positive psyicablo
response to HITT corroborating the finding from chapter 4. We demonstrated fortthe firs
time that the psychological effect of caffeine is associateld aviignificant change in
exercise behaviour, with participants preferring to exercise with cafféurthermore,
qualitative exploratory analysis of the factanderlying exercise choice in our novel
behavioual measure identified perception of effort as the primary determinant of xerci

preference.
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6. Metabolic effects of low-dose oral caffeine consumption around

a single bout of High-Intensity Interval Training.
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6.1. Introduction

Despite the changes to perceptual responses, elicited by caifectepters 4
and 5, there was no difference in HR responses, which was the only objective
physiological measure in those skgl This is not surprising as the metabolic effects of
caffeine at this relatively low dose are significantly lessk(Spriet, 2014). Whilst higher
doses X6 mg-kg) are commonly associated with increased HR and blood pressure, there
are several studies demonstrating that a dose ofl&gmgn produce an ergogenic effect,
with no changes in cardiovascular responses (e.g., Graham & Spriet, 1995), Widkstd
serum caffeine concentration continues to rise linearly with doseQupddg (Graham
& Spriet, 1995), it is now well accepted that there is an optimad tlwspsychological
and performance-enhancing effects of caffeine, which is-Bgngt doses higher than 3
mgkg there appears to be a plateau in the performance-enhancing effects 2B0&e,

and an increase in side effects.

Caffeine has well known thermogenic effects, despite little to no ehiangR
responsedpllowing low to moderate caffeine doses of 5 mg-kg (Woolf et al., 2008), 3 -
4 mg.kg (Paton, Costa, & Guglielmo, 2014), or ~1.5 - ~2.9 mg.kg (Talanian &t,Sprie
2016). Caffeine is consistently reported to elicit an increase nalbeeergy expenditure,
dosedependently, at rest, following doses as low as ~1.5 mg-kg (Astrup et al., 1990;
Dulloo, Geissler, Collins, & Miller, 1989) as well as following modeigses between
3 and 6 mg-kg (Arciero, Gardner, Calles-Escandon, Benowitz, & Poehlman, 1995; Astrup
et al., 1990; Bérubé-Parent, Pelletier, Doré, & Tremblay, 2005; Hursel, €204l ;
Schubert et al., 2014). There are also reports that serum free fagy@oodntrations
ares increased (Arciero et al., 1995) and fat utilisation/oxidation isrraghest following

consumption of low to moderate doses of (Hursel et al., 2011; Schubert et al., 2014).
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The effects of caffeine on energy expenditure and substrate utilisation during
exercise, however, are less clear. Leelarungrayub, Sallepan, and Charoen\2afthha
reported that 5 mg.kg caffeine resulted in higher oxygen uptake and lower RER
suggesting a shift toward fat oxidation, during moderate intensityisgeY@hilst Engels
and Haymes (1992) utilised the same relative dose (5 mg.kg) and exeteissity
(moderate) but produced conflicting results, with no change in oxygen uptake, carbon
dioxide production, or RER values. Another pair of studies, utilising a veriasiduse
(2* 2.5 mgkg vs 2 * 3 mgkg) also revealed contradictory findings. Judice and colleagues’
(2013) did not observe a difference in energy expenditure between the caffeine and
placebo condition, whilst Schubert and colleagues (2014) did. This differendeerdag
to the fact that Judice and colleagues (2013) were measuring free-éviegy
expenditure, which included exercise bouts, whilst Schubert and colleé2k4)
utilised a structured, prolonged, strenuous exercise bout in addition tneafb
manipulate energy expenditure, therefore, caffeine and exercise syoaltgist
manipulating the sympathetic nervous system may have had an additive effeatgyn ene
expenditure. However, several other studies have used similar retwises in
combination witha structured, prolonged, strenuous exercise bout and also observed no
effect on oxygen consumption, substrate utilisation (indicated by RER \aduesll as
absolute V@ and VCQ) or energy expenditure (Engels & Haymes, 1992; Hodgson,
Randell, & Jeukendrup, 2013; Paton et al., 2014). These differences cannot sekeningly
reconciled by any single explanation as thisreontradictory findings across different

exercise intensities, modalities, and caffeine doses.

The effect of low to moderate doses of caffeine on blood lactate conmentrat
around a bout of exercise is not entirely clear. Some studies have degevigted lactate
prior to exercise (Engels & Haymes, 1992; Hodgson et al., 2013), whilst others have not

(Talanian & Spriet, 2016). Likewise, some studies have reported a hinginease in
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lactate production during exercise following caffeine consumption (Astrup, €198I0;
Engels & Haymes, 1992; Hodgson et al., 2013), whilst others have net @gd., 1998;
Paton et al., 2014; Talanian & Spriet, 2016; Woolf et al., 2008). There swe al
inconsistencies in the literature about the effect of caffeine on blaocdsg following
caffeine consumption. One study reported higher glucose at rest and folkieduty-
state exercise in the caffeine condition (Hodgson et al., 2013), whidshex study
reported a time by condition interaction with blood glucose increasing pestise in
the caffeine condition where a decrease in concentration was skempiacebo condition
(Woolf et al., 2008). A third study revealed a decrease in blood glucosediately
following exercise cessation which was not dependent upon treatmentiaondi

(Schubert et al., 2014).

Clearly, despite substantial research on the metabolic effectfeiheathere is
no certainty as to the effects of low to moderate doses of caffeine @xengjse. Not
just for its own sake, it is of great importathat these inconsistencies are reconciled as
caffeine may have the potential to facilitate health-relagdghaour change, beyond the
ability to manipulate perceptual responses to facilitate exerbisa groundbreaking
study, Schubert and colleagues (2014) participants ingeste&@§ cadfeine, 60-minutes
prior to completing 60-minutes moderate intensity exercise, before 120-mnestes
Metabolic measurements were not only obtained throughout, but also, patscimae
offered an ad libitum test meal where energy and macronutrient weierecorded
immediately following the post-exercise recovery period. They tegeihat caffeine
resulted in significantly greater energy expenditure and fat oxidation cedpath
control. As well as a trend for reduced energy and fat intake compared onittolc
Consequently, caffeine created a greater energy deficit whilst alsodezsegved as less
difficult (lower RPE) and more enjoyable (PACES), which is consistehttiw findings

from chapter 4 and 5. As combining caffeine with exercise appears te ergaeater
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acute energy deficit (Schubert et al., 2014) the implication of this dteuinvestigated
in sedentary and overweight populations. It would also be important to deteximéther
caffeine has the same appetite suppressing effects following Hilidhws proven to be
even more effectivéHelgerud et al., 2007; Karstoft et al., 2013; Milanovi¢ et al., 2015;

Rognmo et al., 2004; Tjgnna et al., 2008; Wisloff et al., 20fi@)n a physiological

perspective than continuous moderate intensity exercise.

There are limiting factors which make measuring energy expenditure dugmg hi
intensity exercise problemati¢O: is a good indicator of aerobic metabolism, and during
exercise intensities where the anaerobic metabolic contributiowigi.k., RER values
below 1) stoichiometric equations based on RER values can provide a relitiblates
of energy expenditure and substrate utilisation (Jeukendrup & Wallis, 2005).h&t hig
intensities, anaerobic contributions cannot be accurately accountedvi@:layone, and
stoichiometric equations are not reliable. In fact, at intensii#gs% VOzmax, these
equations are not able to accurately estimate carbohydrate anddatiotil(Jeukendrup
& Wallis, 2005). Although there is some exciting new research (Pasiszla, 2018)
developing equations which reliably estimate energy expenditure fromirttegisity
exercise, as a product obdakicit, eXcess post-exercise oxygen consumption (EPOC), and
blood lactate accumulation. These equations have only been gdlidatsupramaximal

HIIT with 10 x 1-minute bouts interspersed by 1-minutes of passive recovery.

Metabolic effects of caffeine can be assessed at rest and durirgadbg-state
intensity warm-up phase by measuring oxygen consumption and using stethc
equations. Whilst EPOC can be usedmmdicator of anaerobic exercise load following
intense bouts of exercise (Horton & Hill, 1998). Additional insight canléengd from

blood glucose and lactate concentrations as well as cardiovascudaure®These
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measures have been employed in the present study, with an aim to metéonthe first

time, the metabolic effects of caffeine during HIIT.

We hypothessed that caffeine would increase energy expenditure and fat
oxidation during the steady-state warm-up period, whildk and Lactate would be
higher during HIIT and recovery. Cardiovascular measures of HR, systolic atalidia

blood pressure were not expected to be affected by caffeine ingestidass of 3 mgg.
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6.2. Method

6.2.1. Participants

Eight participants from the study detailed in chapter 4 returned talibeatory

to participate in a study to investigate the metabolic effecatiéine on HIIT. See Table
6.1.for participant characteristics. Participants average dailyuedlmaffeine intake was
low or moderate (<40hgkg-day), which was estimated using the Caffeine Consumption
Questionnaire (CCQ Appendix C) (Landrum, 1992). The study was approved by the
SSES ethics committee, at the University of Kent. Particgjanalvided informed consent
and completed a standard medical health questionnaire (Appendix A) to ctmdirm
present state of health. Participants were given an overview, detailing all pescaddr
requirements of the study, and were informed that the study was tarsmdasmetabolic
effects of two different substances (either tyrosine epaalanine), in combination with
caffeine during HIIT- when in fact they received either caffeine alone or placebo.
Consequently, the participants were naive to the true aims and hypotiieéses study
until the final session was complete, at which point they webeiefed about its genuine

rationale (see General Human Methods sectibri‘Baffeine deception” for details).

Table 6.1.Participant characteristics. n = 8.

Variable: Mean SD
Age (years) 34 13
Sex (Males/Females) 2/6 NA
Height (cm) 168.88 7.14
Mass (kg) 82.29 23.98
Body Mass Index (kg/f) 28.63 7.20
Habitual Caffeine Consumptiom@ day) 214.75 141.42
VOzmax(ml-kg! - min') 34,53 4.01
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6.2.2. Experimental design

The experiment was a double-blind repeated measures cross-over desgigoh in
participants visited the laboratory on 3 occasions. Visits 1 involviedaamill-based
incremental test, visits 2 and 3 were experimental visits. fitrpatal visits encompassed
a crossover design in which the participants completed one sessiarhinfehe two

experimental conditions (i.e., caffeine, or placebo).

6.2.3. Caffeine dose and deception

In sessions 2 and 3, participants received either caffeimeg{dy) or placebo
(dextrose monohydrate) in a single capsule. A deception was used tosaithimimpact
of the participants’ familiarity with caffeine. For further details on drug administration
and the deception see General Human Methods sectior‘Caffeine and placebo

capsules and administration”, and section 3.1. “Caffeine deception” respectively.

6.2.4. Diet and exercise control

Participants were instructed to record their food intake the day priessma 2
(the first experimental trial). Participants then had to replitagediet in the 24 hours
prior to session 3 (the second and final experimental visit), assvafraining from any
exercise 24 hours prior, consume no alcohol 24 hours prior, and withdraw from any

caffeinated products 3 hours prior.
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6.2.5. Experimental procedures

During visit 1, a treadmill-based incremental test was completesktiablish
VOzmax — from which subsequent training intensities for experimental sessions were
determined. See General Human Methods section “B8termination of maximal
oxygen uptakeYOzmay” for details. Before participants left the lab, they were given the
capsules for the following session and instructed to ingest it 1-hour paoitimg at the

lab.

Participants arrived at the lab for each of their experimental visits (visits 2 and 3)
having ingested either their placebo or caffeine capsule 1-hour prior. Aftempsfgted
(Seca Alpha, Hamburg, Germany) and being given the opportunity to have @rifika
of water, they mounted the treadmill. They sat, in a recumbent po&iioa chair),
directly on the treadmill (HP Cosmos, Pulsar) belt. Before being fittddadR monitor
(Polar Electro, Kempele, Finland), and a facemask (Cortex Biophysik Greipkidy,
Germany) which was connected to a breath by breath gas analyseLyéetaBR2,
Cortex Biophysik GmbH, Leipzig, Germany) that had been calibraitdd gas of a
known composition prior to use, following the manufacturers guidelines. Thehadso
a blood pressurdP) cuff wrapped around the upper lefin, with the cuff’s lower edge
one inch above the antecubital fossa. A fully automated electBinimachine (GE,
Carescape V100) was used for measurements, which displayed HR, as wslolic

and diastolic BP, referred to herein as SBP and DBP respectively.

Briefly, the following procedures describe three phases of data collewition
measurements taken throughout. These phases are resting, HIIT, and retbeery.
‘HIIT’ phase is described in detail the General Human Methods (section.43 “HIIT
protocol”). Here, details pertaining to the additional metabolic measurements will be

described.
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Participants carried out a 5-min warm-up period at an intensity pomdsg to
50-60% ofVOzmaxbefore walking four intervals of 4-min at-80% ofVOzmax Between
the intervals 3-min of walking at 560% ofVO,maxWas conducted. The training session
was terminated by a 3-min cool-down period at@® of VOzmax This gave a total
exercise time of 33-min. On completion of exercise, the treadsitiWas stopped, and
inclination was set to 0% before the participant resumed theingestsition, sitting
(recumbent) on a chair directly on the treadmill belt. They remainekdisnpbsition

throughout the 10-minute recovery phase.

Respiratory measures from bre&rbreath analysis were recorded continuously
throughout the entire 50-minute protocol. Variables recorded include oxygen
consumption (VO); carbon dioxide productioVCQy); respiratory exchange ratio (RER
- a ratio betweeW O, andVCQO,); minute ventilation (VE); and breathing frequency (BF).
Averages from the final minute of each exercise block (i.e., ResmtmWip, each high-
intensity block, each low intensity block, and recovery) were catiedifor all respiratory
measures and for HR. Blood lactate (BLa) and glucose (BGlu) concentratssas
measured in the final 30-seconds of each block (see Figure 6.tglldning 5 pul of
whole fresh blood from the palm-up surface of the distal segment (fingertije of
middle, ring, or index finger. All blood samples were analysed at the ehé session
using a calibrated device (EKF Diagnostic, Biosen C-LiB& was measured at the end

of the resting phase only and the cuff was removed at the start of exercise.

6.2.6. Rating of perceived exertion

RPE was taken during the final 15 seconds of each block (see GenerahH
Methods section.8. “Measuring acute perceptual and HR responses to HIIT” for more

details on RPE procedures). At the end of the recovery period, 10-minutes posteexe
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whole session RPE was recorded using the B#@0)6-20 scale, representing a single
global rating of the intensity for the entire training session. See Gétharean Methods

section 3. “Session RPE” for details.

-1 hour 80-90% of VO2max 50—60% of VOamax
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Figure 6.1.Displays the schematic for sessions 2 and 3, wheréuoletaneasures are taken around a HIIT
session. Red droplets represent capillary blood sampleart symbol represents blood pressure
measurement. Face mask picture represents respiratasunes, Polar HR monitor picture represents heart
rate monitoring. Grey blocks indicate, low-intensity eisdlocks, black blocks indicate high-intensity
exercise blocks. Where there are neither grey nor blackdtbe participant is physically inactive, pictures
indicate whether they were standing or sitting during tpeseds.

6.2.7. Substrate metabolism calculations

Substrate metabolism was measured from the respiratory output mearsisrem
VO,andVCO; (L/min), carbohydrate [1] (CHO) and fat oxidation [2] were estiméded
the final minute (between minutes 4 and 5) of the rest period and during theuparm-
order to calculate CHO and fat oxidation stoichiometric equations (Jeukesatlviaflis,
2005; Peronnet & Massicotte, 1991) were used, which assume that padicisaat

exercising at a steady-state and that protein oxidation was negligible.

Carbohydrate equation
[1] = 4.210VCO; - 2.962V0;

Fat oxidation equation
[2] = 1.65VO; - 1.701VCO,
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6.2.8. Statistical analyses

Means and standard deviations for descriptive characteristics of partgigere
calculated. Unless otherwise stated, all other data are presentdean + SEMsThe
Shapiro-Wilk's test of normality on the studentised residuals was pedofan all
variables. Paired samples T-tests were performed to determine wiliethe were
significant differences between caffeine and placebo at rest, and during the refoovery
the following variables: SBP, DBP, BLa, BGIMO,, HR, BF, VE, and Session RPE
separate 2-way (2 * condition/ 3 * time) repeated measures ANOMKe used for
between trial comparisons of CHO and Fat utilisation, as well@albEE during rest,
warm-up, and recovery. Further, separate 2-way Condition (caffeine or placebo) x Time
(12, 16, 19, 23, 26, 30, 33, 37, & 40 min) repeated measures ANOVAs weréused
between trial comparisons of variables measured throughout HIISeTleee VO,, HR,

RER, VE, BF, BLa, BGlu, and RPE. Where sphericity was violated degrees of freedom
were corrected with the GreenhouGeisser ¢ (Maxwell & Delaney, 2004). When
necessary, a Bonferroni post-hoc procedure was used for follow-up comparisons. When
2-way repeated measures ANOVA’s revealed a significant interaction between condition

and time, simple main effects were run. Effect sizes for relevamiparisons were
calculated using Cohen’s d, and defined as trivial (< 0.30), small £ 0.3), moderatex

0.5), and largex 0.8), respectively (Cohen, 1992). Results were considered significant at
p <0.05. All tests were carried out using IBM SPSS Statistics for Windows, Version 24.0.

(Armonk, NY: IBM Corp).
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6.3. Results

6.3.1. Substrate utilisation

There was no main effect of condition for carbohydrate utilisation, F(1, 7) =,2.249
p =.177. With a mean difference of .075 (95% ClI, -.043 t0).@88in between caffeine
and placebo conditions. There wasnain effect of time, showing that there was a
statistically significant change in carbohydrate utilisationr awvee, F(1.121, 7.847) =
18.054, p =003, £ = .561. Changes in carbohydrate utilisation over time were not
dependent on which condition participants were in, as there was notistcsidy

significant two-way interactiorf; (2, 14)= 2.300, p = .137. (Figure 6.2. A).

There was no main effect of condition for fat utilisation, F(1, 7) = .003, p = .957.
With a mean difference of .001 (95% CI, -.042 to .044) g/min between caffeine and
placebo conditions. There was a main effect of time, showing thatilaera statistically
significant change in fat utilisation over time, F(2, 14) = 24.303, p < .001. Ehamfnt
utilisation over time were not dependent on which condition participaresin, as there
was not a statistically significant two-way interaction, R@), = .714, p = .507. (Figure

6.2. B).

There was a statistically significant interaction between tiondand time for
energy expenditure F(2, 14) = 3.814; 948, partial n? = .353. Therefore, simple main
effects were run. Energy expenditure was statistically significathfferent in the
caffeine condition (1.667 % .464 kcal/min) compared to placebo (1.411 + .430 kcal/min)
at rest, t(7) = 2.639, p = .033, d = .933, a mean difference of .256 (95% CI, .027 to .486)
kcal/min. Energy expenditure was also statistically significadiffgrent in the caffeine
condition (6.29% 2.101 kcal/min) compared to placebo (5.708 +.1.991 kcal/min) during

the warm-up, t(7) = 3.747, p = .007, d = 1.325, a mean difference of .586 (95% ClI, .216
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to .956) kcal/min. However, energy expenditure was not statisticajlyifisantly
different in the caffeine condition (1.743 + .548 kcal/min) compared to the placebo
condition (1.655 = .120 kcal/min) during the 10-minute post-exercesevery

period, t(7) = .586, p = .577, d = .207. (Figure 6.2. C).
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Figure 6.2.displays carbohydrate utilisation (g/min) (A) fat utitisa (g/min) (B), and energy expenditure
(kcal/min) (C) rates at rest, durirg5-minute warm-up (steady-state exercise at 50 - §@#may), and
during recovery (10-minutes post-HIIT), 1 hour following ingmsiof caffeine (3ngkg), or placebo. All
values are presented as means = SEM. T Significant main effect of time (P < 0.05). # Significant main effect

of condition (P <0.05). * Significant condition x time interaction (P < 0.05). Where a significant interaction

is present, [a] represents a significant difference between conditions (P < 0.05), from Bonferroni post-hoc
tests. n = 8.

6.3.2. Capillary blood samples

There were no statistically significant differences between conditior blood
lactate concentration at rest or during recovery from HIIT, with mdéerelces of -.069
(95% ClI, -.735 to .597) mmol/L(7) = -.244, p = .814, d = -.086, and .121 (95% CI, -.861

to 1.103) mmol/L, t(7) = .292, p = .779, d = .103, respectively. (Table 6.2.).

There was a main effect for condition, showing that caffeine elisitatistically
significantly higher lactate concentration than placebo during HIlith \@ mea
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difference of .624 (95% ClI, .126 to 1.121) mmol/L, F(1, 7) = 8.787, p = .021. There was
a main effect of time, showing that there was a statistisajlyificant change in lactate
concentration during HIIT, F(1.974, 13.819) = 11.738, p01, £ = .247. Changes in
lactate concentration during HIIT were not dependent on which conditiocipantis

were in, as there was not a statistically significant two-way interadti@%23, 25.361)

= .553, p= 811, ¢ = .453. (Figure 6.3. A).

Table 6.2.Effects of caffeine (3ngkg), or placebo, during rest, immediately prior, and 10-minpibas-
HIIT. n = 8.

Rest Recovery
Placebo Caffeine Placebo Caffeine

Heart rate 7479+3.80 7259+3.39 9538+4.17 97.10+2.18
(beat/min)
Systolic blood pressure 115.88 £3.47 121.38 +3.52 N/A N/A
(mmHgQ)
Diastolic blood pressure 70.88+3.19  70.75+3.47 N/A N/A
(mmHgQ)
Oxyge[ll cons_u[rlwptlon 3.26+0.29  399+0.35 3.99+0.38 4.07+0.18
(ml-kg" - min™)
Breathing f_requency 1845+1.23  19.01+154 20.81+1.18 21.59+2.41
(breaths/min)
Ventilation

: 10.09 + 0.82 11.91+0.58 13.04+1.60
(L/min) 11.62 + 0.9F
Blood lactate concentration 1.89 +0.16 1.83+0.28 3.18+0.49 3.30+0.43
(mmol/L)
Blood glucose concentration 5.06 +0.21 503+0.26  4.75+021 4.80+0.21
(mmol/L)
Session RPE N/A N/A 15.44 +0.37 14.75+0.63
(Borg 6 - 20) .

* Significant differences between caffeine and placebdlitions p< .05.

There are no statistically significant differences between donditfor blood
glucose concentration at rest or during recovery from HIIT, with meanrefifes of -
.029(95%Cl, -.726 to .669) mmol/li(7) = -.097, p = .925, d = -.034, and .048 (95% ClI,

-.496 to .591) mmol/L, t(7) = .206, p = .842, d = .073, respectively. (Table 6.2.).
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There was no main effect of condition for glucose concentration during HIIT, F(1,
7) = .008, p = .930. With a mean difference of -.014 (95% ClI, -.377 tQ BdA®I/L
between caffeine and placebo conditions. There no main effect of time, shbatitigere
was not a statistically significant change in glucose conceorirdtiring HIIT,F(2.134,
14.936) = 3.371, p .059, € = .267. There was not a statistically significant two-way

interaction,F(2.889, 20.222¥ 1.401, p =216, ¢ = .361. (Figure 6.3. B).
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Figure 6.3. displays capillary blood lactate concentration (mmol(R) and capillary blood glucose
concentration (mmol/L) (B) during HIIT 1 hour following ingi®n of caffeine (3ng-kg) or placebo. All
values are presented as means = SEM. 7171 Significant main effect of timé < 0.001). * Significant main
effect of condition (P <0.05). n = 8.

6.3.3. Respiratory responses

Oxygen consumption at rest was, on average, .729 (95% CI, .058 to 1.400)
ml-kg? - min? higher in the caffeine condition than it was in the placebo condition.
Which was statistically significantly different, t(7) = 2.568, p = .037, d = .904&IsWV

during recovery, oxygen consumption was, on average, .080 (95% ClI, -.656 to .817)
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ml-kg? - min~! higher in the caffeine condition than in the placebo condition. Which was

not statistically significantly different, t(7) = .258, p = .804, d = .091. (Table 6.2.).

There was a main effect for cotidn, showing that caffeine elicited statistically
significantly higher oxygen consumption than placebo during HIT, with anmea
difference of .706 (95%I, .168 to 1.243) ml-kg - min?t, F(1, 7) = 9.642, p = .017.
There was a main effect of time, showing that there was a statisticaliffcsigt change
in oxygen consumption during HIIT, F(1.536, 10.751) = 179.304,(@1, € = .192.
Changes in oxygen consumption during HIIT were not dependent on which condition
participants were in, as there was not a statistically significewo-way

interaction, F(3.873, 27.112) = .965-p440, & = .484. (Figure 6.4. A).

There was not a main effect for condition, showing that there wastrsticiily
significant difference between RER in the caffeine condition, cosadpt the placebo
condition during HIIT, F(1, 7) = 3.805, p =.092. There was a main effect of time, showing
that there was a statistically significant change in RER du#ihp, F(1.946, 13.620) =
22.907, p< .001, € = .243. Changes in RER during HIIT were not dependent on which
condition participants were in, as there was not a statistisadyificant two-way

interaction, F(2.079, 14.550) = .784+mM79, £ = .260. (Figure 6.4. B).

There are no statistically significant differences between conditoiF at rest
or during recovery from HIIT, with mean differences of .555 (95% CI, -3.413 to #.523
breaths/mint(7) = .331, p = .751, d = .117, and .779 (95% CI, -3.432 to 4.990)

breaths/min, t(7) = .437, p = .675, d = .155, respectively. (Table 6.2.).

There was a main effect for condition, showing that caffeine elicitetisteally
significantly higher BF, compared to placebo, during HIIT, with a meanrelifée of

1.175 (95% ClI, .028 to 2.322) breaths/min, F(1, 7) = 5.871, p = .046. There was a mai
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effect of time, showing that there was a statistically sigaificchange in BF during
HIIT, F(1.748, 12.239) = 25.623,9.001, £ = .219. Changes in BF during HIIT were not
dependent on which condition participants were in, as there was notisicstify
significant two-way interaction, F(4.013, 28.094) = .37%,.932, € = .502. (Figure 6.4.

C).

VE at rest was, on average, 1.528 (95% CI, .109 to 2.94Tin higher in the
caffeine condition than it was in the placebo condition. Which wasstgtatly
significantly different, t(7) = 2.546, p = .038, d = .900. Whilst, during recovery, VE was
on average, 1.132 (95% ClI, -1.843 to 4)108nin higher in the caffeine condition than
in the placebo condition. Which was not statistically significanffgdént, t(7) = .900, p

= 398, d = .318. (Table 6.2.).

There was a main effect for condition, showing that caffeine elicitedistgally
significantly higher VE, compared to placebo, during HIIT, with a mean differehc
2.890 (95% ClI, .016 to 5.764) L/min, F(1, 7) = 5.652, p = .049. There was a main effect
of time, showing that there was a statistically significanange in VE during
HIT, F(1.111, 7.774) = 31.177,9.001, ¢ = .139. Changes in VE during HIIT were not
dependent on which condition participants were in, as there was notisicsit
significant two-way interactiorf;(3.096, 21.675) = .388, p = .922= .387. (Figure 6.4.

D).
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Figure 6.4.displays oxygen consumption (ml-kg min?) (A), respiratory exchange ratio (B), breathing
frequency (breaths/min) (C), and ventilation (L/min) (During HIIT 1 hour following ingestion of
caffeine (3mgkg), or placeboAll values are presented as means = SEM. 111 Significant main effect of
time (P <0.001). * Significant main effect of condition (P < 0.05). n = 8.
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6.3.4. Cardiovascular responses to HIIT

There are no statistically significant differences between cafégidglacebo for
any cardiovascular measures. Resting SBP was, on average 5.5 (95% Cd, 122a0)
mmHg higher in the caffeine condition than the placebo condition. This mean difference
has a large effect size, but is not statistically significi} = 2.266, p = .058, d = .801.
Whilst for resting DBP there was a trivial, non-significant, meamdfice of -.125 (95%

Cl, -8.321 to 8.072) mmHg, t(7) = -.036, p = .972, d = -.012. (Table 6.2.).

Resting HR in the caffeine condition, was not statistically different to resting HR
in the placebo condition, t (7) = -1.477, p = .183, d = -.522. There was a moderate effect
size, with HR being, on average 2.198 (95% CI, -5.716 to 1.321) bpm lower in the
caffeine condition. Likewise, there was not a statistically 8t difference between
conditions, with HR being on average 1.726 (95% ClI, -5.585 to 9.036) bmp higher in the
caffeine condition, compared to placebo, during recovery, t (7) = .558, p = 59194d.

(Table 6.2.).

There was no main effect of condition for HR, showing that there was not a
statistically significant difference between conditions for HR duritigj,HF(1, 7) = .168,
p = .694. With a mean difference of 1.067 (95% ClI, -5.091 to 7.225) bpm. There was a
main effect of time, showing that there was a statisticaflgificant change in HR
throughout HIIT,F(1.576, 11.035) = 235.881, p < .0@1= .197. Changes irHR over
time were not dependent on which condition participants were irheas tvas not a
statistically significant two-way interactioR(1.998 13.987) = .905, p = 19, ¢ =250.

(Figure 6.5.).
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Figure 6.5. displays the effect of caffeine consumptionngkg) or placebopn acute heart (HR) rate
responses to HIIT. Data are presented as mean valuesrwittbars representing the SE#f+ Indicates
a significant main effect of time p <0.001. n = 8.

6.3.5. Rating of perceived exertion

There was a moderate effect size for lower session RPE in the caffeingocondi
compared to the placebo condition, with a mean difference of -.687 (95% CI, -2.029 to

.654), which not statistically significant, t (7) = -1.212, p = .265, d = -.428. (Table 6.2.).

There was not a main effect of condition for RPE, showing that caffeine
consumption did not elicit a significant reduction in RPE scores throughout HIIT, with a
mean difference of -.146 (95% CI, -1.299 to 1.007), F(1, 7) = .089, p = .774. There was
a main effect of time, showing that there was a statisticaghifeant change in RPE
throughout HIIT,F(2.029, 14.205) = 68.443,9¢.001, € = .254. Changes in RPE over

time were not dependent on which condition participants were irheas tvas not a
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statistically significant two-way interactioR(3.725, 26.076) = 1.154, p = .343= .466.

(Figure 6.6.).
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Figure 6.6.displays the effect of caffeine consumptiom{§kg) or placebo, on acute rating of perceived
exertion scale (RPE) responses to HIIT, used here to neetimiperception of effort. Data are presented
as mean values with error bars representing the $EMindicates a significant main effect of time p <
0.001.n=8.
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6.4. Discussion

The aim of this study was to determine the metabolic effects of caffeine durihgTill
achieve this aim, online gas analysis, as well as cardiokaisand capillary blood
responses were monitored at rest, during a HIIT session, and during 10sméauateery

In a within-subject crossover design, participants completed both caffeinek@) ragd
placebo conditions. Consistent with our hypotheses, energy expenditure was ajreate
rest and during steady-state exercise. Oxygen consumption, minutetiemtdad blood
lactate accumulation were also high in the caffeine condition dutiig However, there

was no evidrce of an increase in EPOC during the recovery period. Nor were there any

differences in cardiovascular or perceptual responses.

The most commonly reported alteration in substrate utilisation follogaffgine
consumption is a shift towards increased fat oxidation (Hursel et al., 36huibert et
al., 2014). However, despite consistent reports that fat mobilisatimréesased following
caffeine ingestion, indicated by elevated concentrations of serum freadat (Engels
& Haymes, 1992; Hodgson et al., 2013; Woolf et al., 2008) there is lichétidto suggest
that this increase in mobilisation is substantiated by an actraiase in fat utilisation
during moderate or low-intensity exercise (Hodgson et al., 2013) (Engelay&es,
1992), instead this may be an effect which is only measurable @tvesel et al., 2011)
or during relatively long bouts of exercise (Schubert et al., 2014). Therdicrdo the
high-intensity protocol used in the present study, which may preveshifiato fat
oxidation in order to meet the higimergy demand, it is not surprising that RER was not
different between conditions at rest, during recovery, or at any poingddtif and that

there were no differences in carbohydrate or fat substrate utilisation at aryyatint.

Energy expenditure and oxygen consumption, on the other hand, were higher in

the caffeine condition during rest, which is consisted with the body of research reporting
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the thermogenic effects of caffeine (e.g., Arciero et al., 1995; Astalp &090; Bérubé-
Parent et al., 2005; Dulloo et al., 1989; Hursel et al., 2011; Schuber2éidl), Energy
expenditure and oxygen consumption were also higher during the steadysstateip

period in the caffeine condition compared to placebo. Whilst this is cemisigith some
studies (Schubert et al., 2014; Wallman et al., 2010), it is inconistbte findings of
several other studies which have reported no effect of caffeine on engrgyditure

during exercise (Engels & Haymes, 1992; Hodgson et al., 2013; Paton et al., 2014).

It is difficult to reconcile this finding as there are differences sintlarities
between each of the studies that are or are not in agreement. i3 hewedeeper
explanation hergjust the simple observation that the studies reporting no effect of
caffeine on energy expenditure are either exclusively male partisig&mgels &
Haymes, 1992; Hodgson et al., 2013; Judice et al., 2013) or equally mixed &Pal.,

2014). Conversely, studies by Schubert and colleagues (2014) and Wallman and
colleagues (2010), which did report a significant increase in energy etyrerfdllowing
caffeine ingestion, included only women. Interestingly, participantse present study

were mainly women (6, compared to 2 men). It is possible thaffdetseof caffeine on
oxygen consumption and energy expenditure is more pronounced in women. Indeed,
there is some evidence that there are sex differences in physablogsponses to
caffeine, supposedly related to variation in steroid hormone concentrationpléT&
Ziegler, 2011). However, further research will be needed to estabbsextent of these
potential differences in relation to exercise. Another factor, which igosgible to
explore with the current sample is that the effect of caffeine on eagpgynditure at rest
appears to be greater in lean women (Bracco, Ferrarra, Arnaud, Jéquier, & Schutz, 1995)
and men (Dulloo et al., 1989) compared to their obese counterparts, whidhaxey
implication regarding the use of caffeine to increase energy deficggrultaneously

reducing appetite and increasing energy expenditure (as proposed by Schubert and
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colleagues, 2014) in obese populations. Which is the population for whom this approach

would theoretically be most beneficial.

There was no evidence of greater EPOC in the caffeine condititimeraswere
no differences in energy expenditure or oxygen consumption during the 10-minute
recovery period post-HIIT (Bagrsheim & Bahr, 2003). However, this should be irtetpre
with caution as the sample period in the present study was relatively tshOrtranutes,
compared to 120-minutes in the study by Schubert and colleagues (201 pigieport

higher energy expenditure during recovery.

Minute ventilation was higher at rest and during HIIT in the caffeorelition,
whilst breathing frequency was only higher in the caffeine condition duliiig Fhis is
consistent with literature reporting that minute ventilation follovnggestion of a higher
(5 mgkg) caffeine dose (Engels & Haymes, 1992), and provides objective data which
echaeesa feeling that was identified by a participant in chapter 5 duhieig preference
test explanation (Appendix L, participant ITO02 following experimentaliGess) "I

don't feel as out of breath, but it feels harder work", said following a placebo session.

There was a moderate effect size for lower session RPE in the caffeingocondi
compared to the placebo condition, whigbs not statistically significant. RPE during
HIIT was not different. This contradicts our hypothesis, as well asfaatachapte#
and 5 and findings from the literature which demonstrate an overwhelminigteony
in the ability for caffeine to reduce the perception of effort, both in termecote
responses during (Doherty & Smith, 2005; Schubert et al., 2014316ind ‘reflective’
ratings after (via session RPE) exercise (Killen et al., 2013). Howtbege, are studies
which have reported a similar effect, for example, Wallman and goksa(2010)
reported an increase iWO, and energy expenditure during steady-state exercise

following caffeine ingestion, whilst RPE was not different. A potenkplanation is that
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the increase in BF and VE (discussed above) observed here as an effect of caffeine, may
interact with the fact that participants are wearing, and breatimioggh, a face mask for
online gas analysis. Therefore, the increase in breathing frequency ane voduniined
with the higher (however marginal) breathing restriction and resistanceesay in a
diminished effect of caffeine on RPE. This potential explanation needas éxplored
with experimental work in the future as it may have important imjpbica for studies
simultaneously recording metabolic/physiological and perceptualipbgical
measures. Although it may be particularly prevalent for online gassiaitywould
likely extend to trials with invasive procedures for blood and tissue sagrpliany other
procedures that are in themselves uncomfortable or painful. If this proveshie tese,
the approach taken here, that is to separate perceptual and ghyaladssessments as
per chapter 5 and the present study, would be preferable when psycha@epews are

pertinent to the research question.

Consistent with Talanian & Spriet (2016) who did not observe elevated lactate at
rest following either 1.5, or 2.9 nigy, it is likely that the 3 mdrg dose use here was
lower than is required to elevate lactate at rest, as is shown witkk§ m@ther studies
(Engels & Haymes, 1992; Hodgson et al., 2013). During HIIT capillary bloodtdacta
concentration was higher in the caffeine condition compared to plaediioh is
potentially due to increased glycoly$athough there was not a statistically significant
difference in CHO oxidation it does appear to be elevated in thereatfendition (figure
6.2. A)). Clearly the protocol used in the present study was both intense @amoliging
enough to observe a significant differemedactate production during exercise, unlike
single or multiple supramaximal exercise protocols using 30-s sprintsh Wwave been
shown not to show an effect of caffeine on lactate accumulation duringsexgGreer et
al., 1998; Woolf et al., 2008) and therefore not able to determine any additional effect of

caffeine. The effect in the present study is more similar to studies using loweitiesens
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and longer durations (Astrup et al., 1990; Engels & Haymes, 1992; Hodgsorz@13),,
whilst the shorter overall exercise duration in the present study coayrat for the fact
that there are no differences 10-minutes post-exercise, whereas sgidgs longer
exercise duration have reported elevated lactate concentration passeXgngels &
Haymes, 1992). Whilst there were no differences between conditi@agiitary blood
glucose concentrations at rest, during HIT or during recovery. As idehtifi the
introduction, there are inconsistencies in the literature, with studmestireg higher
glucose at rest and during exercise following (Hodgson et al., 2013), ailgter has
observed an increase only after exercise (Woolf et al., 2008). The data frpresbat
study does little to consolidate these finding, however, it is pestiat the lower dose

used here (3 mkg rather than 5 migg) may be responsible for the null finding.

As expected, there were no differences in any of the cardiovascldaures at
any time point. This is consistent with the finding from chapters 4 awld Sell as
literature demonstrating that at low doses caffeine has little &ffect on cardiovascular

measures (Paton et al., 2014; Talanian & Spriet, 2016; Woolf et al., 2008).

6.4.1. Limitations

There is evidence to suggest that there is substangslimdividual variationin
metabolic responses to caffeine (Doepker et al., 2016). Some factors whicheleave
shown to moderate the metabolic effects of caffeine have been controllddidgbr.
habitual caffeine users, smokers, and pregnant women were excludedeasrtheall
factors which have been shovaralter caffeine’s half-life (D. G. Bell & McLellan, 2002;
Doepker et al., 2016; Schreiber et al., 1988). However, further differenced rielate
genetic factors, for example (Yang, Palmer, & De Wit, 2010), weretakan into

consideration. Other studies have taken measures to account for this)itoyrimg serum
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concentrations of caffeine and/its primary metabolite paraxanthine to determine the
rate of absorption and decay (e.g., Schubert et al., 2014). There is also steneesto
suggest that obesity (Bracco et al., 1995; Dulloo et al., 1989) and sepgl€T&rdiegler,
2011) are moderators of caffeinenctabolic effects. The present study is therefore also
limited in this regard as the primary inclusion criteria was baselhysical activity levels
rather than fitness or obesity and thus there is substantial variatiparticipant
characteristics. Although this variation may increase the externdityalf these data it
impedes on internal validity. Future studies maghaio sample more homogenous
groups by setting multiple inclusion criteria, for example, sedentarpesmveight, or
sedentary and unfit. Alternatively, a larger sample would allow sonfesétfactors to

be controlled for statistically.

An evaluation of the limitations which are shared between thdy sind those

presented in chapters 4 and 5 will be provided in the Human Discussion (chapter 7).

6.4.2. Conclusion

Caffeine appears to have thermogenic effects, both increasing energgiaxee
at rest and during steady-state exercise whilst also increasyggroxconsumption,
minute ventilation, breathing frequency and blood lactate accumulationgddiiT.
Consistent with previous work in recreationally active participants pthsent study
demonstrated for the first time that caffeine increases metatotivtyaduring HIIT in
sedentary people. This has implications for the use of caffeine incahytivity

behaviour and weight loss interventions alike.
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7. Part | (human) Discussion
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7.1. A summary of outcomes

The aim of Part | of this thesis was to conduct a full test (Patti the EM
approach). Full tests determine whether an intervention strategy orol stedtegies
changes physical activity behaviour, or a related outcome, viaetiiedts on specified
targets (Figure 1.1., Path D). Therefore, in this case, we sought to aetevimether
caffeine was able to influence exercise preference via its eftectieelings during
exercise. Work presented in chapter 4 utilised a single-subjectragpéal design as a
preliminary trial. We demonstrated that caffeine elicited &ipamt engagement of
several specific putative targetgithin the broader context of “feelings during exercise”
(identified as the global putative target in the General Introdyctemtion 1.3.). Further,
we provided the first experimental evidence that pharmacological inteEmecén
influence physical activity choice behaviour by manipulating feelings during and around
exercise training. In chapter 5, a group trial was conducted to build onttaEfindings
from chapter 4. The group trial corroborated many of the psychological anghtpaice
effects of caffeine observed in chapter 4, further demonstrating that phasgieabl
intervention can facilitate exercise by manipulating psycholbgacad perceptual
experiences during, and around, exercise. Beyond simply corroborating the sjnding
however, chapter 5 included a qualitative exploratory analysis of trerdaatderlying
exercise choice. This analysis suggested that perception of efferth&aprimary

determinant of exercise preference.

It can be argued that this is weak, as the behavioural outcome meahoeeas
rather than long term adherence to exercise, for example, and the timéebethe
putative target (perception of effort) and the behaviour is qualitative, but it should not be
ignored. Ivanova and colleagues (2015) provided the first indirect testroDPaf the

EM approach (as discussed in section 1.8.), though unknowingly. Where they
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demonstrated that commitment and acceptance therapy was &blgaige the putagv
target (reducing the perception of effort), resulting in improved eseetolerance, which
is an alternative physical activity related outcome. The presedy progresses thiny
providing further validation of Path B, which is the relationship betweepéhaeption
of effort and physical activity behaviour. Also, it provides initial proof athPD, as
physical activity choice behaviour change, elicited by the caffgitegvention, was

associated with putattarget engagement.

The next step in the line of research should be to investigate witbther
preference can increase long-term adherence to HIIT. Although we havdepran
initial test of Path D using an outcome related to physicaligcbehaviour, the reality
is that we do not know what a clinically relevant reduction inguron of effort is. In
the present study, the difference between RPE values during HIIT ssidrs®PE is
approximately a ~1 point difference on Borg’s (1970)6 — 20 scale. A full RCT is now
requiredto determine whether this 1-point change in perception of effort is surftici
produce practically relevant changes in chronic exercise behaviour (i.eqvedpr
exercise adherence). Alternatively, an intermediate step would letetionihe whether
the change in exercise preference, established here, resulthange an engagement.
This could be assessed by adopting an effort based decision-making paradid¢fodle.g
et al., 2010; Treadway et al., 2012; Wardle, Treadway, Mayo, Zald, & deWiil) to

look at acute effects of caffeine on exercise engagement.

Chapter 6 investigated the metabolic effects of caffeine during HIITreTike
evidence to suggest that caffeine can elicit a dual function of Bingeaon-exercise
thermogenic activity, as well as increasing energy expenditure durimgsewhilst
also facilitating exercise by reducing effort and increasing enjoyment dromopuous

moderate intensity exercise (Schubert et al.,, 20/ extend these findings by

137



demonstrating that caffeine is also associated with a higher metatvseks (chapter 6)
and desirable psychological responses to HIIT (chapter 4 and 5), wipahticularly

significant as HIIT may be maximally beneficial from a health perspective.

7.2. Limitations and future directres

A general limitation of each of the studies in this part of theishe the heavy
reliance on self-report measur®ghilst all of the self-report measures are well validated
and proven to be reliable, there is evidence to suggest thatsaif-neeasures can alter
the affect that one is trying to measure (Kassam & Mendes, 2013).hWiages
unobtrusive and objective measures desirable. There are a few sthatibshave used
neuroimaging techniques to identify areas of the brain that areiassbavith the
perception of effort during physical tasks (Staiano & Marcora, 2014). V\EH& has
been used to establish neural correlates of the perception of effort (de Maitre2(Ht2).
Other work has attempted to used facial EMG as an objective ceroélperception of
effort (de Morree & Marcora, 2012). Similarly, it is thought that faeiad vocal
recognition software may offer unobtrusive insight into what participants are feeling and
how that changes over time and in response to new information (Sheetar2@t3).
However, these measures are currently far less accurate than the cuveslableaself-
report measures. This is an area that will undoubtedly develop aldnteefitnological
advances. Though, for now, it seems that perceptual rating scales foraafieeffort

related constructs, at least, are the best available option.

There are other measures that have relied on self-report in thetpsassy,
however, which could be improved with currently and readily available techndfogy
example, in the present study inclusion criteria were based orepelfts of current

occupational and recreational physical activity, as determined byO®REPAQ
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(Appendix B). Whilst this simple questionnaire was quick and effidiéatks resolution.
Accelerometry can provide an option for passive measurement of freedntingy and,
if included in a preliminary observation period, could provide an objetiass to
include/exclude from experimental work based on habitual activitydeVals would be
costly, financially and in terms of time. However, if studying poporleti based on
variation in habitual physical activity is the primary objecttwhis would provide a more

rigorous profiling tool.

Likewise, although the purpose, and indeed a strength of the present study, was

the use of caffeine to facilitate exercise in a formally structured traiesgjas, caffeine

may also have effects on free-living physical activity (Judical., 2013). What has not

yet been explored, however, is whether the compensatory reduction in fnge-livi
physical activity that is often reported after exercise (King.e2aD7; King, Hopkins,
Caudwell, Stubbs, & Blundell, 2008) is mediated by caffemgestion. Therefore a
combination of a formal exercise trial (as used in the present statypined with
subsequent measurement of free-living physical activity, viela@metry, as used by

Jadice and colleagues (2013) could provide valuable and novel insight.

The qualitative analysis in chapter 5 provides initial evidenceptiraeption of
effort is the primary determinant, rather than a correlate (Bauman2@H2), of physical
activity behaviour. However, it was not possible to perform a medianalysis to
determine the causal roles of specific targets as the choice measure was birtargin na
Future research should seek behavioural measures which are compalfibtesdiation
analysis. As this will allow the causal role of perception of efe@tyell as other feelings
during exercise, on physical activity behaviour change following pharngicalo

intervention to be established.
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Perhaps the greatest threat to internal validity in each of thesan studies is
the lack of dietary controlTo maximise external validity, participants were able to
consume their usual diet and were only restricted from caffeine consumption for 3-hours
prior to each session. Participants were given food diaries; however whes for self-
monitoring purposed only and were not collected. Consequently, although participants
were instructed to keep their diet as similar ahead of easioeeas possible, there was
no way to quantify dietary variation. There are two relativetypde solutions to this
issue, which should be addressed with future studies. Food diaries are effem us
caffeine-related studies (e.g\li, O’Donnell, Starck, & Rutherfurd-Markwick, 2015;
Arciero et al., 1995; Laurence et al., 2012; Wallman et al., 2010). Alternatively, to avoid
placing additional demands on participants, controlled diets can be provitlexdh w

instead places extra demand and resourcing in the hands of the researcher.

Arelated issue is the fact that high habitual caffeine intakenflaence responses
to caffeine (D. G. Bell & McLellan, 2002). For this reason, high habtatieine users
were excluded from the present study, or they were required to reduce ilgeiafiaine
intake to low/moderate levels before participating. However, the catn of the
caffeine consumed during the study and their typical habitual intalehave resulted in
some participant consuming ‘high’ levels of caffeine throughout the study. This was not
considered or controlled for in any way, thus, responses to caffeine the gtadgmhay
have been altered over time. It can be argued that any potentaledtdd be diminished
here, since participants received treatments in an alternating fashion, mbagihgd a
minimum of one dose and a maximum of only two doses per week. Thismssube
more prevalent in RCTs adopting between-subject designs where somipgaiticould
receive the caffeine treatmerB times per week. Future studies could adjust inclusion

criteria regarding habitual caffeine consumption to mitigate this potenh&bend.
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Another area for future research is regarding caffeine delivery. Caffetapsule
form, as used in the present study, needs to be ingested in the hours befose texe
allow sufficient absorption time through the hepatic system (Astorino & Ruine2610).
However, chewing caffeinated gum allows absorption directly into thedbtream via
the buccal mucosa, thereby bypassing hepatic metabolism, speeding up caffesng deli
and enhancing caffeine’s bioavailability (Kamimori et al., 2002; Paton et al., 2014;
Wickham & Spriet, 2018). There are not currently any readily avaitaste matched
placebos for caffeinated chewing gum, therefore, administering caffeine in a capsule is a
sensible solution, particularly in studies utilising a within-sabjeesign where
alternative treatments are experienced by the same particgprahdifferences in taste
would be easily identified. However, as was suggested in the presemi®n, in
conducting the proposdCT or ‘full test’, to investigate the effect of chronic caffeine
consumption on exercise adherence, caffeinated chewing gum may be &laesira

alternative to capsules.

7.3. Conclusion

In Part | of this thesisve demonstrated for the first time that caffeine is effective
at facilitating HIIT in sedentary participants. We also provide fifgt experimental
evidence demonstrating that pharmacological intervention can inflpéysesal activity
choice behaviour by manipulating feelings during and around HIT. Furthermore,
qualitative exploratory analysis of the factors underlying exercise ehwicour novel
behavioual measure, identified perception of effort as the primary determinant of
exercise preference. Finally, we revealed that caffeine appeamsvéotirermogenic
effects, both increasing energy expenditure at rest and increasing metabolidustress
HIIT in sedentary people. This may have implications for the use ofraife physical

activity behaviour and weight loss interventions alike.
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Partll

A standard efficacy trial (Path X): Developing a preclinical modedsbthe

effects of pharmacological intervention on physical activity behavio
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8. Animal Introduction
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8.1. Introduction

Standard efficacy trials (Figure 1.1. Path X), are traditionally conceitid
whether, not how, interventions promote health behaviour change and oftea fail t
identify mechanisms by which interventions have elicited their tetiacthe primary
behavioural outcome. However, with carefully controlled laboratory studiepuotating
factors related to decisional costs in behavioural paradigmsx&onme), mechanistic
inferences can be made. This approach is suitable for use in prectioidels, where it

is not possible to collect self-report perceptual data relating to how one feels.

8.2. Effort-based exercise-related decision-making

Research has sought to characterise the role that multipte dtractures (e.g.,
amygdala, anterior cingulate cortex, ventral pallidum) and neurotrdesr{gadenosine,
GABA) play in effort-related choice behaviour (see Salamone et al., 2018, for a
review). Briefly, the emphasis has been placed on dopamine/ademusirations.
Dopamine-rich brain areas, including the neostriatum and the nucleus aos)inéve a
high concentration of adenosine A2A receptors (DeMet & Chicz-DeMet, 2002; dterré
al., 2004; Schiffmann, Jacobs, & Vanderhaeghen, 1991). There is considerable evidence
of cellular interactions between dopamine D2 and adenosine A2A receptors {ledrré e
1997; Fink et al., 1992; Fuxe et al., 2003; Hillion et al., 2002). Drugs thatpact
adenosine A2A receptors, such as caffeine and other methylxanthines, avhich
adenosine antagonists, can profoundly affect instrumental response output and effort
related choice behaviour (Farrar et al., 2010; Font et al., 2008; Mingdte2608; Mott

et al., 2009; Pardo et al., 2013; Worden et al., 2009).
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Formal models of effort-related dysfunction have been developed and widely
adopted in translational research. It is accepted that these are not nedessaidiying
as models of a particular disorder, but rather are focussed upon spgcifitos
dimensions and circuits that span multiple disorders, such as schizophaétiason’s,
and depression (Salamone et al., 2016). These generic models allstwdhef effort
mediated behaviour. The commonality between each of the conditiormtieatitilised
this translational research approach is that they @ckizophrenia, Parkinson’s, and
depression etc.) are associated with low, asymmetrical, or othemypaged dopamine
function. Dopaminergic dysfunction manifests slightly differently across these
conditions, but, they all impact decisional balance of cost vs rewanttjmgsn affected
individuals becoming less willing to expend effost itceive reward. The ‘real life’
implications of this dopamine-mediated effect on behaviour include statsatiy,
social withdrawal, psychomotor slowing, fatigue, and physical inactf@alamone et

al., 2016).

Interestingly, there is growing body of evidence implicating dopamine in the
regulation of physical activity behaviour. A review of animal and hurstdies
suggestd that dopaminergic activity is negatively correlated with physractivity
(Knab & Lightfoot, 2010). Exercise is a behaviour which demands effort and éefrol
effort in exercise-based decision-making has been demonstrated by literatureinggntify
effort and perceived exertion as primary barriers to engaging inisxei8echrist,
Walker, & Pender, 1987; Steinhardt & Dishman, 1989). So, the emerging link betwee

physical activity and dopamine function is not surprising.

Lower dopaminergic activity could mediate a reduction in voluntarysiphy
activity in two ways. Firstly, according to MIT, if perceived effoxiceeds potential

motivation individuals will disengage from a task. For example, low mapa in
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sedentary people may affect decisional balance, with the effort reqaimugage in
exercise exceeding their motivation towards this (very importantjthhedated
behaviour. Secondly, low dopamine activity may blunt the psychologicahrdew
associated with exercise, often referred to as the ‘runners high’ (Dishman & O’Connor,
2009). Based on this hypothesis, physically inactive individuals ati&yrhotivation for,
and psychological reward from exercise, in part, due to low dopamine furmopacting

intentions for exercise and feelings during exercise.

Although it is not on the agenda of leading research scientistsigatesj effort-
related dysfunction, there is a clear link with physical activélaviour. Translational
studies linking research with animal models, human volunteers, anthtjipulations
is already beginning to revolutionise the understanding of the neural baéstafedated
motivational dysfunction (Salamone et al., 2016). In this thesis, for thetifite, |
propose that effort-based decision-making paradigms, traditionally usadiyoedfort-
related dysfunction, can be extended to include voluntary physicaityetiercise

behaviour.

8.3. Aim of thesis Part Il

The aim of Part Il of this thesis is to develop a relevant and ttahkgre-clinical
model to measure the behavioural effects of pharmacological interveatigpisysical
activity behaviour. Testing the effects of pharmacological interveniorphysical
activity in animals is not a new concept; however, thegesaveral inconsistencies with
currently available models, relating to access, mode of activitg;of-day, and activity
duration, for example. The following sections of this chapter will disétesature which
informed the initial development of our model. Subsequent experimental work

progressing this model is detailed in chapters 10, 11 and 12.
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8.4. The nature of physical activity in mice

In order to develop a valid translational model of behaviour-based inteme
across species, fundamentally, relevant behaviours need to be both aidesheid
measurable. A review (Garland et al., 2011) provided an overview of thegical
control of voluntary exercise and spontaneous physical activity (S referred to as
non-exercise activity thermogenesis (NEAT)), relating to energyneloee and obesity
in humans and rodents. This review makes a strong case in demonstratspgcies
crossover in understanding physical activity behaviour (PAB), identifiagthere is a
clear separation in the measurement of SPA and voluntary exercise mtsrbdenot in

humans, where there is a higher degree of methodologicsaver.

Locomotionconstitutes a key element of animal behaviour, though ‘locomotion’
is an inherently broad term which can be broken into various behaviour types.
Locomotion required in the search for food, shelter, and mates, interaciing w
competitors, and avoiding predators can be classified as obligatory lacomatich is
often referred to as SPRor a human SPA would be ... “performing all of our daily tasks
such as walking, talking, yard work, and fidgeting” (Levine, Nygren, Short, & Nair, 2003)
p. 169. Other behaviours which are considered not to be directly required fomkurviv
homeostasis, or driven by any external factors can be described as ryohatbaty
(Garland et al., 2011). Voluntary exercise behaviour in humans is cleaylgamplex
(Dishman, Berthoud, & Booth, 20Q6yhereas with laboratory rodents’ societal effects

are absent making it a somewhat simpler.

Voluntary exercise in rodents is usually measured with wheel-running (Glark e
al., 2010; Kelly & Pomp, 2013; Sasse et al., 2008; Sugihara et al., 2013Vekpz
Ruijgrok, Deboer, & Tobler, 2006). It has been argued that voluntary wheel-running in

rodents may be a reasonable model of human voluntary exercise (Garlan@@t Bl
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Kelly et al., 2010; Rezende, Gomes, Chappell, & Garland Jr., 2009). For exdmple, t
day+to-day variability in wheel-running by individual mice from lines saledy bred for

high voluntary wheel-running and from a non-selected control line was faube t
similar to that observed for activity levels of free-living human children, adaitsand
young adults. This has been interpreted as evidence that biologatsmems influence

daily levels of physical activitfEisenmann, Wickel, Kelly, Middleton, & Garland,
2009). Although wheel-running is simpler than human exercise behavioursiillis
extremely complex. Wheels come in a variety of sizes, made of diffeaetials with
differing textures and can be configured in several ways as part of a home, or novel cage
environment (De Bono, Adlam, Paterson, & Channon, 2006; Sherwin, 1998). Though
counting devices may differ (Eikelooom, 2001) wheel-running can be quantifiedlas tota
revolutions, time active, and/or exercise intensity (Dlugosz, ChappelGillWcay,

Syme, & Garland, 2009; Girard, Rezende, & Garland Jr., 2007; Gomes et al., 2009;
Rezende et al., 2009). Additional information quality can be gleaned by argeysis,

for example, detailing the degree of intermittency and for identifyim@anes such as

running on the outside of the wheel (Waters et al., 2008).

Based on experiments showing rats lever pressing for access to tdlwdrsen,
1993) and rats that run long distances each day show withdrawal symptolendir{agnc
anger) when the wheel is removed, or if access is blocked (Hoffmann, ThoEg, &
1987), it has been assumed that voluntary wheel-running is rewarding for roaéacs, |
comparative psychologists have considered it to represent the da#fsmotivated
behaviour (Jonés et al., 2010). A review (Sherwin, 1998) of early work utilisieglwh
running found evidence indicating that various species are highly matit@tein on
wheels, even when absent from external reward. However, the nature ofrwireet
is quite a contentious topic. There have been claims thatniterely a response to

captivity, thougha recent study observed frequent repeated wheel-running activity by
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mice in the wild (Meijer & Robbers, 2014). This quite elegantly demonsttiaéé¢ wheel-
running, even in wild mice, can be an elective behaviour. Though volurdtavitya
particularly measured via wheel-running, is the most directly relgamailel to human
exercise behaviour (such as going for a walk/jog/run), to gain the full picture of physical

activity behaviour, observations of SPA is also required.

The assessmenf &PA in rodents can be measured in several ways including
photobeams to form a grid-like division of the cage, with force platestbrpassive
infrared motion detectors (Garland et al., ROGgbczynski & Konarzewski, 2009).
Though these measures are many and varied they each have thetsaate fuinction,
which is to record non-specific movement. Video analysis is requiredstimgliish
between different obligatory exercise behaviours which combine to form SPA, however,
a measurement of total movement (not accounting for individual activities) is dkim to
use of accelerometry data which is often used to quantify general raovemhumans
(e.g., Schrader et al., 2013), which was discussed earlier in the gererdiiction

(chapter 1 section 1.9.).

A further distinction can be made with these measurements. Actiait be
recorded in the home cage or in a novel environment such as in opendigl(Hesse,
Dunn, Heldmaier, Klingenspor, & Rozman, 2010; Viggiano, 2008) where SPA is
assessed over a short period in a novel environment. Tests such asdlofsn used to
measure the acute effects of drugs on SPA. Although very useful nreastsan the
right context, issues arise if they are interpreted inappropriatebh sas making
inferences about general behaviour based on behaviour in a novel environment, (Carea

Bininda-Emonds, Ordonez, & Garland, 2012).

Having access to a running wheel in the home cage has been showre&se

food consumption in rodents (R. R. Bell, Spencer, & Sherriff, 1997; Tokuyama, Saitot,
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& Okuda, 1982). If wheel access causes an increase in food consumptiam,bi¢ ca
assumed that the energy cost of the wheel-running is not fully compensatied fo
reducing other forms of home cage based physical activity. Unfortunately,few
studies have concurrently measured home-cage SPA and wheel-runningsietih¢o
which increased voluntary exercise may cause compensatory reducti@iRAi is
unclear. One study that did concurrently measure wheel-running and SPA mamitcged
exposed to either a fixed (accessible but not able to turn) or fred. \BiRFewas lower
in the free wheel condition (Koteja, Swallow, Carter, & Garland, Jr., 1999), sugpes
that the increased energy required in wheel-running can be at lehstpapensated by
reducing SPA. Later investigations found that during a 6-day period mxeaded
home-cage activity when allowed simultaneous access to a lteacreased the total
amount of time in activity (i.e., SPA and wheel-running combjiiiBe Visser, Van Den

Bos, & Spruijt, 2005).

8.5. Periodical wheel exposure

Typically, animals that have access to a running wheel haveely fawailable
throughout the entire 24-hour day cycle. There are many studies reportingiqdigai
adaptation in response to wheel exposure, but a paucity of work intentionadjyvinse|-
running to elicit a training response, or as a model of human exerciseduehdhose
that experiment with reduced exposure to the wheels are often iatenesbutcomes
other than a training response, such as its use as a non-photic stimblesaaoural
entrainment (Reebs & Mrosovsky, 1989; Sinclair & Mistlberger, 1997). Othdrest
obtain an acute behavioural measure of wheel-running as an equivalempenaield
experiment where animals are placed in a novel wheel outside ofhihie-cage

environment (Antle, Steen, & Mistlberger, 2001; Sinclair & Mistlberger, 1997).
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There is presently only one study that specifically uses restricted wheel exposure
(i.e., less than 24-hr) as a training intervention (Leasure & Jones, 2008).s@ities
have experimented with wheel movement restriction, where for portions dayhthe
wheel is able to move freely (Edgar & Dement, 1991). Othersateatimals to their
wheels (i.e., for a portion of the day the animal is enclosed withintieeljv(Antle et al.,
2001). The question that remains is which form of restriction is most approfmiate
translation to human exercise behaviour. This issue will be destusanore detail in

chapter 10.

8.6. Forced vs self-paced wheel-running

When searching for literature relating to training interventions in ammodkls
the most common exercise modality is treadmill running'®wtmming is also used. It
can be argued that neither are truly representative of human exercig®iebhacause
of the forced nature of tseexercise paradigms. For example, the gold standard treadmill
test in rodents requires the use of a shock plate to provide electric shocksais ariim
do not run (Booth, Laye, & Spangenburg, 2010). In this instance, volitional exhasstion
determined by the stage at which animals chose to receive the shthed, than
attempting to return to the moving belt of the treadmill (Booth et al., 2010; Jodar, 1995).
Likewise, with ‘swimming’ tasks, rodents are not choosing to swim, instead there is
usually insufficient purchase to stand and they are merely trying natraen
(Bogdanova, Kanekar, D’Anci, & Renshaw, 2013; Jodar, 1995). Here, volitional
exhustion is determined by the animal being unable to remain aboverfiheesof the
water (i.e., would drown without intervention). A study looked at both coldazrth-
water forced swims, white noise, as well as continuous or intemhitiescapable foot

shock stress (Fischman, Pero, & Kelly, 1996) finding that psychogenss strduces
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chromosomal and DNA damage. A recent study confirmed the hypothesis that
involuntary exercising rats undergo more physical and also menta gtegsvoluntary
exercising rats (Li, Kuo, Yen, Tsai, & Yang, 2014). With Treadmill runninghas
involuntary model and wheel-running as voluntary, rats performed locomotorsexerci
with wireless recording of hippocampal electroencephalogram (EEG). They found
different theta signals across the two activities, specificdlfferent changes in
hippocampal theta rhythm and divergences in heart rate that may rémksets of an
additional emotional state or sensory interaction during involuntary running. Syrdéarl
study compagd forced wheel-running (motorised wheel) wittifspaced wheel-running
over a 1-hour period on activation of hypothalamic corticotropin-releasingdma
neurons in rats (Yanagita, Amemiya, Suzuki, & Kita, 2007). The authors edpbet
although there was no difference in terms of distance ran betiveeiorced wheel-
running and self-paced wheel-running groups, there was a marked incréeseumber

of double Fos/CRH-positive cells in the hypothalamic paraventriculdeumsidor the
forced wheel-running group. Whereas there was only a small increase $etftpaced
wheel-running group, suggesting that spontaneous wheel-running is a nnédsosthan
forced wheel-running. A study sought to test the hypothesis that equiea®unts of
forced and voluntary exercise would exert different effects on physiologitalyioeral,

and neural parameters previously shown to be influenced by exerciseir@&aJones,
2008). Rats exercised five days per week and total activity washethdaily between
self-paced wheel-running and forced wheel-running groups. After 8 weeks training, in a
open-field test, forced exercisers were significantly less aatideentered significantly
fewer central squares than voluntary exercisers or sedentary controls. Baosdee
also increased defecation, a measure of emotionality in rodents.rébekie suggest that

long-term forced exercise influences affect-related behaviours.
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Together, these three studies suggest that there is no clear gdvahtasing
forced exercise as a training stimulus in rodents. In most casésyddtavas no greatr
than in free running rats but there is undue stress that appears to have long-term negative
consequences to activity behaviour. This is a very important datin for the
development of our model. Clearly, with the primary objective of thisghmsng to
examine the effects of pharmacological intervention on feelings dexeccise, the
increased psychological stress associated with forced exeraseeadmill or motorised
wheel, for example, would not be appropriate. Instead, a freely movabkd allowing
self-paced running activity would provide a more suitable model of hurolmtary

exercise behaviour.

8.7. Nocturnal vs diurnal time of day

Another important factor in developing a translational model of physitialtgc
is time and how it relates to daily activity. Through history mammals éeeed to be
active (or indeed, inactive) at times of day and night, to suit theolsae&Success in the
essential roles of hunting, prey avoidance and raising offspring are key ihetiesrin
species survival. Optimal timing of behaviour leads to distincviacisleep patterns
emerging such as nocturnal, or diurnal, where species are predominamgdydacing

the night, or day, respectively (Refinetti, 2016).

Light has the greatest influence on circadian rhythms. In circadian bitiroigg
cues, such as lights on or lights off, are referred to as ‘zeitgebers’ and under any controlled
regime, time is referred to as Zeitgeber Time (ZT) (Golombek & f&si, 2010). Each
ZT unit is equal to one conventional hour with the timing of the cuegetmst, set

according to the physical day. The usual convention has ZT12 as theftliglets off
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when nocturnal animals will be driven by the cue to become activaliérnal species,

such as humans, the onset of activity would coincide with ZTO.

Recorded locomotor activity may be plotted graphically as an actogpam
demonstrate timing of daily activity onsets and offsets relativee@xternal day along
with the intensity and duration of activity bouts. In mice, a standarcheegf 12 hours
light/12 hours dark results in episodes of activity largely confined to the dark hours with
an absence of activity during the light (see Figure 8.1.). In mice, ckastically
activity is low during the light phase, intense when lights go af§dir mid-way through
the dark phase, with higher levels of activity returning toward the eticeafark phase

(see Figure 8.2.).

Regarding human equivalent times, ZT12 marks the start of the actise pha
mice which would correspond with human morning time. The nadir in the thendequ
of the active phase ZT18-21 would represent a human equivalent afternoomhese
two periods are potentially suitable, as models of morning or afternoon/eariyngve

exercise in humans respectively.
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Figure 8.1. Representative actogram of nocturnal activity in a malésaonstrating synchronisation to
12:12-hour light-dark (LD) cycle. Dark vertical plots represasiivity via infrared motion detection over
15 days. Black/White bar at the top of the graph denotes t@.cy
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Spontaneous Physical Activity (counts/min)
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Figure 8.2. Displays a rhythm plot of infrared motion detectionidtst throughout the LD cycle.
Characteristically, activity is low during the light phaiséense when lights go off, a nadir mid-way through
the dark phase, with higher levels of activity toward ¢hd of the dark phase. Black/White bar at the
bottom of the graph denotes LD cycle.

8.8. Dose conversion between animals and humans

Understanding the concept of extrapolation of dose between species is mnporta
when initiating new animal or human experiments. Interspecies allonstaling
considers the differences in body surface area in relation to mass écagersion
from animal to human studies and vice versa (Nair & Jacob, 2016). A conrémtitor
(Km) is estimated by dividing the average body weight (kg) of aeglegits body surface
area (M). The example, provided by Nair and Jacob (2016), is that the aveunaggn
body weight is 60 kg, and the body surface area is 1% herefore, the K factor for
humansis calculated by dividing 60 by 1.62, which is 37 (Table 8.1.). Theaftor
values of various animal species (Table 8.1.) can be used to testinea Human

equivalent dose (HED) as:
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HED (mgkg) = Animal doserfigkg) x (Animal Ky / Human k)

The Knratio (i.e., Animal Kk, / Human k) values provided in table 8.1. are
obtained by dividing human JKfactor by animal Ik factor or vice versa. For instance,
the Ky ratio valuedor mice are 12.333 and 0.081, obtained by dividing 37 (human K
factor) by 3 (animal K factor) and vice versa, respectively. To obtain the HED values
(mgkg), one can either divide or multiply the animal doseykg) by the K, ratio
provided in Table 8.1. For example, facaffeine dose of 4éhgkg in mice, the HED

would be 3.24ngkg.

Table 8.1.Human equivalent dose calculation based on body suafaze Taken from (Nair & Jacob,
2016).

Species Reference Working Body To convert dose in To convert animal dose in mg/kg to HED
body weight surface mg/kg to dose in in mg/kg, either
weight (kg) range (kg) area (m?)  mg/m? multiply by K

Divide animal dose by  Multiply animal dose by

Human 60 - 1.62 37 - -

Mouse 0.02 0.011-0.034 0.007 3 12.3 0.081
Hamster 0.08 0.047-0.157 0.016 5 1.4 0.135
Rat 0.15 0.08-0.27 0.025 6 6.2 0.162
Ferret 0.30 0.16-0.54 0.043 7 5.3 0.189
Guinea pig 0.40 0.208-0.700 0.05 8 4.6 0.216
Rabbit 1.8 0.90-3.0 0.15 12 3.1 0.324
Dog 10 5-17 0.50 20 1.8 0.541
Monkeys (rhesus) 3 1449 0.25 12 3.1 0.324
Marmoset 0.35 0.14-0.72 0.08 6 6.2 0.162
Squirrel monkey 0.60 0.29-0.97 0.09 7 5.3 0.189
Bahoon 12 7-23 0.60 20 18 0.541
Micro pig 20 10-33 0.74 27 1.4 0.730
Mini pig 40 25-64 1.14 35 1.1 0.946

8.9. The effects of Caffeine on SPA and wheel-running

The first piece of research investigating the effect of caffeine astnaition on
activity in rodents was conducted by Def#853) Using group housed mice and home-
cage motion detection total activity was recorded. For doses be2veand 40ngkg
activity increased, whereas, for B@ykg activity decreased (Dews, 1953). Caffeine also

stimulates activity in animals that are individually housed Iffar et al., 2004;
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Pettijohn, 1979; Yacoubi, Ledent, Ménard, et al., 2000), when activity isunegaby
open-field (Halldner et al., 2004; Yacoubi, Ledent, Ménard, et al., 2000) and-wheel
running (Antle et al., 2001; Pettijohn, 1979), at doses between 5 and K& (Antle et

al., 2001; Halldner et al., 2004; Meliska & Loke, 1984; Yacoubi, Ledent, Ménard, et al
2000). In some cases, doses abovarigfkg either fail to increase activity or reduce
activity (Antle et al., 2001; Yacoubi, Ledent, Ménard, et al., 2000), antdxfeedose for
mice is between 125 and 500 gy (Seale et al., 1984). Together these studies suggest
that doses lower than 508gkg ought to be selected to avoid a potential suppression in

physical activity.

Generally, with these acute studies intraperitori@lifjections have been used,
however, with repeated doses, it is more common to see a mixttinesame studies
using IP injections and others using oral administration (caffeinatddrdy water). With
any differences in methodology it is important to interpret with oautiutin this case
there is some research directly comparing the two. Although companegl fosid
reinforcement rather than a measure of physical activity, Wangan@LR98) found that
caffeine’s uptake, pharmacokinetics, and behavioural effects are similar if injected IP or
consumed orally in rats. In a study measuring physical activity, there was a ddéfatenc
seems that tolerance develops faster with IP than with oral adration (Lau & Falk,

1994).

Repeated exposure to adenosine receptor ligands (particularly to Al receptor
ligands and caffeine) can lead to a rapid development of tolerance, iwtagient in
both motor and cardiovascular responses (J. F. Chen, Eltzschig, & Fredholm, 2013;
Fredholm et al., 1999) and is insurmountable even by high doses (Holtzmamg& Fi
1988). One particular study reported that after 24 days chronic caffeine injeatioiss,

measuring open field activity daily, behavioural tolerance developediekly as 23
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days, but was dose-dependent. With a dose omdikg tolerance was incomplete,
whereas, with a dose of 8dg-kg the tolerance was complete (Lau & Falk, 1995). Other
studies have used intermediary doses, finding that with IP dosesnofy k@ tolerance
was incomplete after 21 doses (Lau & Falk, 1994). An inevitable conseqoénce
substance tolerance is withdrawal, which was the subject of oneufarstudy. Chronic
oral ingestion of caffeine in mice caused a marked reduction in 8Féwing which,

At least 4 days of withdrawal were required to restore activity to alolewels, and 7

days withdrawal for normal dose respon@ékodijevi¢, Jacobson, & Daly, 1993).

Despite evidence suggesting that pharmacokinetics of caffeirgnaitar when
administered IP or orally, the reduced chance of developing behaviourahteléoathe
IP route makes it desirable. Also, contrary to oral administratiore teeéhe additional
advantage of being able to standardise the exact time and quaritgydoise, rather than

calculating the dose by measuring consumption after the fact.

While tolerance implies a lessening of drug effect, some behaviourabtidagt
to drugs involve enhancement of the effect of the drug (Meliska & Trevor, 118883
referred to as sensitisation (Stewart & Badiani, 1993). Sensitisation is where aceibsta
becomes more effective with each dose (Cauli, Pinna, ValentMpi&lli, 2003; Simola,
Morelli, & Seeman, 2008). With caffeine this effect may be attributemhtincrease in
dopamine receptors, specifically, rats that are sensitisedfe@neahave been shown to
express an increase of 126% in striatal D2 high-affinity receptors (Sitnhala 2008).
In one of the pioneering studies observing caffeine and behaviour, rats experighced w
caffeine wheelunning ran more wheel revolutions than those without prior experience
of caffeine (Meliska & Loke, 1984). A subsequent study sought to disentahglt&er
this sensitisation was a result of 1) prior drug 2) prior wheel-running psio3)combined

drug and wheel-running experience. They found that neither prior drug nor wheel-running
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experience moderatedheel-running with caffeine, whereas experience in combined
caffeine and wheel-running produced increased stimulation (Meliska, Landrum, & Loke,
1985). It seems this effect also extends to open field assessmphisichl activity, as
long as caffeine is consumed on intermittent rather than consedairgethe effect is
consistent. With the consumption of caffeinated water every otherddsypite rats
consuming significantly less over time (i.e., their self-seteckese reduced), physical
activity stimulation increased (Ball & Poplawsky, 2011). In anothetys interestingly,
caffeine produced cross sensitisation to nicotine and amphetamine (ffeipneca
sensitisation made rats more sensitive to nicotine and ampihettoo), suggesting that
they have similar central mechanisms (Celik, Uzbay, & Karakas, 2006). Irofititse
studies, it seems that treatment with caffeine would ideally\@ngn alternate days,
rather than consecutive days to potentially elicit behavioural satgt rather than

tolerance.

8.10. Summary of implications for model development

The primary objective of this thesis is to examine the effects of @tailogical
intervention on feelings during exercise, rather than on general physical activith.or SP
Therefore, voluntary exercise behaviour is the primary outcome, howevegkis
theoretical sense to also monitor general cage activity in ordedewtify any
compensation in physical activity following exercise. The model shoutdcasfeine
doses of lower than 5Mgkg to avoid a potential suppression in physical activity. In
terms of scientific rigour and to elicit desirable behavioural effdBtinjections should
be used rather than oral administration. There seems to be arsttiongle, related to
potential behavioural sensitisation for caffeine to be administereddtenmative rather

than consecutive days. Both ZT12 and ZT18 provide potentially suitable nhuma

159



equivalent times, corresponding to morning and afternoon respectively, tthéest

behavioural effects of pharmacological intervention.

Regarding the exercise paradigm directly, there does not appear daybe
advantage of using a forced exercise paradigm. Instead, a freelplmadeeel allowing
self-paced running activity would provide a more suitable model of hurahaaviour.
There is one thing, however, which is not at all clear in relabonheel access. How
much wheel exposure should animals have? Should they be enclosed withiegher

simply have it freely accessible? This issue will, therefore, be addresdsapiercl10.
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9. General Animal Methods
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9.1. Animal model

(Used in chapters 10, 11, & 12)

Male Wild Type C57BL/6JJAX™ Strain) mice, obtained from Charles River

Laboratories (Kent), were used in all experimental procedures.

9.2. Home-cage environment and wheel enclosure

(Used in chapters 10, 11, & 12)

Mice were individually housed in polypropylene cages measuring approximately
34 cm (I) x 16 cm (W) x 13 cm (h). During the enclosed EFWR observatioodpe
running wheel was introduced to the home-cage environment. Running wheelsfwe
cardboard construction, 81mm in diameter, and 55mm wide. A cap was fittedaseenc
mice within the freely movable wheel. The cap is clear atiubveathing holes, however,
it does block access to food and water for the duration of the EFWR obsepe&xiimh
Outside of EFWR procedures food and water were available ad libitum, howweer,

home cages did not have access to a running wheel.

9.3. Adenosine Antagonist Caffeine

(Used in chapters 10, 11, & 12)

Two different doses of caffeine (Sigma-Aldrich, Dorset, UK) were used (20
mgkg, and 40mgkg), administered via intraperitoneal (Ip) injection. The r2@kg
caffeine solution was at a concentration of 20.6 mM and mice recé&ndg. For
example, a mouse of 25 g would receive 150 ul, a dose of 0.5 mg. For liee, HiQ

mgkg, dose of caffeine, the solution was at a higher concentration of 41.2 mbkt whil

162



mice also received 5 pl/g. For example, the 150 pl given to a maugking 25 g would

be a dose of 1 mg.

9.4. Dopamine antagonistHaloperidol

(Used in chapter 12)

Haloperidol (Sigma-Aldrich, Dorset, UK), was administered at a dose of 0.2
mgkg. The vehicle for haloperidol was a 0.3% tartaric acid (Love Brewingted,
Chatsworth Road Chesterfield, UK) solution, which has been used previouslgen m
(Correa et al., 2016). The haloperidol solution was at a concentration of 106.488uM a

mice received 5ul/g. For example, a mouse of 25g would receive 150ul, a dose of 5ug.

9.5. IP injection procedure

(Used in chapters 10, 11, & 12)

Individually, mice were briefly removed from their home cages andhed.
With mass recorded, a 1ml syringe, with a 0.5 (25G) x 16mm hypodermieneed
charged with the correct volume of solution. The conscious mouse was lipanua
restrained (Simmons & Brick, 1970) and held in a supine position with itergoysend
slightly elevated. The needle was pushed in at an approximatehyng@’ lzetween the
needle and the abdominal surface in the lower-left, or lower-right, quadfathe
abdomen (Simmons & Brick, 1970). To avoid leakage from the puncture point, the need|
ran through subcutaneous tissue in a cranial directionf8rn2m and then inserted
through the abdominal wall (Cunliffe-Beamer & Las, 1987). Once the nbeadlseeached
the intraperitoneal cavity the solution was released from the sy#fige injections had

been administered mice were promptly returned to their home-cage.
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9.6. Wheel-running activity monitoring and data acquisition

(Used in chapters 10, 11, & 12)

Running wheels hae a small magnet built in that is detected each time a fukkivhe
revolution is completed. Wheel revolutions were recorded in 1-minute biabr{tmhber
of revolutions for per minute) using Chronobiology Kit (Stanford Software Systems,

Santa Cruz, CA, USA).

Measurements for analysis were as follows:

Distance (m) covered in the 2-hour observation period, which was calchiated
multiplying the number of revolutions by the internal circumference ofviheel.
Average speed (across the entire 120 min observation period), amdunagpeed (from
the most intense minute of activity), were calculated byat@wving equation: (S = speed

(m/minute); d = distance (m); and t = time (mins))

S=djt

Sedentary time (expressed apercentage) was calculated by dividing the number of
minutes for which zero whole wheel revolutions were recorded, by tHentotdoer of

minutes(120)x 100.

9.7. Infrared motion detection and data acquisition

(Used in chapters 10, 11, & 12)

Motion detection sensors were mounted directly above each cagesémsses

use a passive system that detects infrared energy. Each time moisdetatted a trip
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is switched- which resets after 3 seconds. Motion sensor trips (counts) were recorded in
1-minute bins using Chronobiology Kit (Stanford Software Systems, Santa Cruz, CA,
USA). Although motion detection can give an intensity output, with tlaimum
capacity of 20 trips per minutée., 1 every 3 seconds) it doesn’t have the resolution of
wheelfunning — where upwards of 10 revolutions may be recorded over the same
duration. Infrared motion detectidmdicates general and what can be termed ‘obligatory’

or spontaneous physical activity (SPA), such as collecting food, exploring, or playing.

Measurements for analysis were as follows:

Spontaneous physical activity. Taken as the average number of coumis yier
(count/min) over a given period. For example, over the remainder of the phtsge,

after mice were removed from the running wheel.
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10. Effects of caffeine administration at ZT12 on subsequent
wheel-running activity during open vs enclosed free wheel-

running
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10.1. Introduction

The aim of Part Il of this thesis is to develop a pre-clinical mddelest the
efficacy of using long-term repeated drug administration to increasgcphyctivity
behaviour. We are developing the model using caffeine though, if successifill, i
provide a platform to test other substances in the future. The animal intoodiethapter
8) identified a gap in the literature that will need to be addkbefore progressing to

experimental trials.

For the pre-clinical trial, it is essential that the frequemtgnsity, time, and type
of activity are as relevant for human populations as possible. The usendfeidénovel
environments for activity assessment) experiments or forced exerciseithen a
motorised treadmill or wheel) have been ruled out for reasons disdnsskdpter 8.

Therefore, a self-paced wheel-running paradigm is preferred.

In previous studies, typically, animals that have access to anguwhieel have
it freely available throughout their 24-hour cycle. There are many stuelEsting
physiological adaptation in response to wheel exposure, but a paucity of work
intentionally using wheel-running to elicit a training response. Thadekperiment with
reduced exposure to the wheels are often interested in outcomes othertréiama
response. As discussed in chapter 8, there is currently only one Isaidspécifically
uses restricted wheel exposure (i.e., less than 24-hr) as a trainimgntiten (Leasure &
Jones, 2008), where rats ran on wheels for a limited time, basedancdisbvered each

day.

Studies have experimented with wheel movement restriction, wherentdet s
only able to move freely for portions of the day (Edgar & Dement, 1991),tvoltliers

restrict animals to their wheels (i.e., for a portion of the day theadingnenclosed within
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the wheel) (Antle et al., 2001). The question here is: which form of restrist most

appropriate for our model

The two exercise paradigm options to be considered are: Open free wheejrrunnin
(OFWR) (i.e., having a wheel available in the home cage for a perioéctosed free
wheel-running (EFWR) (i.e., enclosing the animal in the wheel for a pefibd)other
primary consideration is time on the wheel, which will represenefegcise period
duration. In Leasure and Jones’ (2008)study, where they compared spontaneous vs forced
wheel-running, their exercise period was determined by the time tpletma set
distance, which increased throughout the study. However, this meathietspbntaneous
runners, by running significantly faster, ran for shorter periods than the forced runners.
Other studies have controlled for the duration, opting for 1 (Antle et al., 2001; Wickland
& Turek, 1991),2 (Reebs & Mrosovsky, 1989), 3 (Sinclair & Mistlberger, 1997) or 6 -
12 hours (Edgar & Dement, 1991). There are two key considerations for our model: 1)
the duration must be sufficient to observe the maximum effect of ouventeon; 2) it
cannot be so long that it is not appropriate for inferences and applicatfommian
populations to be made-@.2 hours in the gym, for example, would not be an appropriate

model for human voluntary exercise behaviour.

The primary objective in conducting this study was to determine thst m
appropriate form of wheel access to use in our pre-clinical model to #ssestects of

pharmacological intervention on physical activity behaviour.
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10.2. Method

10.2.1.Subjects

Fifteen male Wild Type (C57 BL/6J) mice were obtained from Charles River
Laboratories (Kent). Mice were 4-7 months of age, weighing{MD) 29 + 1g,
individually housed (as described in General Animal Methods section 9.2.)aih@er2
light:dark cycle (01:00- 13:00). Food and water were available ad libitum, except for

during EFWR trials.

10.2.2.Study design

This study utilised a fully within-subject design, where altentcompleted each
of the experimental conditions. Subjects completed two baselins (redeiving no
treatment), as well a®ur experimental trials, which were completed in a randomised

order (randomization.com). There was a minimum of 48 hours between each trial.

10.2.3.Experimental procedures

Following baseline measurements of OFWR and EFWR for a 2-hour observation
period between ZT12 and ZT15, subjects were randomly allocated to a treatdes to
complete the four experimental conditions (there are 24 possible permutdtions o
conditiors). The four experimental conditions were: A) OFWR following rag kg
caffeine; B) EFWR following 20ngkg caffeine; C) OFWR following physiological
saline (0.9% NaCl); and D) EFRW following physiological saline (0.9%CINa
Treatments were administered IP (See General Animal Methods section 9.5. fej.detalil
During all four experimental trials, mice were first briefly removed ftbeir home cages

and weighed. With mass recorded, a syringe was charged with the caoireoevof
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either caffeine or saline solution. After the treatment had déministered the mice were
promptly returned to their home cage. As soon as mice rettorbdir respective home
cages they either had open wheel access (OFWR condition) or wkrgeenwithin the
wheel (EFWR condition) (see General Animal Methods section 9.2. and 9.Gdis)de

On completion of a 2-hour observation period of OFWR or EFWR, wheels wereegmo

— T ——
ZT 00 ZT 06 ZT 12 ZT 18 ZT 00

Figure 10.1. Shows the initiation time for experimental procedureseiation to the light-dark cycle.
Treatment administration is marked by an illustrated syringe.

Caffeine Saline
. 20mg/kg IP N 0.9% NaCl IP
™A xA
Open
Free Wheel A X
Access |
“ “
Enclosed
Free Wheel B D
Access
Baseline Experimental conditions — order randomised

A B C D

248 248 248 248
hours hours hours hours hours

Figure 10.2.Study schematic. Animated syringe represents treatmerinigthation.
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10.2.4.Statistical analysis

Separate 2-way (wheel access/treatment) repeated measures ANO¥AS@e
for between trial comparisons of wheel-running activity. The Shapiro-sMilist of
normality on the studentised residuals was performed for all variables. Fglew
significant interaction between wheel access and treatmeplesinain effects were run.
Results were considered significant at p <0.05. All tests were carried out using IBM SPSS

Statistics for Windows, Version 24.0. (Armonk, NY: IBM Corp).

171



10.3. Results

There was a statistically significant interaction between eltsecess and
treatment F(2, 26) = 22.913, p < .Q@artial n? = .638. Therefore, simple main effects

were performed.

In the open condition, baseline wheel-running (623.143 + 104.261 revolutions)
was statistically significantly higher than following saline (368.48472.033
revolutions), or caffeine (179.124 + 37.40@volutions), with mean differences of
254.739 (95% CI, 123.132 to 386.347), p = .001, and 444.019 (95% CI, 276.447 to
611.590) p < .001, respectively. Furthermore, wheel-running following caffeine
treatment was statistically lower than following the salinattnent, p = .001, with a

mean difference of -189.279 (95% ClI, -284 to -94.321).

In the enclosed condition, baseline wheel-running (379.616 + 7896lutions)
was statistically significantly higher than follovgncaffeine (252.369 * 42.829
revolutions), p = .017, with a mean difference of 127.248 (95% CI, 26.416 to 228.080).
There was not a statistically significant difference betweenlibasend saline (306.834
+ 49.680revolutions), p = .066, or between saline and caffeine, p = .051, with mean
differences of 72.782 (95% CI, -5.495 to 151.060) and -54.466 (95% CI, -109.155 to

.224) respectively.

Wheel-running activity was statistically significantiower in the enclosed
condition compared to the open condition at baseline t(13) =-4.281, p =.001pva#dna
difference of -243.53 (95% CI, -366.423 to -120)638volutions. There was no
difference between wheel-running activity in the enclosed condtionpared to the
open condition following saline injections, t(13) = 1.686, p = .116, a mean difference of

61.569 (95% CI, -17.316 to 140.454). Whilst wheel-running activity was higher in the

172



enclosed conditiomompared to the open condition following caffeine injectiovith a
mean difference of 73.24 (95% ClI, -.962 to 147.451), this was not statistigaifjcant,

t(13) = 2.13, p = .053. (See Figure 10.3.).
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Figure 10.3.Enclosed (EFWR) vs open (OFWR) free wheel-running actiglitying a 2-hour observation
period, at baseline and following injections of physiologiedihe or 20mgkg caffeine. The time of day
was ZT12 (start of the active phase). All values are ptedeas means + SEM. Indications of significance
derive from 2-way RM ANOVAs and subsequent simple mairceffé 11 Significant main effect of wheel
accesgP <.001). # Significant main effect of treatmedt< .05). *** (horizontal) Significant wheel access

x treatmeninteraction (P < 0.001). * (vertical) indicates significant simple main effef treatmentt P <
.05,*** < 001. aaa indicates a simple main effect for wheel aceebascline (P <.001).
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10.4. Discussion

The primary objective of this study was to determine the most apgat®poirm
of wheel access to use in our pre-clinical model. Specificallytranasubject design was
employed to test two different wheel access paradigms. ThesdeeWdfR® and OFWR
Each of these paradigms was completed in three treatmenticosdat baseline (no
treatment), following saline (control), and following 2@ kg caffeine. These two forms
of wheel access have both been used previously in the literature butcneveared

experimentally so a directional hypothesis was not formulated.

Although there is a consensus among the literature that caffemalates
locomotive activity, observed frequently with analysis of open field behaviour (Halldne
et al., 2004; Yacoubi, Ledent, Ménard, et al., 2000), and voluntary wheel-running (Antle
et al., 2001; Pettijohn, 1979). The results from this study suggest the eppasit
caffeine administration either failing to increase wheel-running (in theREEWYdition)

or in fact depressing wheel-running (in the OFWR condition).

Unfortunately, there is a disconnect in the literature between rodentise
training studies and studies observing the effects of caffeine, wherelienan
explanation for this unexpected result. taiting studies, utilising wheel-running or
treadmills, the exercise is mostly completed at the start alaheperiod (their active
phase) (e.g., Leasure & Jones, 2008; Oudot, Larue-Achagiotis, Anton, & Verger, 1996)
which corresponds to a humamsorning. Whereas caffeine studies, where the time of
day is reported (scarcely so), in 12h light/dark cycles caffeine isatipedministered
during the day (inactive period) (e.g., Halldner et al., 2004; Yacoubi et al., 2qtB,
other studies place the rodents in to a 24h light cycle and do not iepodftday at all
(Meliska et al., 1985; Meliska & Loke, 1984). In any case, it sebatsaw, if any studies

have investigated the effects of caffeine administration duringghe (active phase) on
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wheel-running, thus, there is no context to place the results of our stddhene. are two
potential explanations, however. Though acute administration of caffeibedéashown
to stimulate home cage, and wheel-running activity acutely (durintpnéiotive phasg

the effect of behavioural sensitisation must also be considerede Thealso the
possibility that there is an issue with our home cage and/or wheets) i8 preventing

us from observing any possible effect.

Sensitisation is a specific form of tolerance where the behavietfeadt of a
pharmacological intervention becomes more effective with repeat athatiioiss (Cauli
et al., 2003; Simola et al., 2008). Though, as previously mentioned, caffeinfy acute
increased physical activity, there are cases where the iasréasactivity are not
statistically significant until multiple doses are giveng( Meliska, Landrum, & Loke,
1985). Therefore, it is clear that a more thorough investigation of theseffectpeated
doses of caffeine on physical activity, at times that are relevant to humandogl{aei,
ZT12 and/or ZT18), is needed. However, it is also important to ascevtaather the
unexpected effect of caffeine reported in this experiment is a true effedtether it is
an artefact, resulting from un-identified issue with our home cage environment or
running wheel, as setups vary between labs (De Bono et al., 2006; SHE99®&),
Therefore, the next phase of development should@&aale a ‘proof of concept’, testing
this wheel-running paradigm at a time corresponding to studies demonstiaing

stimulatory effects of caffeine published in the literature (i.e., during the inactige)pha

The suppression of wheel-running activity was an unexpected finding from this
study, but it haded to the generationf ideasin several areas which will feed into
subsequent work. The other factor, which was the primary objective dittiig was

regarding the wheel access paradigms.
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At baseline, wheel-running activity was significantly lower in tBEWR
paradigm than it was in the OFWR paradigm. This can eithadaken as evidence
supporting Ryarnd Deci’s (2000)SDT, as animals appear to complete more voluntary
wheel-running in the OFWR paradigm, when they are provided autonomy over the
behaviours, i.e., they can chodseeat, drink, play, climb, or indeed run on the wheel.
Whilst in the EFWR paradigm, where they are enclosed within teelyvthee are only
two options: run, or do not run. An alternative explanation is that the Epa¥iligm
captures a more specific form of behaviour, which is whole body movenmennalking
or running), whilst the OFWR paradigm allows mice to access the top wifthel via
the side of the cage where they could push the wheel. Likewise canictand beside
the wheel and push or pull the wheel using only their upper body, or evenealisitig
Qualitatively, these behaviours are relatively complex and havedaseribed by studies
using cameras to gain additional information quality (Waters et al., Z0B8)dilemma
here is that the OFWR paradigm seems more ecologically valdtranslates very
clearly to human behaviour, where, for example, humans may go to thengyohase
to engage in a few different activities, at will, including usihg treadmill. Whilst the
EFWR paradigm is akin to a human being put on a treadmill with la seasseeing how
far they are willing to walk/run. The issue, however, with the OFWR paradi that it
is not possible to quantify workload of these alternative behaviounsg lthee previous
example of a human in the gym choosing activities at will. Ifaswnly possible to
measure activity when they chose to use the treadmill, the futt effean intervention
could not be capturing. When the mouse is inside the wheel it cannot coast, so they need
to maintain full body movement for the wheel to rotate, whereas, frerattside mice
can push/pull the wheel and then step away allowing it to sglyffEhe other issue that
it presents it that it introduces the factor of intent. The purpose oh#ssstis to facilitate

exercise by manipulated feelings ‘during” which should subsequently impact future
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decision to engage in physical activity. It is not, however, ssdy to influence

intention to engage in general physical activity.

Although activity is lower in the EFWR paradigm at baseline diasussed
above), this effect is not true in either of the treatment conditidrexreTis no difference
between conditions following the saline treatment. Whilst theretierad for higher
activity in the EFWR paradigm following caffeine treatment, whichds significant.
Wheel-running activity was different between all treatments (i&selmevs saline,
baseline vs caffeine, and saline vs caffeine) in the OFWR paradignst\Whihe EFWR
paradigm, activity was lower following the caffeine treatment tham# at baseline, but
there were no further differences. Broadly, comparing OFWR to EFWR we see a
regression to the mean. With more variation in voluntary physitiaitgt in OFWR than
in EFWR. Together, the higher variability in physical activitythe OFWR paradigm
supports the argument presented above, that the OFWR paradigm is ca@tong v
non-specific activity behaviours. Therefore, the EFWR paradigm seemsaarimze
appropriate way to capture the specific behavioural outcome that wargetng, which

is voluntary physical activity behaviour, in a way that is translatablert@ahs.

The other factor that would be important to clarify in future work is withrcega
to the caffeine dose that was used here. Althougm@Rg is within the effective dose
range published in the literate (see Animal Introduction section 89pdassible that it

was not sufficient to elicit an increase in wheel-running.

10.4.1.Conclusion

In conclusion, in this study, there were some unexpected findings. Caffeine

seemed to suppress activity rather than simulate it. Howeveruitclear whether this
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unexpected finding can be attributed the single dose that was aénedibere, rather
than repeated doses. Or whether there is an unidentified issuewithome cage
environment or wheel setup. Or whether the dose used here was insutifiGgmntulate
wheel-running exercise in either the OFWR or EFWR paradigms. Consequently
experimental work detailed in the following chapter (chapter 11) will investigalteagac

these issues.

In relation to the wheel-runniracess paradigms, it appears that wheel-running
activity is more variable in the OFWR which has a potential psgdal explanation
(discussed above) and a strictly practical one. The simplest ofthexplanationgor
this finding is that OFWR presents a more general physical tggparadigm, whereas
EWFR directly captures the behavioural output that we are targetirty out
pharmacological intervention. Therefore, it seems that EFWR presentgshsuitable
wheel access paradigm to observe the behavioural effects of pharmadalbgicantion

at this stage.
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11. Examining timeef-day and caffeine dose effects on physical

activity behaviour in mice.
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11.1. Introduction

In the previous chapter, a study was conducted to determine the most appropriate
wheel access paradigm to assess the effects of pharmacologinanition on physical
activity behaviour. The conclusion was that enclosed free wheel-runnikgRE vhere
mice are enclosed within the wheel for a 2-hour observation period followingé&eiat
was better able to capture the specific behavioural outcome theihg targeted than the
OFWR paradigm, where mice were freely able to access the wheehgade in other
activities in their home cage. The other finding was thificee did not stimulate activity
in either wheel access paradigm. Three potential issues vgeressed. These werk)
Only a single dose of caffeine was administered, rather than replestesi on different
days; 2) There may be an identified issue with our home cage envitbomainning
wheel setup that is confounding the effect of the intervention; 8jade (20ngkg) used

may have been insufficient to stimulate wheel-runmmine EFWR paradigm.

Sensitisation is where a driggeffect is enhanced with repeated doses, which is a
concept that was introduced and discussed in the Animal Introductidioiis@®.) and
presented as a possible explanation for dggoressing effect of caffeine on wheel-
running in chapter 10 (section 4). Meliska and Loke (1984) provided early evidence of a
sensitisation effect to wheel-running following caffeine administrgti®mgkg and 45
mgkg). They found that although activity was increased, the incredseotl become
statistically significant until the third dose. In a subsequent stiMdyiska et al., 1985)
rats received repeated doses of caffeine rfigkg, injected IP) and wheel-running
activity was measured. There was a trend for an increase in wineatg activity for the
first dose (p = 0.1), which also became significant after repeated destsy did not
analyse wheel-running activity after every dose it is not possible to degehmwmmany

doses were required to elicit a significant increase in activitythAt can be concluded
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is that it was significantly increased (compared to control (distilled waterhebgighth

dose (p = 0.01). In a study a few years later (Meliska, Landrum, & Landrum, 288£))
delivering caffeine via drinking water rather than IP injections and mamifawineel-
running activity continuously throughout a 24/h period. Wheel-running (which was
analysed for each day) increased with each dose, becoming stifisignificant after

the fifth dose. Although only Meliska and Loke (1984) used a comparable EFWR
paradigm, this sensitisation effect appears prevalent regardless of adusss.
Therefore, at least-35 repeated intermittent doses of caffeine should be administered to

account for this effect.

As was discussed in the previous chapter (10), in studies investigatirdfect
of caffeine on physical activity behaviours in rodents, where the timeyatdaported
(scarcely so0), in 12h light/dark cycles caffeine is typically adr@resl during the day
(inactive period) (e.g., Halldner et al., 2004; Yacoubi et al., 2000), whilst studies
place the rodents in to a 24h light cycle and do not report time of ddy(aty., Meliska
et al., 1985; Meliska & Loke, 1984). In any case, it seems thatffewy studies have
investigated the effects of caffeine administration during the niglvéguitase). In order
to identify whether there is an unidentified issue with our home cag®ement and/or
running wheels, it is necessary to test the EFWR paradigmmaé atiday corresponding
to that used by studies reporting increased wheel-running following caffeiestiony
This would serve as groof of conceptand confirm the suitability of the EFWR

paradigm used herein.

In addition to repeated doses and exploring a potential time-of-day dependent
effect of caffeine, the other factor that was identified as a limitadf the previous
chapter was the inclusion of only one caffeine dose. The initial do26 wigkg is

approximately the midpoint of the effective dose range reported to stimulegel-
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running activity in the literature. Which is between 5 andmjkg (Antle et al., 2001;
Halldner et al., 2004; Meliska & Loke, 1984; Pettijohn, 1979; Yacoubi, Ledent, Ménard,
et al., 2000). The other reason this dose was chiegbatit corresponds to a HED of
1.622mgkag, (i.e., ~2 cups of coffee, or 3-4 cups of tea, for an average sized human) (Nai
& Jacob, 2016). As it cannot be ascertained from the results in chaptdrelifewthe
caffeine dose was insufficient to elicit a behavioural response oh&rtitere is an
alternative explanation. It is, therefore, necessary to includedditiomal dose. For
example, 40ngkg in mice would correspond with a HED of 3r2a¢-kg, which is similar

to the dose was shown to be effecti8angkg) at facilitating exercise in chapters 4 and

5.

This chapter presents the experimental work from three studies whielbbem
designed to address each of the issues identified here. Studyslage/proof of concept,
testing the EFWR paradigm during the inactive phase, which corresponds &s studi
the literature reporting an increase in wheel-running following caffeinenastration.
Study Il and 11l test the EFWR paradigm at the start of the activeepduad in the middle
of the active phase respectively. In each of the three studies nothame6é repeated
intermittent doses were administered, on separate days, to adoouatpotential

sensitisation effect. Finally, an additional dose ofrtkg was included.

The primary hypothesis of this study is that with repeated dosesfeiheawill
elicit an increase in wheel-running activity. Further, it is etgut¢hat the higher dose

will elicit a greater increase in wheel-running.

A secondary hypothesis is that sensitisation will account folagekk stimulatory
effect of caffeine when administered during the active phase. Therefteremaltiple

repeated intermittent doses caffeine should elicit a significant increase iR EFW
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11.2. Method

11.2.1.Study design

The schematic presented in Figure 11.1. illustrates the protocol follomestih
of the three studies described herdll three studies utilise a mix-model study design,
with one within-subject factor, of time (treatment occasion/trialj ane between-
subject factor, of treatment group. Universally, subjects completedrmagéis with no
treatment, where EFWR and SPA data were recorded. Next, subjeetsdethie
experimental phase of the study, where they were allocated to eitbatragnt group or
a control group. Subjects completed a total of 6 trials, where their nespEeatment
was administered via IP injection. After which, subjects were ergtl#hin a running
wheel, in their home-cage, for a 2-hour EFWR observation period (see Genenall A
Methods section 9.2. and 9.6 for details). Once subjects were removed fromhtbelir
SPA was passively monitored throughout the ensuing light and dark periedae(seral
Animal Methods section 9.7 for details). Details, such as subject nundrers)
allocation, the time of day in which procedures were initiated, and thedpesnd

duration of SPA monitoring are provided in the following sections.

Baseline Experimental
[ 1 = 1
2-h EFWR 3% 2-h EFWR
al Caffei
Somi MI!UI
Caffeine 1"\,_ :
40 mg/kg
Saline }II-.... » -/A
0.9% NaCl Tl

Treatment
1)) 2 sour i [1] ) [2][3][4][5][6
I allocation !

Figure 11.1.General study schematic. Syringe indicates treatagministration.
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Study i) Effects of caffeine administration at ZT0O6 (human edeit night-time) on

subsequent EFWR and SPA

11.2.2.Subjects

Fifteen male Wild Type (C57 BL/6J) mice were obtained from Charles River
Laboratories (Kent). Mice were 12-15 months of age, weighingt(8BD) 37 + 4q,
individually housed (as described in General Animal Methods section 9.2.) untizr 12
light:dark cycle (01:00- 13:00). Food and water were available ad libitum, except for

during the EFWR procedure.
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Figure 11.2.Shows the initiation time for experimental procedurestuilyi, in relation to the light-dark
cycle. Treatment administration is marked by an illusttayringe.

11.2.3.Experimental procedures

Following baseline measurements of EFWR for a 2-hour observation period
between ZT06 and ZT09 and subsequent SPA, subjects were randomlyedllocat
(randomization.com) to one of three treatment groups. In experimental mae
received injections at ZT06 (see Figure 11.2.) (administered IPthef saline (n = 5),

20 mgkg caffeine (n = 5), or 4bngkg caffeine (n = 5). Once treatments had been
administered mice were returned to their home-cage and pleit@d their running
wheel. On completion of a 2-hour EFWR period, wheels were removed. SPA was
measured continuously, and three time periods were extracted for aumalyss study.
These were: between ZT09 (+3h) and ZT12 (+6h) (the remainder of the inacsa) ph

between ZT12 (+6h) and ZT0O0 (+18h) (the following active phase); and beEv&é&n
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(+18h) and ZT12 (+30h) (the next inactive phase). Avef&iga was calculated from

each of these blocks and used for statistical analysis.

Study ii) Effects of caffeine administration at ZT12 (human exjaivt morning-time) on

subsequent EFWR and SPA

11.2.4.Subjects

Eleven male Wild Type (C57 BL/6J) mice were obtained from CharlesrRiv
Laboratories (Kent). Mice were 6-9 months of age, weighingH{ND) 32 + 29,
individually housed (as described in General Animal Methods section 9.2.) unti2r 12
light:dark cycle (01:00- 13:00). Food and water were available ad libitum, except for

during the EFWR procedure.
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Figure 11.3.Shows the initiation time for experimental procedurestuialyii, in relation to the light-dark
cycle. Treatment administration is marked by an illusttatyringe.

11.2.5.Experimental procedures

Following baseline measurements of EFWR for a 2-hour observation period
between ZT12 and ZT15 and subsequent SPA, subjects were randomly allocated
(randomization.com) to one of two treatment groups. Initially, mice reg@nyections
at ZT12 (see Figure 11.3.) (administete)] of either saline (n = 5), or 20g-kg caffeine
(n = 6). Subsequently, the protocol was repeated with the same micengesgiker

saline (n = 5) or 4dngkg caffeine (n = 6). In both instances, once treatments had been
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administered mice were returned to their home-cage and plat®d their running
wheel. On completion of a 2-hour EFWR period, wheels were removed. SPA was
measured continuously, and two time periods were extracted for analyisis stuidy.
These were: between ZT15 (+3h) and ZT24 (+12h) (the remainder of the actieg phas
and between ZT0O0 (+12h) and ZT12 (+24h) (the following inactive phase). Average SP

was calculated from each of these blocks and used for statistical analysis.

Study iii) Effects of caffeine administration at ZT18 (human eajeivt afternoon-time)

on subsequent EFWR and SPA

11.2.6.Subjects

Fifteen male Wild Type (C57 BL/6J) mice were obtained from Charles River
Laboratories (Kent). Mice were 9-12 months of age, weighing£(Il8D) 35 + 3g,
individually housed (as described in General Animal Methods section 9.2.) unti2r 12
light:dark cycle (01:06- 13:00). Food and water were available ad libitum, except for

during the EFWR procedure.
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Figure 11.4.Shows the initiation time for experimental proceduresudysiii, in relation to the light-dark
cycle. Treatment administration is marked by an illusttayringe.

11.2.7 .Experimental procedures

Following baseline measurements of EFWR for a 2-hour observation period

between ZT12 and ZT15 and subsequent SPA, subjects were randomly allocated
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(randomization.com) to one of two treatment groups. Initially, mice reteénjections

at ZT12 (see Figure 11.4.) (administetgy] of either saline (n = 7), or 20g-kg caffeine

(n = 8). Subsequently, the protocol was repeated with the same micengesttier
saline (n = 7) or 4ngkg caffeine (n = 8). In both instances, once treatments had been
administered mice were returned to their home-cage and plat®d their running
wheel. On completion of a 2-hour EFWR period, wheels were removed. SPA was
measured continuously, and two time periods were extracted for analyisis gtudy.
These were: between ZT21 (+3h) and ZT00 (+6h) (the remainder of the activE phase
and between ZT0O0 (+6h) and ZT12 (+18h) (the following inactive phase). AvelPage S

was calculated from each of these blocks and used for statistical analysis.

11.2.8.Statistical analyses

Separate ANCOVAs were performed, using baseline activity as ariates
(Vickers & Altman, 2001), for SPA for each period (i.e., remainder of inactivegact
following inactive/active/ and next inactive/active). The agstion of homogeneity of
regression slopes was tested by examining the interaction betwemvériate (baseline
values), and the independent variable (treatment group), which was acdegted i
interaction term was not statistically significgpt< .05). Standardised residuals for the
interventions and for the overall model were normally distributed, asseskby Shapiro-
Wilk's test (p > .05). Homoscedasticity and homogeneity of variancesassessed by
visual inspection of a scatterplots and Levene's test of homogenheigyiance (p= >

.05), respectively.

In some instances, EFWR variables violated the assumption of honmgganei
regression slopes (as described above). ANCOVA is not robust to violafidhss

important assumption, therefore, a decision was made to perform sdparatay mixed
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model ANOVAs on change scores (Vickers & Altman, 2001). Here, post-intgoae
values are subtracted from baseline values at each time paatfd@ise) to create a
negative or positive value indicating a decrease or increase fromtpreention levels.
For consistency, this analysis was used for all EFWR variablesd{g&nce, sedentary
time %, average speed, and maximum speed) in each of the threedsgsdidsed in this
chapter. The Shapiro-Wilk's test of normality on the studentised resdasliserformed
for all variables. Where sphericity was violated degrees of freedena corrected with
the Greenhous&eisser ¢ (Maxwell & Delaney, 2004). When necessary, a Bonferroni
post-hoc procedure was used for follow-up comparisons. Effect sizes for relevant
comparisons were calculated ysiCohen’s d, and defined as trivial (< 0.30), small £
0.3), moderate>( 0.5), and large X 0.8), respectively (Cohen, 1992). Results were
considered significant at p < 0.05. All tests were carried out using IBM SPSS Statistics

for Windows, Version 24.0. (Armonk, NY: IBM Corp).
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11.3. Results

Study i) Effects of caffeine administration at ZT06 (human edeit night-time) on

subsequent EFWR and SPA

11.3.1.ZT06 EFWR distance

There was a statistically significant two-way interactiomieein group and time
for running distance during EFWR, F(10, 60) = 2.353, p = .020. Simple main effects for
group were performed. Change scores in the caffeimagiy treatment grougs7.940
*+ 63.153 m) were statistically significantly higher at dose 4 comparthe waline group
(-144.057 = 39.834). With a mean difference of 201.996 (95% CI 64.213 to 339.780) m,
p = .008. There were no other statistically significant differences betgveaps. Simple
main effects for time did not reveal any statistically signifiaifferences over time for

any group. (Figure 11.5. A).

11.3.2.ZT06 EFWR sedentary time

There was a main effect for group, showing that change scores westcsiti
significantly different between groups, F(2, 12) = 21.372, p< .001. There was no
statistically significant main effect of time, F(5, 60) = 2.723, p = .028. There
statistically significant two-way interaction between group ame tfor sedentary time
during EFWR, F(10, 60) = 1.599, p = .129. Post hoc analysis was performed with a
Bonferroni adjustment, revealing that change scores for sedentary timg &WR
were statistically significantly higher in the saline grdB8i.967+ 6.680%) than they
were in the caffeine 2éngkg (-11.220 + 6.680%), or caffeine 40gkg (-27.867 +
6.680%) groups. With mean differences of 43.187 (95% CIl 22.604 to 63.770)%, p = .001,

and 59.833 (95% CI 39.250 to 80.417)%, p < .001, respectively. There was no statistically
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significant difference between sedentary time change soord® caffeine 20ngkg
group, compared to the caffeine @@ kg group, with a mean difference of -16.646 (95%

Cl -37.229 to 3.937)%, p = .103. (Figure 11.5. B).

11.3.3.ZT06 EFWR average speed

There was a statistically significant two-way interactiowleein group and time
for average running speed during EFWR, F(10, 60) =2.022, p = .046. Simple meti effe
were performed for group and for time. There were no statistically signi§itapke main

effects for group or time factors. (Figure 11Cj.

11.3.4.ZT06 EFWR maximum speed

There was a statistically significant two-way interactiowleein group and time
for maximum running speed during EFWR, F(10, 60) = 2.360, p = .020. Simple main
effects for group revealed that maximum speed change scores weracalgtist
significantly lower in the caffeine 2tgkg group (-2.879 + .466 m/min) compared to
the saline group (-.876 = .431 m/min) at dose 1. With a mean difference of -2903 (
Cl -3.988 to -.018) m/min, p = .048. There were no further statisticallyfisigmi group
differences. There were not statistically significant simple reffeccts of time for any

group. (Figure 11.5. D).

190



5004 1004
A @ Saline B . a
@ Caffeine (20mg.kg) , b
E 4004 @ Caffeine (40mg.kg) 80
44 a
2 o |
2 38
& A
N 300 2 E 60
° >
5 #
c
g 200 * 8 a0
(-]
3 »
o
4
3
& 1004 204
Ot y T g T y T Od—r v T T T T
& N €V -] ™ A2} © () N % e | \»)
& @ @ -3 -3 @ @ & o 3 -3 3 & 3
N ) ) & ) ) ) 2 ) 2 & ) &
&F FFFF I & F F&F & & &
C 9 D "
44
£ =
E §10.
E —
=9 - .
o 8 ~
2 a
(7) 7]
) * £ *
2% z
" =
14
Qedr v T - v v v 0
«° e\ e:" z"" @b‘ eo’ 06 o z'\ 0'1, c:n’ eb' e" ef’
P ) ) & & ) & P % & & ) &
& T P & & F & & Ff

Figure 11.5.Enclosed free wheel-running activity, during a 2-hour olag&m period, at baseline and
following multiple treatment occasions. The time of deas ZT6 (middle of the inactive phase). Mice
received injections (administered IP) of either saline §), 20mg-kg caffeine (n = 5), or 4hgkg caffeine
(n=5). A) total distance covered B) percentage of sadgtime. C) average running speed. D) maximum
running speed. All values are presented as means + SEM. lod&caf significance derive from ANOVAs
completed on withirsubject change score values.t Significant main effect of time (P < 0.05). # Significant
main effect of condition (P <0.05).* Significant condition x time interaction (P < 0.05). Where a significant
interaction is present, [a] and [b] represent signifiatifferences from saline for 48g-kg and 20mgkg
groups respectively (P < 0.05), from Bonferroni post-hoc tests.
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11.3.5.ZT06 SPA

Between ZT09 (+3h) and ZT12 (+6h) (the remainder of the inactive phase) there
was a statistically significant difference in SPA between groki(% 9) = 18.719, p =
.001, partial n2 = .806. Post hoc analysis was performed with a Bonferroni adjustment.
SPA was significantly lower in the saline compared to thangfkg caffeine (mean
difference of .815 (95% ClI, .2890 to 1.349) counts/min, p = .005) antyk@ caffeine
(mean difference of 1.094 (95% CI, .522 to 1.666) counts/min, p = .001) groups. There
was not a statistically significant difference in SPA betweemg&g caffeine and 40
mgkg caffeine (mean difference of 0.279 (95% ClI, -.329 to .887) counts/min, p = .632)

(see also Table 11)1.

Between ZT12 (+6h) and ZTO0O (+18h) (the following active phase) SPA did not
differ significantly between groups, of salifle16'+ .10 counts/min), 2hgkg caffeine
(.82 £ .09 counts/min), or 4éngkg (.82 + .10 counts/min), F(2, 9) = 4.01, p = .057,

partial n2 = .471 (see also Table 11).1

Between ZT0O (+18h) and ZT12 (+30h) (the next inactive phase) there was a
statistically significant difference in SPA between groups, F(2, 8)561, p = .017,
partial 12 = .593. Post hoc analysis was performed with a Bonferroni adjustment. SPA
was significantly lower in the saline compared to thenfkg caffeine (mean difference
of .093 (95% ClI, .018 to .168) counts/min, p = .017). Whilst there was not a statistically
significant difference in SPA between saline andfkg caffeine (mean difference of
0.059 (95% Cl, -.020 to .138) counts/min, p = .165), or betweengXy caffeine and
40 mgkg (mean difference of 0.034 (95% CI, -.034 to .101) counts/min, p = .532) (see

also Table 111
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Table 11.1. Adjusted and unadjusted means and variability S&4, in a home-cage environment,
following IP injections of high-dose caffeine (Atiykg), low-dose caffeine (2thgkg), or saline at ZT18
and a 2-hour period of enclosed wheel-running, with basgf#eas a covariate. M = Mean, SD = Standard
Deviation, SEM = Standard Error of the Mean. Activity wasasured in counts/min.

Dose administration: ZT06 Unadjusted Adjusted
Wheel: ZT06 (+0h)- ZT09 (+3h)

N M SD M SEM

Saline 4 1.08 .06 1.08 .13

ZT09 (+3h)- ZT12 (+6h) Caffeine 5 176 27 1,90 13
remaining ‘inactive’ phase 20mgrkg ' ' ' '
Caffeine ;534 53 217 14

40 mg-kg

Saline 4 1.16 A3 1.16 .10
ZT12 (+6h)- ZT0O (+18h)  Caffeine 5 81 23 g 09
Following ‘active’ phase 20mgrkg ' ' ' '

Caffeine

40 mgkg 4 .82 .20 .82 .10

Saline 4 .18 .04 AR .02
ZT00 .(+18'h)— ZT12 (+30h) Caffeine 5 29 03 o3 02
Next ‘inactive’ phase 20mgrkg

Caffeine 4 26 05  26* .02

40 mg-kg

* Indicates that adjusted means are significantly diffefiemh saline treatment group £.05).
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Study i) Effects of caffeine administration at ZT12 (human equivalenhimgrtime) on

subsequent EFWR and SPA

11.3.6.ZT12 EFWR distance

There was not a main effect of condition, showing that distance chamgss sc
were not statistically significantly different between the ¢afe20mgkg, and saline
groups F(1, 9) =.123, p = .734. With a mean difference of -9.674 (95% CI, -72.110 to
52.763) m. There was no statistically significant main effect of ti(g,45)=1.035, p =
.409. There was not a statistically significant two-way inteéwacbetween group and

time,F(5, 45)=.347, p = .882. (Figure 11.6. A).

The main effect of condition showed that distance change scorestatestcally
significantly lower in the caffeine 4@gkg group compared to the saline group, F(1, 9)
=8.645, p = .016. With a mean difference of -136.718 (95% CI, -241.904 to -31.533) m.
There was no statistically significant main effect of tifr€.878, 25.898¥F 1.027, p =
395, = .576. There was not a statistically significant two-way icteya between group

and timeF(2.878, 25.898% 1.836, p = .167 = .576. (Figure 11.7. A).

11.3.7.ZT12 EFWR sedentary time

The main effect of condition showed that sedentary time change seeres
statistically significantly lower in the caffeine 20gkg group compared to the saline
group, F(1, 9F 14.372, p = .004. With a mean difference of -13.151 (95% ClI, -20.999
to -5.304)%. There was no statistically significant main effectrad t- (5, 45)=.704, p =
.623. There was not a statistically significant two-way imtigoa between group and

time,F(5, 45)=.822, p = .541. (Figure 11.6. B).
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There was not a main effect of condition, showing that sedentaryctiarege
scores were not statistically significantly different betweenctiféeine 40mgkg and
saline groups, F(1, 9 2.420, p = .154. With a mean difference of -7.099 (95% CI, -
17.423 to 3.224)%. There was no statistically significant main effeanef E (5, 45)=
917, p= .479. There was not a statistically significant two-way ittiera between

group and timek-(5, 45)=.752, p = .589. (Figure 11.7. B).

11.3.8.ZT12 EFWR average speed

There was not a main effect of condition, showing that average speede
scores were not statistically significantly different betweendhffeine 20ngkg, and
saline groups, F(1, $3.243, p = .105. With a mean difference of -.662 (95% CI, -1.493
to .169) m/min. There was no statistically significant main effecinoé,t=(5, 45)=
.783, p= .567. There was not a statistically significant two-way intepacbetween

group and timek(5, 45) = 1.203, p = .323. (Figure 11.6. C).

The main effect of condition showed that average speed change scoees we
statistically significantly lower in the caffeine 48gkg group compared to the saline
group, F(1, 9¥ 15.769, p = .003. With a mean difference of -1.574 (95% ClI, -2.471 to -
.677) m/min. There was no statistically significant main effect ofetim(5, 45) =
717, p = .614. There was not a statistically significant two-way ittiera between

group and timek- (5, 45)=1.994, p = .098. (Figure 11.7. C).
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11.3.9.ZT12 EFWR maximum speed

There was not a main effect of condition, showing that maximum spreede
scores were not statistically significantly different betweendhffeine 20ngkg, and
saline groups, F(1, 9 .014, p = .907. With a mean difference of -.148 (95% ClI, -2.930
to 2.635) m/min. There was no statistically significant main effetinué, F(5, 45)=
.528, p = .754. There was not a statistically significant two-way ittiera between

group and timek-(5, 45)=.884, p = .500. (Figure 11.6. D).

The main effect of condition showed that maximum speed change scemes w
statistically significantly lower in the caffeine 48gkg group compared to the saline
group, F(1, 9F 6.525, p = .031. With a mean difference of -3.501 (95% ClI, -6.602 to -
.401) m/min. There was no statistically significant main effectime tF(5, 45) =
537, p= .747. There was not a statistically significant two-way ictiera between

group and timek-(5, 45)=.855, p = .518. (Figure 11.7. D).
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Figure 11.6.Enclosed free wheel-running activity, during a 2-hour olag&m period, at baseline and
following multiple treatment occasions. The time of deas ZT12 (start of the active phase). Mice received
injections (administered IP) of either saline (n = 520mgkg. caffeine (n = 6). A) total distance covered
B) percentage of sedentary time. C) average running speedafum running speed. All values are
presented as means + SEM. Indications of significandeedfeom ANOVAs completed on within-subject
change score values. # Significant main effect of condition (P < 0.05).

197



500+ 1001
A @ Saline B
@ Caffeine (40mg.kg)
E 4001 804
£
3 °
£ '
N
c 3004 g 604
©
o g E
">’ =
8 200 3 401
[
o »
o
c
3
0
5 100 - M
O v T v T 7 T (| v v v T T v
& ee’\ &£ &£ £ & e“b q)‘& 9‘?’\ &£ P F £ K
&F F F FF F F F F FF I
C 5 D 159
44
E £ 104
E £ 10
v3. o
° @
g g
a # - #
< =
14
(el v v ¥ v v T 0 v
¥ o'\ e:l' 0‘5 eb‘ & 06 < c-'\ zq' e:b 3 0" @6
» 2 & & ) N & ) ) &
& & & F & & & & & & & &

Figure 11.7.Enclosed free wheel-running activity, during a 2-hour olag&m period, at baseline and
following multiple treatment occasions. The time of deas ZT12 (start of the active phase). Mice received
injections (administered IP) of either saline (n = 54@mgkg. caffeine (n = 6). A) total distance covered
B) percentage of sedentary time. C) average running speedafum running speed. All values are
presented as means + SEM. Indications of significandeedfeom ANOVAs completed on within-subject
change score values. # Significant main effect of condition (P < 0.05).
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11.3.10. ZT12 SPA

Between ZT15 (+3h) and ZT24 (+12h) (the remainder of the active phase) there
was not a statistically significant difference between spontangoyscal activity the
saline group (1.24+ .11 counts/min) compared to the caffeine group 18711
counts/min), a mean difference of -.128 (95% ClI, -.498 to .243) counts/min, F(1, 7) =
.665, p = .442, partial N2 = .087. Between ZT00 (+12h) and ZT12 (+24h) (the following
inactive phase) spontaneous physical activity was statigtgigtificantly higher in the
saline group (.1% + .01 counts/min) compared to the caffeine group #(#£201
counts/min), a mean difference of -.054 (95% CI, .012 to .090) counts/min, F(1, 7) =

13.000, p = .009, partial n2 = .650 (see also Table 11)2.

Between ZT15 (+3h) and ZT24 (+12h) (the remainder of the active phase) there
was not a statistically significant difference between spontangoyscal activity the
saline group (1.Z6+ .06 counts/min) compared to the caffeine group 1006
counts/min), a mean difference of .137 (95% CI, -.072 to .347) counts/min, F(1, 6) =
2.565, p =.160, partial N2 = .299. Between ZT00 (+12h) and ZT12 (+24h) (the following
inactive phase) spontaneous physical activity was statigtsighificantly higher in the
saline group (.18 .01 counts/min) compared to the caffeine group?(4401
counts/min), a mean difference of -.039 (95% CI, -.064 to -.013) counts/min, F(1, 6) =

13.475, p = .010, partial n2 = .692 (see also Table 11)3.
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Table 11.2. Adjusted and unadjusted means and variability S&4, in a home-cage environment,
following IP injections of caffeine (2éhg-kg) or saline at ZT12 and a 2-hour period of enclosed wheel-
running, with baseline SPA as a covariate. M = Mean, Sardard Deviation, SEM = Standard Error of
the Mean. Activity was measured in counts/min.

Dose administration: ZT12 Unadjusted Adjusted
Wheel: ZT12 (+0h) - ZT15 (+3h)

N M SD M SEM
“Active phase’ Caffeine 8 1.35 41 137 11
‘Inactive phase’ Caffeine 8 .12 02 AR+ 01

* Indicates that adjusted means are significantly diffefiemh saline treatment group £0.05).

Table 11.3. Adjusted and unadjusted means and variability S&4 in a home-cage environment,
following IP injections of caffeine (4éhg-kg) or saline at ZT12 and a 2-hour period of enclosed wheel-
running, with baseline SPA as a covariate. M = Mean, Stardard Deviation, SEM = Standard Error of
the Mean. Activity was measured in counts/min.

Dose administration: ZT12 Unadjusted Adjusted
Wheel: ZT12 (+0h) - ZT15 (+3h)

N M SD M SEM
“Active phase’ Caffeine 5  1.42 28 1.40% 06
‘Inactive phase’ Caffeine 5 .14 02 Ak 01

* Indicates that adjusted means are significantly diffefiemh saline treatment group £0.05).
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Study iii) Effects of caffeine administration at ZT18 (human eajeivt afternoon-time)

on subsequent EFWR and SPA

11.3.11. ZT18 EFWR distance

There was not a main effect of condition, showing that distance chamiges sc
were not statistically significantly different between the cafe20mgkg, and saline
groups, F(1, 13) = .348, p = .566. With a mean difference of -26.856 (95% CI, -125 to
71.539) m. There was a statistically significant main effectnoé,t-(2.498, 32.469¥
3.560, p =.031. Changes over time did not depend on group as there was ntitalStatis
significant two-way interaction between group and tiF@,498, 32.469¥ 2.340, p=

101, €=.500. (Figure 11.8. A).

There was not a main effect of condition, showing that distance chamigs sc
were not statistically significantly different between the ca#edOmgkg, and saline
groups, F(1, 13) = .484, p = .499. With a mean difference of -27.849 (95% ClI, -114.371
to 58.673) m. There was a statistically significant main effetived, F(2.951, 38.367)
=3.209, p = .034¢ =.590. Changes over time did not depend on group as there was not
a statistically significant two-way interaction between grouptand, F(2.951, 38.367)

=1.832, p =.158 =.590. (Figure 11.9. A).

11.3.12. ZT18 EFWR sedentary time

The main effect of condition showed that sedentary time change seeres
statistically significantly lower in the caffeine 20gkg group compared to the saline
group, F(1, 13F 8.742, p = .011. With a mean difference of -12.456 (95% CI, -21.557

to -3.335)%. There was also a statistically significant main effetimaf, F(5, 65)=
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4.178, p = .002. There was not a statistically significant two-way siterabetween

group and time, F(5, 65) = .894, p = .491. (Figure 11.8. B).

The main effect of condition showed that sedentary time change seeres
statistically significantly lower in the caffeine #0gkg group, compared to the saline
group, F(1, 13¥ 26.664, p < .001. With a mean difference of -25.951 (95% CI, -36.809
to -15.094)%. There was no statistically significant main effect of, ti(e, 65)=
1.781, p = .129. Differences between groups does depend on time (dose) as there is a
statistically significant two-way interaction between group amdetiF(5, 65)=
2.730, p = .027. Simple main effects were performed for group differences at eaxch tim
point (dose). At dose 1 sedentary time change scores were statistgraficantly lower
in the caffeine 40ngkg (-12.718 £ 3.834%) group compared to the saline (2.734 +
4.314%) group, F(1, 13) = 7.221, p = .019. At dose 2 sedentary time change scores were
statistically significantly lower in the caffeine 4@gkg (-10.984 + 2.999%) group
compared to the saline (10.053 + 3.966%) group, F(1, 13) = 18.448, p AtQfiise 3
sedentary time change scores were statistically significémthgr in the caffeine 40
mgkg (-15.359 + 3.720%) group compared to the saline (14.304 + 4.337%) group, F(1,
13) = 27.283, p < .001. At dose 4 sedentary time change scores were atgtistic
significantly lower in the caffeine 4&gkg (-13.484 + 5.237%) group compared to the
saline (20.443 £ 5.772%) group, F(1, 13) = 19.031, p = .808ose 5 sedentary time
change scores were statistically significantly lower in the refféOmgkg (-13.796 *
3.340%) group compared to the saline (12.297 + 4.080%) group, F(1, 13) = 24.821, p <
.001.At dose 6 sedentary time change scores were statisticalijicamtly lower in the
caffeine 40mgkg (-14.525 + 5.825%) group compared to the saline (15.012 + 4)493%

group, F(1, 13) = 15.407, p = .002. (Figure 11.9. B).
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11.3.13. ZT18 EFWR average speed

There was not a main effect of condition, showing that average spaadec
scores were not statistically significantly different betweenctféeine 20mgkg, and
saline groups, F(1, 13) 1.884, p = .193. With a mean difference of -.541 (95% ClI, -
1.393 to .311) m/min. There was no statistically significant main effect of Ef@e} 71,
32.117)= 1.846, p = .16/¢ = .494. There was not a statistically significant two-way
interaction between group and tinkg2.471, 32.117¥F 2.624, p = .07,/ = .494. (Figure

11.8.C).

The main effect of condition showed that average speed change scoees we
statistically significantly lower in the caffeine 40g-kg group compared to the saline
group, F(1, 13F 9.309, p = .009. With a mean difference of -.921 (95% CI, -1.572 to -
.269) m/min. There was also a statistically significant maiecefbf time,F(2.845,
36.984)= 3.055, p = .043¢ = .569. There was not a statistically significant two-way
interaction between group and tinkg2.845, 36.984F 1.819, p = .163 =.500. (Figure

11.9.C).

11.3.14. ZT18 EFWR maximum speed

There was not a main effect of condition, showing that maximum speegeh
scores were not statistically significantly different betweenctféeine 20mgkg, and
saline groups, F(1, 13) =.008, p = .928. With a mean difference of -.076 (95% ClI, -1.878
to 1.725) m/min. There was no statistically significant main effec¢inté, F(5, 65)=
2.007, p = .089. There was not a statistically significant two-way ctterabetween

group and time, F(5, 65) = .532, p = .751. (Figure 11.8. D).
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There was not a main effect of condition, showing that maximum speegeh
scores were not statistically significantly different betweercéifeine 40mgkg group
and the saline group, F(1, 1:3)959, p = .345. With a mean difference of -.872 (95% ClI,
-2.796 to 1.052) m/min. There was no statistically significant main tefééc
time, F(2.930, 38.093¥F 2.031, p = .12,/ =.586. There was not a statistically significant
two-way interaction between group and tirR¢€2.930, 38.093F 1.312, p = .284¢ =

.586. (Figure 11.9. D).
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Figure 11.8 Enclosed free wheel-running activity, during a 2-hour obsienvgeriod, at baseline and
following multiple treatment occasions. The time of deas ZT18 (middle of the active phase). Mice
received injections (administered IP) of either salime {), or 20mg-kg. caffeine (n = 8). A) total distance
covered B) percentage of sedentary time. C) averagengispeed. D) maximum running speed. All values
are presented as means + SEM. Indications of significdadee from ANOVAs completed on within-
subject change score values. T Significant main effect of time (P < 0.05). # Significant main effect of
condition (P < 0.05).
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Figure 11.9.Enclosed free wheel-running activity, during a 2-hour olag&m period, at baseline and
following multiple treatment occasions. The time of degs ZT6 (middle of the active phase). Mice
received injections (administered IP) of either sajine 7), or 40mgkg caffeine (n = 8). A) total distance
covered B) percentage of sedentary time. C) averagengispeed. D) maximum running speed. All values
are presented as means + SEM. Indications of significdedee from ANOVAs completed on within-
subject change score values. T Significant main effect of time (P < 0.05). # Significant main effect of
condition (P < 0.05).* Significant condition x time interaction (P < 0.05). Where a significant interaction is
present, [a] represents significant differences between conditions at the time points indicated (P < 0.05),
from Bonferroni post-hoc tests.
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11.3.15. ZT18 SPA

Between ZT21 (+3h) and ZT0O (+6h) (the remainder of the active phase)vdere
not a statistically significant difference between spontaneous phyasitivity in the
saline group (1.44+ .11 counts/min) compared to the caffeine group E145409
counts/min), a mean difference of -.098 (95% ClI, -.406 to .209) counts/min, F(1, 10) =
508, p = .492, partial n2 = .048. Between ZT00 (+6h) and ZT12 (+18h) (the following
inactive phase) there was not a statistically significant eiffez between spontaneous
physical activity in the saline group (224 .01 counts/min) compared to the caffeine
group (.17 £ .01 counts/min), a mean difference of -.034 (95% CI, -.070 to .002)

counts/min, F(1, 10) = 4.489, p = .060, partial n2 = .310 (see also Table 11)4.

Between ZT21 (+3h) and ZTO0O0 (+6h) (the remainder of the active phaseyvtsere

not a statistically significant difference between spontaneous physitivity in the
saline group (1.55+ .10 counts/min) compared to the caffeine group 146008
counts/min), a mean difference of .051 (95% CI, -.242 to .344) counts/min, F(1, 10) =
150, p = .706, partial n2 = .015. Between ZT00 (+6h) and ZT12 (+18h) (the following
inactive phase) spontaneous physical activity was statlgtgighificantly higher in the
saline group (.20 .01 counts/min) compared to the caffeine group #(#44.01
counts/min), a mean difference of -.058 (95% ClI, -.102 to -.014) counts/min, F(1, 10) =

8.538, p =.015, partial 2 = .461 (see also Table 11)5.
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Table 11.4. Adjusted and unadjusted means and variability S&4 in a home-cage environment,
following IP injections of caffeine (2éhg-kg) or saline at ZT18 and a 2-hour period of enclosed wheel-
running, with baseline SPA as a covariate. M = Mean, Skardard Deviation, SEM = Standard Error of
the Mean. Activity was measured in counts/min.

Dose administration: ZT18 Unadjusted Adjusted
Wheel: ZT18 (+0h)- ZT21 (+3h)

N M SD M SEM
ZT21 (+3h)— ZT00 (+6h) Saline 5 1.45 .26 1.44 A1
“Active phase’ Caffeine 5 1.54 21 158 .09
ZT00 (+6h)— 7ZT12 (+18h) Saline 5 21 .02 212 .01
‘Inactive phase’ Caffeine 5 .17 03 17 01

Table 11.5. Adjusted and unadjusted means and variability for SPA, horme-cage environment,
following IP injections of caffeine (4éhgkg) or saline at ZT18 and a 2-hour period of enclosed wheel-
running, with baseline SPA as a covariate. M = Mean, Skardard Deviation, SEM = Standard Error of
the Mean. Activity was measured in counts/min.

Dose administration: ZT18 Unadjusted Adjusted
Wheel: ZT18 (+0h)- ZT21 (+3h)

N M SD M SEM
“Active phase’ Caffeine 8  1.66 38 1.6 .08
‘Inactive phase’ Caffeine 8 .14 03 1+ 01

* Indicates that adjusted means are significantly diffefierh saline treatment group {p.05).
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11.4. Discussion

11.4.1.Effects of caffeine administration at ZT06 (Study i)

Mice in the 40 mgkg caffeine group ran further than mice in the saline group
following dose 4. However, rather than an increase in activitppeéars that the higher
caffeine dose attenuated a decrease in running distance elicited by a saitronirljas
possible that the IP injection procedure caused a stress responseeghichd wheel-
running (Ryabinin, Wang, & Finn, 1999). Whilst caffeine, which is reported to &iave
analgesic effect (Sawynok, 2011), may have protected against discorabaitéed with
the injection. Although these data provide partial support for the hypothesis that caffeine
would stimulate wheel-running activity, the percentage of sedetitagydemonstrates
the effect more clearly. Percentage of sedentary time is stimplyumber of minutes in
which the mice did not complete any wheel revolutions as a pegeenfathe total
number of minutes in the 2-hour EFWR observation period (i.e., 120-minutes).&8gdent
time was lower in the 20 kg and 40 mgg caffeine groups than it was in the saline
group. Meaning that mice receiving caffeine were physically adtvea higher
percentage of the EFWR observation period. This is the net effect of increased sedentary
time in the saline groups and decreased sedentary time in the egifeups compared

to baseline.

SPA was higher in the 2@gkg and 40mgkg groups than it was in the saline
groups during the remainder of the inactive phase, immediately followendge FWR
observation period. This is not surprising as although the half-life of caffeimee is
relatively short, between, 40 and 60 minutes, it can take 4 to 5 hours for tomple
elimination from serum and tissues (Hartmann & Czok, 1980). It is therefebg that
the higher SPA was a consequence of lasting effects of caffeind=BiéR cessation.

Although not statistically significant, there is a trend for loweh 8Rhe following active
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phase. This may either be due to a compensation in physicalya@arland et al., 2011;
Lark et al., 2018; Pontzer et al., 2016) following increase energy expendittite in
previous inactive period, or a symptom of circadian rhythm disturbance. Circadia
rhythms can be shifted or entrained by light and by arousing nonphoticissoeh as
wheel-running. In fact, EFWR for a 3-hour period at ZT4 (very similar tgpthsent
study) has been shown to alter intrinsic pacemaker properties in ha(Sstetair &
Mistlberger, 1997). Although there was no difference for theng®g caffeine group,
SPA in the 40ngkg was significantly higher than in the saline group during the next
inactive phase, which may be a lasting effect of circadian rhygieraption (Sinclair &

Mistlberger, 1997) from completing 2-hours EFWR in the middle of the inactive phase.

11.4.2.Study ii, and iii) Effects of caffeine administration at ZTd&d ZT18 (Study ii,

and iii)

Together the findings from study ii and iii suggest that caffeiwben
administered at times relevant to human exercise behaviour isnmgsultmice being
active for a higher percentage of the time during the EFWR obserysiiod, however,
this is not universally resulting in higher overall distance covewed is actually
particular with the higher dose, reducing average speed, and, during thedgunvatent

morning time (ZT12) when activity is usually most intense, maximum speed.

SPA during the following inactive phase was higher in theng@g and 40ngkg
caffeine group at ZT12, and in the #@ykg caffeine group at ZT18. Similarly, where
wheel-running stimulation at ZT06 may have induced a compensatory skeeaneaPA,
here the wheel-running suppression may have resulteadcampensatory increase in

ensuing SPA (Lark et al., 2018; Pontzer et al., 2016). However, this proposed
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compensatory relationship has not been tested in this directionofieexercise results

in higher SPA) so it is purely speculative.

These findings are concurrent with those from the previous chapter, daecaffe
does not appear to stimulate wheel-running activity at timesateatelevant to human
exercise behaviour. In the previous chapter it was not possible to identify an explanation
as there were several possibilities. However, this study haslettImultiple repeated
intermittent doses on separate days, to investigate whether behagensdisation to
the effect of caffeine on wheel-running was limiting the acute efféxdre is no evidence
of sensitisation in any of the three studies detailed in this chaljterother potential
explanation was that the dose may have been too low to stimdageificant increase
in activity in our 2-hour EFWR paradigm. However, although the highemg@g
caffeine dose appears to be more potent stimulating activity dimenignactivity phase,
it is arguably having a stronger suppressing effect during the gdtage than the 20
mg kg caffeine dose. The third potential explanation was that our horaeenggonment
or wheel setup was somehaimvarting the effect of caffeine, however, our ‘proof of
concept’ (study i) has demonstrated that caffeine does elicit a signifinargase in
wheel-running activity at times corresponding to sadeporting thus in the literature
effectively dispelling concerns about our procedures and environment. Thete mus

therefore, banalternative explanation.

Although not directly related to physical activity, there isualgthat is consistent
with our findings, in relation to a time-of-day dependent caffeine effechisnstudy
(Hauber & Bareil3, 2001) theophylli@ metabolite of caffeine) elicited a significant
improvement in performance in a working spatial memory task in ratsevwthis

effect was observed during the inactive phase only. When they repeatmddbdure
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during the active phase there was no difference in performance betwsethaa

theophylline and saline condition.

Caffeine appears to only be effective at increasing activity in mvioen it is
habitually low. This may be due to the fact that mice and other rofiedtsunning
inherently rewarding (Correa et al., 2016) and are highly motivated to desspossible
therefore, that their wheel-running activity is already at a point of saturatibcedfeine
is unable to increase further. There is literature suggesting that ruspeegl among
rodents is tightly linked to dopamine turnover in the striatum (Fre¥d®amoto, 1985;
Hattori, Naoi, & Nishino, 1994) and that dopaminergic activity is highenice bred
selectively for high wheel-running (J. S. Rhodes, Gammie, & Garland, 2005h)dw s
(Renteria Diaz, Siontas, Mendoza, & Arvanitogiannis, 2013) demonstrated tbagj am
rats who completed high levels of wheel-running habitually, cocainem@kg), a
dopamine agonist, did not increase locomotion in an open-field teststVémiong
relatively low wheel-running rats, locomotion was significantly iasexl.As caffeine
(an adenosine antagonist) directly impacts on dopamine release (Jé&s&dymnger,
1991; Nehlig et al., 1992), it is possible that our mice are sigifaotected from
behavioural sensitisation of caffeine due to altered dopaminergidyetsgociated with

high wheel-running (J. S. Rhodes et al., 2005b).

Interestingly, running is rewarding, but when dopaminergic activity e
swppressed preference shifts away from wheel-runmngecent study (Correa et al.,
2016) demonstrated that, although wildtype mice selected wheel-runninglaating
ahigh sucrose food under typical conditions, whecewere pre-treated with haloperidol
(a dopamine antagonist) there was a significant decreaskeatiae for wheel-running
and an increase in selection for obtaining a high sucrose food. Simitaglyamine the

effects of adenosine antagonists on conditions of effort-related dysfunction, first
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impairments are induced by creating lesions in areas of the brgonsdsle for
calculating decision costs, or through pharmacological intervertidmotk dopamine

(Salamone et al., 2012).

As for the suppressing effect of caffeine during our 2-hour EFWR paradigm
particularly with the higher (4thgkg) dose. J. S. Rhodes and colleagues (2005) provide
a suitable working hypothesis based on their work using mice bred for highnwhemg
as a model of ADHD, which is characterised by hyperactivity. They found that opposing
treatments of apomorphine (stimulates dopamine receptors) and raclopride (blocks
dopamine receptors) both reduced wheel-running in mice. The authors recbiscile t
conflict by suggesting that if dopamine is necessary for wheel-runmieg, it seems
likely that it would have to function at a specific level and thgbharmacological
manipulation that disturbs the dopaminergic system in any way would have thegbotenti
to interfere with wheel-running. Thus, it is feasible that caffeine Hesrupted

dopaminergic regulation that impacts wheel-running.

11.4.3.Conclusion

In conclusion, we have found partial support for the hypothesis that caffeine
would increase activity during the day. However, despite testing two (heiquawvalent)
doses, and administering 6 repeated intermittent doses there wasdeoceviof
behavioural sensitisation to caffeine. Therefore, we must reject {hathegis that
sensitisation would account for a delayed stimulatory effect of caffeihenw
administered during the active phase. It may be possible that tihesan® simply not
an appropriate model of human physical inactivity, which is an issuesttiscussed in

the next chapter (12).
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12. A mouse model of human sedentary behaviour: Reversing the
effects of pharmacologically induced physical inactivity in

mice.
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12.1. Introduction

In the two previous chapters, we demonstrated for the first timeatfieine dos
not stimulate EFWR in mice at times of the day that arevaateto human exercise
behaviour. Whilst we corroborate findings published in the literature which ghatw
caffeine does effectively stimulate wheel-running at times wdedivity is otherwise
habitually low. For example, during the inactive phase (human equivaggttime).
We used two different doses of caffeine, at different times of the ately following
multiple repeated intermittent doses. It is remarkable thafitldig has not before been

published, however, there is some literature which indirectly supports our data.

Although not relating to exercise behaviour per se, a similar diroey
dependent effect of an adenosine antagonist (theophylln@etabolite of caffeine) has
been observed. Theophylline administration elicited an improvemeipiainal memory
performance in rats during the inactive phase but not the active phasepetiernmance
was higher than during the inactive phase but not altered by the drug (HaBloeei&,
2001). In other work, dopamine agonists (specifically these are dopamairspdrter
blockes) including Ritalin and Cocaine, which typically elicit a 8aneffect to caffeine,
actuallysyppressed wheel-running activity among mice selectively bred forlévgis
of wheel-running, whereas tontrol” mice wheel-running was slightly increased (J. S.
Rhodes & Garland, 2003). Drawing a parallel to our work, it is possible that we have not
been unable to elicit an increase in wheel-running activity Usecactivity levels are
already high, at a point of behavioural saturation. This hypothesis is suppwpitee fact
that mice are highly motivated to run (J. S. Rhodes et al., 2005b) and find wheel-running
intrinsically rewarding (Salamone et al., 2016). Which begs the questiomiereand
otherrodents” who are highly motivated to run inappropriate models of human physical
inactivity?
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Translational models are e ubiquitously in the development of drugs and in
determining targets. In fact, it has been suggested that because otettest in
identifying novel treatments for energy-related symptoms of manyhpkgical and
neurological disorders (which conceptually extends to include physiaetivity) it is
important to characterise the effects of adenosine antagonists in both ¢tlumtal trials
and animal models (Pardo et al., 2013). It is common to alter baselingdueban
animal models to mimic those of a target population, which is aepbrtbat was
introduced in the Animal Introduction (section 8.2This can be achieved through
selective breeding (e.g. Zombeck, Deyoung, Brzezinska, & Rhodes, 2011)cgeneti
modification (J. W. Young, Powell, Scott, Zhou, & Geyer, 2011), the production of
lesions or depletions in specific brain areas (e.g. Kennerleypkly@ehrens, Buckley,

& Rushworth, 2006), or indeed pharmacologically.

With gene editing technology candidate genes, hypothesised to playirattae
etiology of a disorder, can be altered and the behavioural consequenced &kugl,
Gainetdinov, Jones, & Caron, 1999). However, a clear disadvantage of thischpproa
that only one or two genes can be targeted at one time, whilstb@leaviours are
influenced by many genes (J. S. Rhodes et al., 2005b). Selective breedingnfpleexa
selecting for ‘lazy’ mice, would provide a powerful alternative to genetic engineering but
generation cycles can be several months and the development of thetsetfdelquired
considerable time before a formal investigation can begin. Braomesind depletions,
aswell as pharmacological intervention, on the other hand, provide quick resilita@

identify differences in function that might arise from many different tgb@sechanisms.

Lesions and dopamine depletions in the anterior cingulate gyrus {A@g of
the ACC) hae been shown to cause rats to shift their choice behaviour from high

effort/high reward options to low effort/low reward alternatives (Hauber & Samme
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2009; Schweimer, Saft, & Hauber, 2005), for example. However, a major limitatio
this approach is that lesions in brain areas such as the anterior teragutax, which is
implicated in the processing of dsicin cost (Kennerley et al., 2006), can also impede
motor control (Holec, Pirot, & Euston, 2014). This can be particularly problematic when
using a complex behavioural output such as wheel-running. Whilst a common
pharmacological intervention used to indupgychomotor slowing’, the dopamine D2
antagonist Haloperidol, was shown to reduce voluntary wheel-running (Paid@6t.3)
whilst not apparently impeding motor function (Correa et al., 2016). This warsrde¢d

by video assessment of ataxia and coordination (i.e., gait), aasvpliw placement on

the floor of the running wheel.

A study, which was introduced in the discussion of the previous chapteoiisect
11.4.), utilised a combination of genetic engineering and pharmacology (Coaka et
2016). A T-maze paradigm was used to evaluate decisional costs. Giderd the
junction, mice were presented with a freely accessible running whedhether side,
mice had access to a highly rewarding (high sucrose cofdedtHaloperidol injections
increased time spent consuming sucrose and decreased the tirhé gpenrunning
wheel (see Figure 12.1.). This is not surprising as dopamine has beemteupirc the
regulation of physical inactivity (Knab & Lightfoot, 2010). Interestingly the same
study (Correa et al., 2016) there was no change in choice behaviour atemogiae
A2A Knockout (KO) mice, suggesting that the effect of haloperidol on choice behaviour
is mediated by adenosinergic pathways. This is also supported igy sartiesvhich
showed that A2A KO mice were also resistant to the effects of hadopen spontaneous
physical activity via open field assessment, as well as wheel-runnirdp(&%&al., 2013)
and on effort-based decision-making in the T-maze barrier choice tastto(Bt al.,

2012).
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Figure 12.1. Effect of different doses of haloperidol (0.0, 0.05, Orid 8.2mgkg) on time spent in a
running wheel or consuming sucrose. Data are presented ag#1f8BM) seconds in 15 minutes. Black

bars represent sucrose consumption; grey bars represegitraieing. * p< .05, ** p < .01 significantly
different from 0.0mgkg haloperidol for the same reinforcer. Taken from Coarghcolleagues (2016).

Dopamine/adenosine interactions (specifically at D2/A2A receptorshhen
nucleus accumbens A¢) are known to be important for effort-related processes (Farrar
et al., 2010; Pardo et al., 2012; Santerre et al., 2012). Furthermore, previoas studi
reported that adenosine A2A antagonisiSK-3, and MSX-4) reverse the effort-related
effects of DA D2 antagonists (Pardo et al., 2012; Santerre et al., 2012pré@sents an
ideal candidate for pharmacologically inducing human sedentary-likevioeins in the
development of our model, and specifically, the ability of caffeine to reteeseffects
of haloperidol. Correa and colleagues (20%6je the first to recognise Haloperidol’s
psychomotor slowing effects as a model for human inactivity. Applyirsgadenosine
dopamine interaction paradigm to the paper discussed above (Correa et al.,[t2016
would have ben interesting to determine whether the reduced preference for wheel-
running and increased preference for high sucrose food may be reversed by the
subsequent administration of an adenosine antagonist, such as caffeine llihepphy
MSX-3/4. A previous study in the same lab found that the behavioural suppression

elicited by haloperidol was indeed effectively reversed with admaish of
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theophylline, which is a metabolite of caffeine and a selectiv& rk2eptor antagonist.
However, the wheel-running paradigm that was employed (Pardo et al. viz@d a)very

short (30-minute) exposure following a single acute dose, under soft lightiooadat

an unknown time of day). Therefore, direct inferences to our model are unfortunatel
limited. A very recent study (Lopez-Cruz et al., 2018) however, also tihe same lab,

used VMAT-2 inhibitor tetrabenazine (TBZ) to deplete dopamine in rats. Rats ere a

to choose between wheel-running, or sedentary behaviours of eating or sniffing a neutral
odour. In agreement with Correa and colleagues (2016) the dopamine depletion resulted
in a shift from active to sedentary reinforcers. Where this study diffethais it
subsequently administered caffeine which reversed this shift, which isteonsvith the

findings from the previous study by Pardo and colleagues (2013).

The am of the present study is to validate the use of haloperidol as a

pharmacological intervention to induce human sedentary-like behaviour in mice.

It was hypothesised that haloperidol would reduce EFWR activity,tihst
pharmacologically induced reduction in activity would be reversed ubgegjuent

administration of caffeine.
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12.2. Method

12.2.1.Subjects

Nineteen male Wild Type (C57 BL/6J) mice were obtained from Charles Riv
Laboratories (Kent). Mice were 6-12 months of age, weighing+(8D) 34 + 69
individually housed (as described in General Animal Methods, sectioruide)y 12:12
light:dark cycle (01:00- 13:00). Food and water were available ad libitum, except for

during the EFWR procedure.

12.2.2.Study design

This study utilised a repeated measum®ssover design. Where a 2-hour EFWR
observation period, and subsequent monitoring of SPA in the home-cage envitonment
were completed at baseline and preceding three different treatoreditions. Subjects
completed two baseline trials (receiving no treatment), as agetlvo trials for each
treatment. There was 48 hours between the first and second trielwefthreatment, and

a minimum of 5 days between the initiation of each new treatment.

12.2.3.Experimental procedures

Treatments (received in a randomised order and administered viaedt#an)
were: 1) ‘sham’ Tartaric Acid (0.3%) (which is the vehicle solution for Haloperidol)
followed by physiological saline (0.9% Na¢B) haloperidol 0.2ngkg, followed by
physiological saline (0.9% NaCl); and 3) @r2rkg haloperidol, followed by 4éhgkg
caffeine. Procedures started at ZT12 (start of the active phase)ioimgeatternated
between the lower-left and lower-right quadrant of the abdomen to miniheisepact

of repeated doses. After the first injection mice were returned tchihreie-cage, without
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a running wheel present, and food and water available ad libitum. Ap@i@ynB80-
minutes later the second injection was administered, following whicle, were returned

to their home-cage and enclosed within their running wheel. Once enclakedthe

wheel, a 2-hour EFWR observation period and subsequent monitoring of home-8age SP
ensued (see General Animal Methods sections 9.3., 9.4., and 9.5., for details about drugs

and administration; and sections 9.6. and 9.7. for details on activity monjtoring

12.2.4 Statistical analyses

One-way repeated measures (RM) ANOVAs were used to determine whether
there was a statistically significant difference between treatments YWdRBRriables of
distance, sedentary time %, average running speed, and maximum runningh\speell
as SPA activity during the remaining active phase, and the following inpttase. The
Shapiro-Wilk's test of normality on the studentised residuals wdermped for all
variables. Where sphericity was violated degrees of freedom weretedrreith the
GreenhouseGeisser € (Maxwell & Delaney, 2004). When necessary, a Bonferroni post-
hoc procedure was used for follow-up comparisons. Effect sizes for relevant sompar
were calculated using Cohen’s d, and defined as trivial (< 0.30), small £ 0.3), moderate
(>0.5), and largeX 0.8), respectively (Cohen, 1992). Results were considered significant
at p < 0.05. All tests were carried out using IBM SPSS Statistics for Windows, Version

24.0. (Armonk, NY: IBM Corp).
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12.3. Results

12.3.1.EFWR parameters following drug administration at ZT12

EFWR distance was statistically significantly different betwesmmditions,
F(2.130, 38.339) = 13.985, p < .QG@1= .710. Post hoc analysis was performed with a
Bonferroni adjustment. Micean statistically significantly further at baseline (99.100
21.019 m) than they did in the control (45.5202.500 m), and haloperidol conditions
(37.660% 10.653). With mean differences of 53.571 (95% CI, 29.220 to 77.921) m, p <
.001, and 61.438 (95% CI, 31.079 to 91.797) m, p < .001, respectively. Mice also ran
statistically significantly further in the caffeine condition (104.9608.336 m) than in
the haloperidol condition, with a mean difference of 67.298 (95% CI, 36.526 to $8.071
m, p < .001. No other differences between conditions were statistically sagntifi

(Figure 12.2 A.

EFWR sedentaryyme was statistically significantly different between conditions,
F(3, 54) = 48.594, p < .001. Post hoc analysis was performed with a Bonferroni
adjustment. During the 2-h EFWR activity, there was stedilfyi significantly more
sedentary time in the contrI2.863 + 3.25X%) and haloperidol conditions (76.661
3.472%), compared to baseline (48.7&44.17®%6). With mean differences of 24.079
(95% Cl, 15.546 to 32.612)%, p < .001, and 27.877 (95% ClI, 18.788 to 36.965)%, p
.001, respectively. There was also statistically significantdg kedentary time in the
caffeine condition (36.76& 4.475%), compared to the baseline and haloperidol
conditions. With mean differences of -12.017 (95% CI, -20.602 to -B#.38= .009,
and -39.894 (95% Cl, -47.319 to -32.470)%, p < .001, respectively. No other differences

between conditions were statistically significant. (Figure 12.2 B).
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EFWR average speed was statistically significantly different beta@malitions,
F(2.261, 40.699) = 3.520, p =34) ¢ = .754 Post hoc analysis was performed with a
Bonferroni adjustment. During the 2-h EFWR activity average running spesd w
statistically significantly lower in the contr@l.137+ 0.130 m/min) and haloperidol
(1.061+ 0.132 m/min) conditions compared to baseline (1.402 £ 0.177 m/min). With
mean differences of -.265 (95% ClI, -.466 to -)08Bmin, p = .012, and -.341 (95% ClI,
-.612 to -.07) m/min, p = .017, respectively. No other differences between conditions

were statistically significant. (Figure 12.2).C

EFWR maximum speed was statistically significantly differentwben
conditions, F(3, 54) = 9.537, p <.0®ost hoc analysis was performed with a Bonferroni
adjustment. During the 2-h EFWR maximum running speed was stalysigaificantly
lower in the control(3.547 £ 0.399 m/min), and haloperid¢8.370+ 0.430 m/min)
conditions compared to baseli@868+ 0.481 m/min)With mean differences of -1.321
(95% Cl, -2.066 to -.576) m/min, p= .002, and -1.498% Cl, -2.298 to -.70p
m/min, p = .001, respectively. Whilst maximum speed in the caffeine condition ¢4.480
0.401 m/min) was statistically significantly higher than maximumedpe the control
and haloperidol conditions. With mean differences of .@3% CI, .381 to 1.48p
m/min, p = .002, and 1.111 (95% ClI, .428 to 1.793) m/min, p = .003, respectively. No

other differences between conditions were statistically significant. (Figuge D).
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Figure 12.2.Enclosed free wheel-running activity, during a 2-hour olag&m period, at baseline and
following 3 treatment conditions. Treatments (receiire@d randomised order and administered via IP
injection) were: haloperidol vehicle followed by saline (cohtrhaloperidol, followed by saline; and
haloperidol, followed by 4@ngkg caffeine. The time of day was ZT12 (start of the aqilvase). A) total
distance covered B) percentage of sedentary time.&Zag® running speed. D) maximum running speed.
All values are presented as means + SEM. * Indicatégn#fisant difference between conditions at P <

0.05, **at P < 0.01, and *** at P < 0.001.

12.3.2.SPAfollowing drug administration at ZT12 and 2-h EFWR

During the remainder of the active phase (ZT15 - ZT00), immediately fiolipw
2-h EFWR, SPA was not statistically significantly different between conditk(s,18)
=2.079, p=.139, partial n2 = .257. With SPA of .803 = .082 counts/min at baseline .58

* .104 counts/min in control (vehicle + saline); .610 £ .063 counts/min in haloperidol
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(haloperidol + saline); and .656 * .063 counts/min in the caffeine (haloperidol tneaffe

condition. (Figure 12.3. A).

During the following inactive phase (ZT00ZT12), 9-h after 2-h EFWR, SPA

was statistically significantly different between conditions, F(3, 18) = 730,002,

partial n2 = .552. Post hoc analysis was performed with a Bonferroni adjustment. SPA
was statistically significantly higher at baseline (.521 + .049 coutsthan it was in

the control (.296 £ .061 counts/min), haloperidol (.293 + .054 counts/min), and caffeine
(.255 + .029 counts/min) conditions. Compared to baseline, SPA in the control condition
decreased by .225 (95% CI, .132 to .318) counts/min, p = .001, d = 2.232. SPA in the
haloperidol condition, SPA decreased by .228 (95% CI, .032 to .423) countsimin, p
.029, d = 1.077. In the Caffeine condition SPA decreased by .266 (95% ClI, .177 to 0.355)
counts/min, p <.001, d = 2.268. There were no other statistically significasrtedites

between conditions. (Figure 12.3. B).
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Figure 12.3.SPA measured via infrared motion detection, in a horge-eavironment, after completing
2-h enclosed free wheel-running, at baseline and followinge®rtient conditions. Treatments (received in
a randomised order and administered via IP injection) werepéwddml| vehicle followed by saline
(control); haloperidol, followed by saline; and haloperidollofsed by 40mgkg caffeine. Drugs were
administered at ZT12 (start of the active phase). A) duhegémaining active phase (ZT1%T00); B)
during the following inactive phase (ZTO®T12). All values are presented as means + SEM. * Inekcat
a significant difference between conditions at P < 0.05; * at0.001.
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12.4. Discussion

The key finding here is that haloperidol-induced suppressioall EFWR
parameters (i.e., decreased distance, average speed, and maximurmaspeelt,as
increased sedentary time %). This is consistent with our hypothestoagdient with
literature demonstrating that haloperidol shifts behavioural deaisading from high to
low effort outcomes, in terms of lever pressing and barrier climbing (Pardo et al., 2012),
SPA (via open field assessment) and wheel-running for short periods (Pdrd2Gt3),
and literature demonstrating that haloperidol reduces preference for wheel-rumaing
T-maze choice paradigm (Correa et al., 2016). Importantly, by using a duration and time
of day that is appropriate for translation to human exercise behaviour sthiseales to
validate the use of haloperidol as a pharmacological intervention toeinuuwman
sedentary-like behaviour in mice, which was originally proposed by Correa and

colleagues (2016).

It was also hypothesised that the behavioural effects of haloparelpEHFWR
suppressionwould be reversed by subsequent administration of caffeine. This is largely
supported by our data as EFWR distance and maximum speed were both dngher
sedentary time was lower, in the haloperidol + caffeine condition cothgaréhe
haloperidol + saline condition. It seems that the behavioural suppresdicced by
haloperidol was entirely reverse by caffeine as there was no diffareBE&VR distance
maximum, or average speed in the haloperidol + caffeine condition cahtpdraseline.

This is consistent with literature demonstrating the reversal efté®t1SX-3, MSX-4,
theophylline, and caffeine, on impaired suppressed dopamine function, eithed dlici
dopamine depletions (Kennerley et al., 2006; Lopez-Cruz et al., 2018), or through

dopamine antagonism, such as via haloperidol or eticlopride (arseflbetive dopamine
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D2 receptor antagonist) (Ishiwari et al., 2007; Pardo et al., 2012, 20iteri®aet al.,

2012).

Consistent with the finding from the previous chapter, sedentary time was
significantly lower in the haloperidol + caffeine condition than iswahbaseline. Similar,
albeit more selective, adenosine antagersath as MSX-3, MSX-4, and theophylline
have been shown to reverse the behavioural effects of haloperidol onruimgel
(Pardo et al., 2013), and caffeine has been shown to reverse the shift fremtact
sedentary reinforcers following dopamine depletions (Lépez-Cruz et al., 2018)vétowe
the present study is the first to demonstrate the ability fikeina to elicit this reversal
following treatment with haloperidol. This is particularly significamtaffeine is readily

available without prescription and mirrors our human work (detailed in Part I).

One surprising finding is that there is not a statistically Bgamt difference for
any of the EFWR variables (i.e., distance, sedentary time %, a\sgrage, or maximum
speed) in the vehicle + saline condition compared to haloperidollire sé was
hypothesised that haloperidol would reduce EFWR, however, seeing thalequiv
suppression in the control group was not foreseen. It is possible thatdluensequence
of mice received two injections witha relatively short period (i.e., 30 minutes). The
additional stress of receiving the extra injection may have megative response equal
to receiving haloperidol, as the IP injection procedure is reporteditaedtress response
in mice (Ryabinin et al., 1999). This will be discussed in the IP&nimal) discussion
(chapter 13) as this issue is also relevant to chapters 10 and 11. rApotéetial
contributing factor which will be addressed here is a potential temporal effecatuite
examining the behavioural effect of haloperidol or similar compounds (such as
eticlopride), in combination with caffeine or similar compounds (sud1%X-3, MSX-

4, and theophyllinghave reported observation periods of between 10- and 30 miautes

227



lever pressing, open field locomotion and wheel running (Correa et al., 2016; Ishiwari et
al., 2007; Lopez-Cruz et al., 2018; Santerre et al., 2012). To test the hypdiiaesis
haloperidol had a suppressive effect greater than that of the vehicle plus saline condition
(control), which diminished over the course of HI8WR paradigm’s comparably long
2-hour observation period, an analysis of the first 1-hour period was perforniedi(fgl

the same procedures that are described in section 12.2.4). The figure (12.fal) and
results from this analysis (12.S.1.) are available for reference in Appendiotdbly,

when examining the first 1-hour period only, EFWR distance is statistically saymify

lower in haloperidol condition compared to the control condition. The othetgesal
largely unchanged. This provides support for the interpretation, provided here, that

caffeine reversd haloperidol-induced suppression.

There was no difference between any of the experimental conditiongglhiele
+ saline, Haloperidol + saline, or haloperidol + caffeine), in terms @&f 8Bring the
remainder of the active phagen the other hand, SPA was lower than at baseline for all
conditions during the following inactive phase. A compensation argument €Lalk
2018; Pontzer et al., 2016) would make partial sense for the lower adtivitye
haloperidol + caffeine condition as, although all other parameters were segentary
time was lower in this condition compared to baseld@vever, in the vehicle + saline
and haloperidol + saline conditions all EFWR parameters where sspgreso a
theoretical compensatory response would increase subsequent SPA, whithaesasé.
Instead, it is possible that there are lasting effects of disruptiotresssfrom the
experimental procedures (Ryabinin et al., 1999) that have not yet been rdahveng
the subsequent phase of SPA observalibis explanation would also extend to explain
the lower SPA in the following inactive phase as by this poinecadt effects would
have diminished, no longer providing protection against any damagedchysthe

injections.
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12.4.1.Conclusion

In conclusion, as expected, the dopamine D2 receptor antagonist haloperidol
swppressed EFWR. Furthermore, #ykg caffeine, reversed this suppressing effect.
Importantly, by using a duration and time of day that is appropriate fordtimsto
human exercise behaviour, this also serves to validate the usdopérdol as a
pharmacological intervention to induce human sedentary-like behavioumide.
Additionally, we demonstrate for the first time that caffeine, which nonselective
adenosine receptor antagonist that is readily available for humamneptinen can elicit
effects similar to that of selective adenosine A2A receptor anistg such as MS2-

and Theophylline.
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13. Part Il (animal) Discussion
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13.1. A summary of outcomes

The aim of Part Il of this thesis was to develop a relevantrandlatable pre-
clinical model to measure the behavioural effects of pharmacolagteaventions on
physical activity behaviour. Together, the experimental work detailedapters 10, 11

and 12 have worked towards achieving this aim.

In chapter 10 we determined the most appropriate wheel access paradigm
EFWR, which despite resulting in lower levels of wheel running agtiviten compared

to OFWR it was choseto minimise stress and maximise measurement specificity.

In chapter 11 we provided partial support for the hypothesis that caffeine would
increase EFWR activity during the inactive phase, with somemsédaf increased wheel
running distance as well as a clear reduction in sedentary timeh vghihe number of
minutes during the EFWR observation period where mice did not completghaey
revolutions. In this chapter we also demonstrated for the first timedffaine does not
elicit a significant increase in voluntary wheel-running actiditying the active phase.
Furthermore, despite testing two (human equivalent) doses, and administepeged
intermittent doses there was no evidence of behavioural sensitisataffeime, which

had been reported previously in the literature.

Chapter 12 validated the use of haloperidol as a method of pharmacologically
inducing human sedentary-like behaviours in mice and demonstrated thg faloilit
caffeine to reverse wheel-running suppression. There was no differencerbleasekne
and haloperidol plus caffeine for wheel running distance, average speed, orumaxi
speed, whilst sedentary time was actually lower in the hattigrius caffeine condition.
Receiving two sham injections containing only the vehicle substgdneescontrol) and

haloperidol plus saline (i.e., haloperidol) both resulted in reduced wheel runriangedis
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average speed, and maximum speed. A further analysis of the first hourkf\wie
observation period revealed that wheel running distance was lowths ialoperidol
plus saline condition, demonstrating that caffeine was serving to rekiersappressive
effects of haloperidol as well as (but not limited to) providing an analgesic efféestaga

receiving two consecutive injections.

The model, as presented in chapter 12 provides the first functional modsdde as
the effects of pharmacological intervention on physical activity hebaby using a
duration and time of day that is appropriate for translation to human exercesadug.
However, despite achieving the aim of Pd&rtof this thesis, there are several

considerations for future work which are discussed in the following sections.

13.2. General limitations and future directions

13.2.1.Ad libitum?

A limitation of this study is that haloperidol administration has k&ewn to
impact on food intake and eating time duration (Correa et al., 2016). Howewan, as
EFWR paradigm prevented mice from accessing food or water during the wheel-running
observation period, it is not possible to determine the possible effeapfietite and lack
of access to food and water may have had on their perceptual responses tp ftonnin
eliminate this confounding variable, future work could maintain access to footicded
however, this would complicate the behavioural paradigm significantgrdstingly, we
also know that caffeine can decrease appetite for highly fatty foods in humans (Schubert
et al., 2014) and therefore, increase appetite induced by haloperidol mexelsed by

caffeine in mice. This is another factor that could be explored in future work.
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13.1.2. Optimal dosing

Although the findings presented in chapter 12 were in agreementhgitmain
findings from the literature, it should be noted, that lower doses of haloperid@
mgkg have failed to elicit significant reductions in wheel-runningdBat al., 2013), or
a shift in preference away from wheel-running (Correa et al., 2016; sdagise 12.1.).

The dose used in chapter 22 mgkg) was selected, based on findings published in the
literature, to elicit maximum effect. Similarly, studies adminisigtheophylline, MSX-

3, MSX-4, or indeed caffeine, have found that lower doses are unable to effectivel
protect against (Ishiwari et al., 2007) or reverse the suppression of dopaminergi
antagonism or depletions (Pardo et al., 2012, 2013; Santerre et al., 2012) tén tBap
we used the higher dose of A@dykg caffeine, which was shown to significantly increase
EFWR activity at ZT06 in chapter 11. Future work should establish thenalptiose
range for these two drugs. This has been done previously with regard &ptatal
behaviours (Trevitt, Vallance, Harris, & Goode, 2009) but not wheel-running. As the
doses of both haloperidol and caffeine used in the present study are rtear dhéhe
effective dose range published in the literature, it is possibleothidEFWR paradigm

may be more, or less, sensitive to reveal the effects of haloperidol and/or caffeine.

13.1.3. Minimisng procedure related distress

A study (Ryabinin et al., 1999) showed a strong induction of Fos and Fos-related
antigens in discrete areas of hypothalamus, amygdala, neocortex, ,s@ptutnalamus
following handling and intraperitoneal injection of physiological salmeCb7BL/6J
inbred mice. As this is the same strain of mice that was used btoawuBartll of this
thesis, this is highly revealing. Furthermore, this study (Ryabinin,et1@99) reported

that to achieve complete habituation of the immediate early gspense to injection
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stress in stress-responsive brain areas of C57BL/6J mice, the followieglipreceeded
to be followed: 4 days of handling (picking up the animal by its tail, pacéay), 3 days
of sham injections (needle was penetrated into the peritoneum, but no fluid was injected,
once per day), 3 days of intraperitoneal injections (IP) with 10 ml/kg ioles@nce per
day), 4 days of IP injections of 20 ml/kg saline (resulting in a final volume e0@4nl
per mouse, once per day). In this thesis, such a rigorous familiarisatiodymeweas not
followed. Our mice were handled daily and were familiarised t&cf@&R (and OFWR
in chapter 10) procedure. However, they were not restrained during thesantiidiey
did not receive sham injections. We did have control groups in allstudies in chapter
11, as well as control condition sessiimghapters 10 and 12 (which utilised a within-
subject design), which will have ensured that the stress assowititeéde procedure was
equal, regardless of treatment. Nevertheless, it is possible; &keh, that the stress
associated with the experimental procedures reduced wheel-runninty actall mice.

In the case of chapter 12 specifically, where mice received twecatnge injections it

is possible that the stress response was amplified, explaining thesegiosuppression

of EFWR in thecontrol condition, which was equal to that in the Haloperidol condition.

Future work could use Fos to compare one, vs two consecutive IP injgctions
quantify the additional stress, however, a better solution would be to cenapiebre
systematic familiarisation procedure to reduce, if not elimirgitess induced by the
injection procedure. Another strategy would be to use a higher gauge rseetias
31G ultra-fine hub-less insulin syringes, which are becoming more popittamause
models (e.g., Gai et al., 2018). Although the relative contribution ohjbetion itself
and the restraining that is required to administer the injertiamcertain, one can assume
that the local injury and associated discomfort during wheel-running, cdyséue

injections would be reduced with the use of a higher gauge needle.
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13.1.4. Tolerance of chronic administration

A pH range of 4.5-8.0 is considered 'satisfactory’ for IP injectionss@®eBurge,
2012), so the tartaric solution used in chapter 12 (and previously by @aka2016),
as a vehicle for haloperidol, with a pH of 4, was on the limit. Degp# vehicle being
generally well tolerated, one mouse had to be terminated before the end of the study due
to an open wound at the injection site. Otherwise, the vehiclgevesally well tolerated
however, it was only administered a total of 6 times per mouse inechkp. Witha
longer experiment looking to apply this model, there may be issuestalétance.
Interestingly, for oral administration, a pH as low as 3 can beatek (Weiss & Burge,
2012). It is also possible to dissolve haloperidol in drinking water of rodechsn({f et
al., 1999), which has been usadats (for a 23 day period), indicating that it is a suitable
mode of non-invasive chronic treatment. This approach would allow repeated
administration of caffeine, and other drugs without concern for toleralifitthe
substance which is used to induce the suppressed behavioural stdte.iAention of
this model is to test the chronic effects of pharmacological inteovenbn physical

activity behaviour this may be a desirable option.

13.3. Conclusion

In Partll of this thesis, a relevant and translatable pre-clinical modeétsune
the behavioural effects of pharmacological interventions on physiceatyabiehaviour
was developed. This chapter has discussed some of the limitationsrobdet in its
current form and made recommendations for progressing to the next dtégiewould
be to assess the chronic effects of pharmacological interventions on glhgstovity

behaviour.
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14. General Discussion
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14.1. A synthesis of overall outcomes

14.1.1.Experimental medicine approach to behaviour change

In this thesis, an EM approach was taken to progress our understanding adlphysic
activity behaviour change interventions. The EM approach ensures trsiigatiens not
only identify whether an intervention is effective, but also providdésameworkto
understand how interventions elicit their effect on behaviour, which is viayeutatget
engagement. The two parts of this thesis have taken divergent rarteste3ted Paths
D, as well as C, B, to develop a deeper understanding of the impagteticaptual
responses during exercise have on outcomes related to exercise behaviour, as well as the
extent to which these perceptual responses can be manipulated withapblagical
intervention. Part Il developed a pre-clinical model to test PatWwhich is the direct
effect of an intervention on physical activity behaviour. After all, yannot ask a mouse
how they are feeling. Instead, target engagement is inferred byt @ebavioural

observation.

Caffeine was used as the pharmacological intervention, not only fopdded
effects on perceptual responses in humans and locomotive effects ois oumalso
because it is relatively cheap and readily available, withoutipypésn. It may seem
trivial, or even unethical, to test the effect of a pharmacologntatvention on mice
when it is safe to do so in humans. However, that would be missing tite iwe reason
for developing the preclinical model with caffeine, rather than altemnadrugs is
precisely because it is safe to do so in humans. Working concurrertifjhwitan and
animal models enables the application of distinct yet complemgrsets of toolsin
human work detailed in Part | the intensity of physical activias wtandardised, then
psychological and perceptual putative targets, thought to be impéotasktermining

physical activity behaviour, were measured in addition tolfareggorted behavioural
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choice measure to indicate preference; however, clearly this wlorltexd byits reliance
on self-reported measures and the fact that physical activityibehavas not directly
observed. In Part II, with mice, the intensity of exercise masstandardised. Instead,
physical activity behaviour was directly observed following the \edent
pharmacological intervention. Together, Part | and Part Il provideldtaomal models,
able to detect psychological and behavabwaffects of pharmacological intervention.
This provides a platform from which to test the effects of alternative drgsials at a

pre-clinical and human level, on physical activity behaviour in the future.

The state of the art has changed as a result of this investigatid as such, the
following sections provide an integration of the original findings detdikear in with
respect to specific paths of the EM approach. Which were introducedtionsg.2. of

the General Introduction.

14.1.3 State of the artPath C

The aim of Part | of this thesis was to conduct a full test (Patt the EM
approach). Full tests determine whether an intervention strategy oroa stedtegies
changes physical activity behaviour, or a related outcome, viaetifieots on specified
targets (Figure 1.1., Path D). Therefore, in this case, we sought to detevhether
caffeine was able to influence exercise preference via itsteftat feelings during
exercise. However, a component of Path D is Path C which is concerrrethrget
engagement. Without target engagement mediators cannot be deteimnsiteed, one can
only conclude whether an intervention was effective, whilst the questidmow?

Remains unanswered.
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Although there is substantial published research showing caffeinénglic
engagement of perceptual and psychological putative targetsjimgleffort, affect, and
enjoyment, in recreationally active and athletic participants t@man Introduction
section 2.3.1. for further detail), there were previously only two artddesonstrating
(partial) target engagement in previously sedentary participamnésfirbt demonstrated
an indirect effect of perception of effort, indicated by improved time trial pedioce
despite no change in RPE (Laurence, Wallman, & Guelfi, 2012), whilstedbadarticle
revealed thatliking’ of physical activity was higher following caffeine ingestion, but
only in sedentary women and not in men (Schrader et al., 2013). We extenfirttieg)s
by demonstrating that caffeine elicited significant engageofesgveral specific putative
targets, within the broader context of “feelings during exercise” (identified as the global
putative target in the General Introduction, section 1.3.) notably perceptieifiodf
affect, and enjoyment in both a single-subject (chapter 4) and a grdujghagater 5).
These findings provide the first strong evidence testing Path C in prevsrdintary
participants, which corroborates evidence of caffeine eliciting tamggdgement in

recreationally active and athletic populations.

14.1.3 State of the artPaths B and D

Ivanova and colleagues (2015) provided the first indirect test of Patithe EM
approach (as discussed in section 1.8.), though unknowingly. The authors demonstrated
that commitment and acceptance therapy was able to engagedtineearget (reducing
the perception of effort), resulting in improved exercise tolerance, whah alternative
physical activity related outcome. The present study progresses this westibyg Path

D using a pharmacological interventidiie provide the first experimental evidence that
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pharmacological intervention can influence physical activity chdiebaviour by

manipulating feelings during and around exercise.

When you engage a putative target and you see a change in behthaour,
provides evidence to consider the target as a determinant of behavioera(Skeal.,
2017). Therefore, our findings provide further evidence that feelings during exercis
specifically perception of effort and affect, are important correlates/dliet@nts of
physical activity behaviour. We also provide evidence to suggesisaal role of
psychological variables such as mood states of fatigue and vigowellaas liking,
enjoyment, and session RPE, even though we did it in a minor way, through, ettaich

is a related outcome, rather than long-term exercise adherence.

An aim of this investigatiowas to understand the mechanisms underlying choice
behaviour because with replicated preference tests alone, such as in chapter 4 and 5, it is
not possible to establish which specific putative target, or targetstha primary
determinants of changes in choice behaviour. As caffeine appearsitt@ighdicant
changes in several of these variables it was important to ektalilish of the variables
was the determining factor. To achieve this aim a qualita&xpdanatory analysis was
conducted. This qualitative content analysis revealed that the fagsbfrequently (8%
of choice occasions) attributed to determining choice was perception df affect,
Pain, Mood state, and time-related factors, in contrast, @serkcited in less than one-
qguarter of all preference explanations. This provides further validationaibf B,
particularly in terms of the relationship between the perception of efidriphysical
activity behaviour (see the General Introduction section 1.5. for a reviditerature
relating to target validation). It can be argued that this iskweadence, as the
behavioural outcome measure is choice, rather than long term adheremeecise, for

example, and the link between the putative target (perception of effort) arehédnaour
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is qualitative, but it should not be ignored. This provides a valuabteilmation to the
field as this is the first experimental evidence that perceptiogffoft may be more
influential in determining exercise-related choice behaviour cordparaffect and other

perceptual and psychological responses during and around exercise.

14.1.6. State of the artPath X

An aim of Part Il of this thesis was to develop a relevant amslatable pre-
clinical model for conducting standard efficacy trials/testing PathriKice. The purpose
of this model is to measure the behavioural effects of pharmacologiealentions on
physical activity behaviour that will compliment and faciktatoncurrent human
research, as well &s provide a platform to launch future preclinical tridfscontrast to
Part I, changes in physical activity behaviour following pharmaccébgntervention
(caffeine injections) were directly observed, with dependent vasahtluding wheel
running distance and speed, in addition to SPA which was recorded usinedmiiaiion

detection.

Overall, it was evident that appropriate human equivalent doses aheadfdy
proved to be effective at increasing physical activity when physactivity was
habitually low. Low habitual physical activity was either obsdrat times of day that
are inappropriate for translation to humans (such as detailed in chaptudy i), or
more suitably for human translation, during the active phase following @teateat with
the dopamine D2 receptor antagonist haloperidol (detailed in chapter 12). vitedbpe

induced human sedentary-like behaviours which were reversed by receiving caffeine.

Each of the experimental chapters (10, 11, and 12) provided a partial Pegh of

X, however, more importantly, together, they describe incrementakstdgeveloping
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this model that may inform future trials. Despite limitations (as discussed in chajpte
the model presented in chapter 12 provides the first example of a methssiss the
effects of pharmacological intervention on physical activity behatpusing a duration

and time of day that is appropriate for translation to human exercise behaviour.

14.2. Future directions

As was discussed in the Human Discussion (section 7.4.), caffeirdeitoa
reduce perception of effort by ~1-point on the @3(¥970) 6- 20 RPE scale. However,
the clinical relevance of this effect is unclear. It has been sieghtsat parallel to the
evaluation of currently available stimulants, we should try to dpvesychoactive drugs
that can reduce perception of effort by more than one point on the RPE scale (Doherty &
Smith, 2005; Marcora, 2016). Psychoactive drugs that could reduce perceptifamtof e
from 15 (“hard”) to 11 (“casy”), for example, could be highly effective. This is where the
preclinical model developed in Part Il can be employed, to identify cladidates for
human trials. Adenosine antagonists, particularly selective to AZpters, such MSX-

3, MSX-4, and theophylline may be suitable initial targets (J. F. @heal., 2013).
Another alternative pharmacological treatment, which is currentlylad@i on
prescription, is modafinil, which is a D2 agonist used by manythhepéople to redue
the perception of fatigue and sleepiness (Wesensten, Belenky, Thoutz, &®8alkin,
2004) and enhance cognition (Battleday & Brem, 2015), and it has also beantshow

improve exercise tolerance and improve time trial performance (Jacobs & Bell, 2004).

Another consideration for the identification of future drug targets is thg@adin
on sleep quality and other negative side effects. This is a particular limitataffeihe
as itis well known to cause sleep disturbance (Ali et al., 2015; Brezinova, 19743, s

use in the afternoon or evening could be particularly problematic (DrakdyrsfRoe
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Shambroom, & Roth, 2013). Additiomg] at relatively high doses, or even at low doses
among individuals who sufférom anxiety-related conditions, caffeine is known to elicit

anxiogenic-like effects (Yacoubi, Ledent, Parmentier, Costentin, & Vaugeois, 2000).

The premise ofthe work presented throughout this thesis was to address a
psychobiological reason for physical inactivityhe two theories which have underpinned
this areHT (Ekkekakis et al., 2011; Kahneman, 1999; P. T. Young, 1952), and MIT
(Brehm & Self, 1989; Richter et al., 2016; Wright, 2008), which together sutigest
reducing the perception of effort and discomfort related to exercise nflilience
decisions to engage in future exercise. Qualitative data from an explaaaalysis in
chapter 5 suggested that perception of effort may be the primary determinant of exercise
choice behaviour. However, affect and perception of effort are negatisdgiated
(Hardy & Rejeski, 1989) and their independent and combined effects on playsiciy
behaviour will need to be determined by future experimental work. Résearcealth
behaviour change has long relied on intuition or pilot studies to detehmmé& engage
targets. This approach is insufficient. An underlying principle of the gaach is that
theory development and competitive empirical tests need to go handdnnharder to
forge a science of target engagement, and ultimately behaviourec(falngeran et al.,
2017). It is therefore essential to give fair consideration to evidédmeatening the
explanatory capacity of the current theoretical framework, which in this case is provide

by HT and MIT.

A very recent review article (Inzlicht, Shenhav, & Olivola, 2018) mheecase
that effort can be two things. Indeetdcan act as an aversive stimulos;barrier’, and
therefore a potential target for intervention (i.e., something that you want to reduce) as it
has been considered throughout this thesis, but it can also addvgerealue to

achievements. For a full review see Inzlicht and colleagues (2018). Brieflg, petuple

243



will exert substantial effort to obtain something of value, what has desrlooked is the
notion that working hard can also increase the perceived valueaohoes. Effort can
even be experienced as valuable or rewarding in its own right. While hamdrather
animals are willing to exert more effort for better outcomes, tbhayetimes view the
same outcomes as more rewarding if more (not less) effort was usealridhagtn.As
an example, Inzlicht and colleagues (2018) refer to reports that moursauzdee
mountain climbing precisely because it is so arduous and effortful (Loeangrk999).
Current work demonstratesat effort’s positive impact on value manifests biologically
(Hernandez Lallement et al., 2014; Ma, Meng, Wang, & Shen, 2013) and isabdsic
early-developing, occurring in children and non-human animals (Alessandri, Bilegche

& Zentall, 2008; Benozio & Diesendruck, 2015; A. W. Johnson & Gallagher, 2011).

Considering this ‘effort paradox’, therefore, can advance effort theorising and its
widespread applications. Clearly, interventions targeting perception of (sffch as the
pharmacological intervention that has been tested in this theflisot be effective for
people who heed particular value to physical effort. Furthermore, understaredeffpth
paradox opens the door for potential psychological intervention. For example,mather t
seeing effort as aversive, it may be possible to develop cognpipraisal techniques
with people to view effort as adding value to exercise. This mayvée more effective

than a drug. Hoener, it will not be easy to achieve and may not be poskibhdl people.

Even if this can be achieved and people perceive effort to add value, one obvious
moderator is the amount of effort demanded by a task. People are bing toi exert
effort up to a limit (Brehm & Self, 1989; Richter et al., 2016; Wright, 2008) which is set
by potential motivation. When either th& @t required by a task exceeds potential
motivation (i.e., maximumféort someone is willing to exert to succeed in the exercise

task) or, when an individual perceives the exercise to be impossible ({dendadual
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feels as though they have already exerted a true maxifmat and therefore can no
longer continue) the person will disengage from the task. Any efforistrequired above
potential motivation will certainly be devalued rather than beogght after. Thus,
excessive effort demands can break the effattie link. Although there are reports that
some people enjoy the challenge if HIIT (Bartlett et al., 2011)fuimre work
investigating appraisal of effort value it would be prudent to testrigty of exercise

intensites asthere may be significant variability in individual value-effort thresholds.

The EM approach also encourages researchers to look beyondfiheirite’
theory or the behaviour at issue and to view the science of behaemgecin terms of
targets- their identification, measurement, validation, and engagement é®heeal.,
2017). It is worth considering additional targets related to health and healtbeel

behaviourdor future studies.

Low insulin sensitivity, or high resistance, is a core metaladliormality in type
2 diabetes (S. E. Kahn, Hull, & Utzschneider, 2006; Kashyap & Defronzo, 2007). Ye
fluctuations in insulin sensitivity occur during the normal life cyaleth insulin
resistance being observed during puberty (Moran et al., 1999) and pregnancy (Buchanan,
Metzger, Freinkel, & Bergman, 1990), and with ageing (Defronzo, 1979). Whilst an
increase in physical activity (Goodyear & Kahn, 1998) is assacwaith enhanced
insulin sensitivity. Caffeine (3 mkg) can acutely decrease insulin sensitivity in healthy
humans, possibly as a result of elevated plasma adrenaline leegie(& De Galan,
Tack, & Smits, 2002), suggesting that habitual caffeine intake shoullimided.
However, more recent work, in rats, has shown that chronic caffeire idecreases
serum adrenaline and prevents diet-induced insulin resistance and insipar@&onde
et al., 2012)If the chronic effect of caffeine on insulin sensitivobserved in rats is true

for humans, then it is possible that the chronic combined effect of caffeine (Conde et al.,
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2012) and exercise (Goodyear & Kahn, 1988y be particularly beneficial for the
treatment and prevention of insulin resistance in clinical and subatlipapulations.
Therefore, including measures of insulin sensitivity as a putiaigetin pre-clinical and
human studies, investigating the long-term effects of caffeine osiqathyactivity

behaviour, would be worthwhile.

14.3. Conclusion

This thesis has served as the first investigation utilisingMeappoach to study
physical activity behaviour change. Complimentary humans and animalpnes&nted
in Part | and Il progress our understanding of the role of perceptual responses to exercise
and physical activity behaviour. Further, this study has validated udee of
pharmacological intervention, as a form of pharmacotherapy, to engagep(tate)
important perceptual targets, and in turn, influence physical gctkitice behaviour.
We provide the first experimental evidence demonstrating the rolecsfgaen of effort,
in particular, in explaining physical activity choice behaviourolhif substantiated by
future work would qualify perception of effort as a determinant of physicalitgcti
behaviour, rather than a correlate (as it is currently classifiédditionally, we
established the preliminary workings of a pre-clinical model tosastee effects of
pharmacological intervention on physical activity behaviour in miiceum, this thesis
offers translational models, able to detect psychological and behavieffects of
pharmacological intervention, provwd) a platform from which to test the effects of
alternative drugs, for trials at a pre-clinical and human level, onigathyactivity

behaviour in the future.
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Appendices

Appendix A— Physical Activity Readiness Questionnaire + (PAR}+)

2014 PARO+

GENERAL HEALTH QUESTIONNAIRES

Please read the 8 questions below carefully and answer eacledmonestly: check
YES or NO.

YES | NO

1. Has your doctor ever said that you have a heart condition of
blood pressure? o O

2. Do you feel pain in your chest at rest, during your daily activ
of living, or when you do physical activity? m O

3. Do you lose balance because of dizziness or have you
consciousness in the last 12 months? (Please answer NO i
dizziness was associated with over-breathing (including vigg
exercise).

4. Have you ever been diagnosed with another chronic me
condition (other than heart disease or high blood pressure)? | O O

If yes, please list condition(s) here:

5. Are you currently taking prescribed medications for a chr
medical condition? O O

If yes, please list condition(s) and medications here:

6. Do you currently have (or have you had within the past 12 mo
a bone, joint or soft tissue (muscle, ligament, or tendon) pro
that could be made worse by becoming more physically ac o O
Please answer NO if you had a problem in the past but it dog
limit your ability to be physically active.
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If yes, please list condition(s) here:

7. Has your doctor ever said that you should only do medig
supervised physical activity? O m

8. Do you suffer from any allergies or food intolerances?

If yes, please list condition(s) below:

If you answered No to all of the questions above, you are ready to paeticipiae study.
Go to Page 5 and sign the PARTICIPANT DECLARATION. You do not need
complete Pages 2, 3 and 4.
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FOLLOW UP QUESTIONS ABOUT YOUR MEDICAL CONDITION(S)

YES

NO

Do you have arthritis, osteoporosis, or back problems?

If the above condition(s) is/are present, answer questions ]
If NO, go to Question 2.

la.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

1b.

Do you have joint problems causing pain, a recent fractul
fracture caused by osteoporosis or cancer, displaced vert
(e.g. spondylolisthesis), and/or spondyloysis/pars defect (a
in the bony ring on the back of the spinal column)?

1c.

Have you had steroid injections or taken steroid tablets regu
for more than 3 months?

Do you have cancer of any kind?

If the above condition(s) is/are present, answer questions Zz
If NO, go to Question 3.

2a.

Does your cancer diagnosis include any of the following ty
lung/bronchogenic, multiple myeloma (cancer of plasma ce¢
head and neck?

2b.

Are you currently receiving cancer therapy (such as chemoth
or radiotherapy)?

Do you have a heart or cardiovascular condition? Thig
includes coronary artery disease, heart failure, diagnose
abnormality or heart rhythm.

If the above condition(s) is/are present, answer questions 3
If NO, go to Question 4.

3a.

Do you have difficulty controlling your condition wit

medications or other physician-prescribed therapies? (Answe
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if you are not currently taking any medications or of
treatments).

3b.

Do you have an irregular heartbeat that required me;
management?

(e.g. atrial fibrillation, premature ventricular contraction)

3c.

Do you have chronic heart failure?

3d.

Do you have diagnosed coronary artery (cardiovascular) di
and have not participated in regular physical activity in the I
months?

Do you have high blood pressure?

If the above condition(s) is/are present, answer questions 4
If NO, go to Question 5.

4a.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

4Db.

Do you have a resting blood pressure equal to or greater
160/90mmHg with or without medication?

Do you have metabolic conditions?This includes Type !
diabetes, Type 2 diabetes, and pre-diabetes.

If the above condition(s) is/are present, answer guestions &
If NO, go to Question 6.

YES

NO

5a.

Do you often have difficulty controlling your blood sugar lev
with foods, medications, or other physician-prescribed thera|

5b.

Do you often suffer from signs and symptoms of low blood s|
(hypoglycaemia) following exercise and/or during activities
daily living? Signs of hypoglycaemia may include shakin|
nervousness, unusual irritability, abnormal sweating, dizzine
light headedness, mental confusion, difficulty speaking, weak
or sleepiness.
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SC.

Do you have any signs or symptoms of diabetes complica
such as heart or vascular disease and/or complications affi
your eyes, kidneys, OR the sensation in your toes and feet?

5d.

Do you have other metabolic conditions (such as cul
pregnancy related diabetes, chronic kidney disease, or
problems)?

Se.

Are you planning to engage in what for you is unusually higH
vigorous) intensity exercise in the near future?

Do you have any mental health problems or learning
difficulties? This includes Alzheimer’s, dementia, depression,
anxiety disorder, eating disorder, psychotic disorder, intelle
disability, and down syndrome.

If the above condition(s) is/are present, answer questions €
If NO, go to Question 7.

6a.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

6b.

Do you ALSO have back problems affecting nerves or musc

Do you have a respiratory disease?his includes chronif
obstructive pulmonary disease, asthma, pulmonary high &
pressure.

If the above condition(s) is/are present, answer questions 7
If NO, go to Question 8.

7a.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

7b.

Has your doctor ever said you blood oxygen level is low at re
during exercise and/or that you require supplemental ox
therapy?

7cC.

If asthmatic, do you currently have symptoms of chest tighti

wheezing, laboured breathing, consistent cough (more th
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days/week), or have you used your rescue medication more
twice in the last week?

7d.

Has your doctor ever said you have high blood pressure i
blood vessels of your lungs?

Do you have a spinal cord injury?

If the above condition(s) is/are present, answer questions ¢
If NO, go to Question 9.

8a.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

8b.

Do you commonly exhibit low resting blood pressure signifig
enough to cause dizziness, light-headedness, and/or fainting

YES

NO

8c.

Has your physician indicated that you exhibit sudden bou
high blood pressure (known as autonomic dysreflexia)?

Have you had a stroke?This includes transient ischemic atta
(T1A) or cerebrovascular event.

If the above condition(s) is/are present, answer guestions ¢
If NO, go to Question 10.

9a.

Do you have difficulty controlling your condition wit
medications or other physician-prescribed therapies? (Answe
if you are not currently taking any medications or of
treatments).

9b.

Do you have any impairment in walking or mobility?

9c.

Have you experienced a stroke or impairment in nerves or mu
in the past 6 months?

10.

Do you have any other medical condition which is not liste(
above or do you have two or more medical conditions?
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If you have other medical conditions, answer questions 10a|
If NO, read the Page 4 recommendations.

10a. | Have you experienced a blackout, fainted, or lost consciou:
as a result of a head injury within the last 12 months OR hawt m
had a diagnosed concussion within the last 12 months?

10b. | Do you have a medical condition that is not listed (sucl o
epilepsy, neurological conditions, and kidney problems)?

10c. | Do you currently live with two or more medical conditions? m

Please list your medical condition(s) and any related medications here:

If you answered NO to all of the follow-up questions about your medical comdytu
are ready to participate in the study. Please sign the PARANMIIFDECLARATION

below.

If you answered YES to one or more of the follow up questions about your medical
condition, you should seek advice from a member of the research team regarding

study participation.

If your health changes over the course of this study, please talk tdgator and inform
a member of the research team.
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PARTICIPANT DECLARATION

All persons who have completed the PAR-Q+ please read and sign thextieclbelow.

If you are less than 18 years old, or require the assent of a care providgranenir
guardian or carer provider must also sign this form.

I, the undersigned, have read, understood to my full satisfaction and caimnbliste
questionnaire. | acknowledge that this physical activity clearanadid for a maximum
of 12 months from the date it is completed and becomes invalid ibnditcon changes.
| also acknowledge that a Trustee (such as my employer/commumgssitentre, health
care provider or other designate) may retain a copy of this form for their retottese
instances, the Trustee will be required to adhere to local, natioatibnal and
international guidelines regarding the storage of personal health infornmagionmng that
the Trustee maintains the privacy of the information and does not miswsergfully
disclose such information.

ID Date

Signature Witness

Signature of parent/guardian/care
provider
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Appendix B— Occupation and Spare-Time Physical Activity Questionnaire

(OSTPAQ)

Occupation and Spare-Time Physical Activity Questionnaire

The following two sections have been designed to allow an estimate of your physical activity, both
occupational and recreational.

Recreational Activity

The table outlines four different levels. Please read the table carefully and then check the
appropriate box below:

Group 1 Group 2 Group 3 Group 4
Almost completely Some physical activity Regular activity: such as  Fegular hard physical
inactive: reading, TV during at least 4 hours per heavy gardening, training, for competition
watching, movies, etc.  week: niding a bicycle or runming, calisthenics, i running events, soccer,

walking to work, walking  tennis, etc. racing, European
or skiing with the family, handball, ete. Several
gardening. times per week

Activity during the last 6 months corresponding to group:

Occupational Acl:ivic_vi

The table outlines four different levels. Please read the table carefully and then check the
appropriate box below:

Group 1 Group 2 Group 3 Group 4
Predominantly Sitting or standing, some Walking, some handling of Heavy manual work:
sedentary, sitting: desk  walking: cazhier, general material: mailman waiter, Iumberjack, dock
worker, watch maker, office worker, light tool and  construction worker, heavy  worker, stone mason,
zitting azzembly-line machinery worker, foreman  teol and machinery worker farm worker, ditch
worker (light goods) digger

Occupation corresponded most closely to group:
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AppendixC — Caffeine Consumption Questionnaif@gQ)

Caftteine Consumption Questionnaire

Average number of Average
ounces/doses/tablets total
per day per day

Beverages

Coffee (6 0z} 90 mg X

Decaf Coffee (6 0z.) Smg X

Espresso (1 0z.) 30mg X

Tea (6 0z.) Green 50 mg X

Tea (6 0z.) Hot 20mg X

Cocoa (6 0z.) 15 mg X

Energy drinks (12 oz.) 200mg X

Caffeinated Soft Drinks (12 oz.) 40-60 mg X

Chocolate bar 20 mg X -

Over-the-Counter Medications

Anacin 32 mg X _

Appetite-control pills 100-200 mg X

Dristan 16 mg X .

Excedrine 65 mg X .

Midol 132mg X

NoDoz 200mg X

Triaminicin 30 mg X .

Vanquish 33 mg X .

Vivarin 200 mg X -

Prescription Medications

Cafergot 100 mg X

Fiorinal 40 mg X

Total mg. Caffeine per dayv
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Appendix D— Behavioural Regulation in Exercise QuestionnairéBREQ-2)

WHY DO YOU ENGAGE IN EXERCISE?

We are interested in the reasons underlving peoples® decisions to engage, or
not engage in physical exercise. Using the scale below, please indicate to what
extent each of the following items is true for you. Please note that there are no
right or wrong answers and no trick questions. We simply want to know how
vou personally feel about exercise. Your responses will be held in confidence
and only used for our research purposes.

Not true Sometimes Very true
for me true for me for me
1 Iexercise because other people 0 1 2 3 4
say I should
2 Ifeel gulty when I don’t exercise 0 1 2 3 4
3 Iwvalue the benefits of exercise 0 1 2 3 4
4 Iexercise because it’s fun 0 1 2 3 4
5 Idon’t see why I should have to exercise 0 1 2 3 4
6 Itake part in exercise because my 0 1 2 3 4
friends/famaly/partner say I should
7 Ifeel ashamed when I miss an 0 1 2 3 4
EXErcise Session
8 It's important to me to exercise regularly 0 1 2 3 4
9 Ican’t see why I should bother exercising 0 1 2 3 4
10 Tenjoy my eXercise sessions 0 1 2 3 4
11 Iexercise because others will not be 0 1 2 3 4
pleased with me 1f T don’t
12 Idon’t see the point in exercising 0 1 2 3 4
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13

14

16

17

18

19

Not true
for me

I feel like a failure when I haven't 0
exercized 1n a while

I think it 15 important to make the effortto 0
exercise regularly

I find exercise a pleasurable activity 0

I feel under pressure from my friends/family 0
to exercise

I get restless 1if T don’t exercise regularly 0

I get pleasure and satisfaction from 0
participating in exercise

I think exercising is a waste of time 0

Sometimes Very true

true for me

]

b

b=t

b

b

b=t

b

for me
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Appendix E- Dundee Stress State Questionnaire (DSSQ)

Please answer some questions about your attitude to the task you are about to do (interval
training on a treadmill). Rate your agreement with the following statements by circling one of

the following answers. Make sure you answer every question.

0 = not at all ‘ 1 = a little bat 2 = somewhat 3 = very much 4 = extremely

L I expect the content of the task will be interesting ... 0 1 2 3 4

2. The only reason to do the task 1s to get an external reward (e.g. payment) 0 1 2 3 4

3. I would rather spend the time doing the task on something else_ ... 0 1 2 3 4
4. I am concerned about not doing as wellas Ican. .. ... ... .. 0 1 2 3 4
5. I want to perform better than most people do.............................. 0 1 2 3 4
6. I will become fed up with the task ... . 0 1 2 3 4
7. Tameagertodowell . ... 0 1 2 3 4
8 I would be disappointed if I failed to do well on the task ... 0 1 2 3 4
Q. I am committed to attaining my performance goals_ ... . 0 1 2 3 4
10.  Doing the task 1s worthwhale ... .. 0 1 2 3 4
11, Texpecttofindthetaskboring .. ... ... ... ... 0 1 2 3 4
12. I feel apathetic about my performance ... ... 0 1 2 3 4
13, Iwanttosucceedonthetask ... . ... 0 1 2 3 4
14,  The task will bring out my competitive drives. . 0 1 2 3 4
15, Tammotivatedtodothetask ... . 0 1 2 3 4
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Appendix F- Physical Activity Enjoyment Scale (PACES)

Post-training

Yo 4
During exercise (in this session)... “ay ’r""-'::,i_
1. Tenjoyit 12 3 4 5 6
2. Ifeel bored 12 3 4 5 6
3. Idislikeit 1 2 3 4 5 6
4. 1 fmnd it pleasurable 1 2 3 4 5 6
5. Tam very absorbed in the activity 1 2 3 4 5 6
6. It’sno funatall 1 2 3 4 5 6
7. 1find it energising 12 3 4 5 6
8. It makes me depressed 12 3 4 5 6
9. It's very pleasant 12 3 4 5 6
10. I feel good physically while doing it 12 3 4 5 6
11. It’s very invigorating 12 3 4 5 6
12, Tam very frustrated by it 12 3 4 5 6
13.  It’s very gratifying I 2 3 4 5 6
14. It's very exhilarating 1 2 3 4 5 6
15. It's not at all stimulating 1 2 3 4 5 6
16. It gives me a strong sense of accomplishment 1 2 3 4 3 6
17. It's very refreshing 1 2 3 4 3 6
18. I felt as though I would rather be doing something else I 2 3 4 5 6
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Appendix G- Brunel Mood Scale (BRUMS) Fatigue and Vigour sub-scales

Below is a list of words that describe feelings people have. Please read each one carefully.
Then circle the answer which best describes HOW YOU FEEL RIGHT NOW. Make sure
you answer every question.

Notatall  Alittle  Moderately Quite a lot  Extremely

L. Lively 0 1 2 3 4
2. Worn Out 0 1 2 3 4
3. Exhausted 0 1 2 3 4
4. Sleepy 0 1 2 3 4
5. Energetic 0 1 2 3 4
6. Active 0 1 2 3 1
7. Tired 0 1 2 3 4
8. Alert 0 1 2 3 4
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Appendix H- Exercise ‘Liking’

Please rate how much you ‘liked’ the exercise in this training session

Not at all

A little bit

Somewhat

Very much

Extremely

O

O

O

O

[
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Appendix |- Feeling ScaleRS) with Instructions

Feeling Scale instructions

While participating in exercise, it is commaon to experience changes in mood. Some
individuals find exercise pleasurable, whereas others find it to be unpleasant.

Additionally, feeling may fluctuate across time. That is, one might feel good and bad
a number of times during exercise. The scale below has been developed to measure
such responses.

+5
+4
+3
+2
+1

Very good

Good

Fairly good

Neutral

Fairly bad

Bad

Very bad
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Appendix J- Rating of Perceived Exertion (RPE) scale with instructions

RPE

6 No exertion at all
7  Extremely light
8

9 Very light

10

11 Light

12

13 Somewhat hard
14

15 Hard (heavy)
16

17 Very hard

18

19 Extremely hard

20 Maximal exertion
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Borg's RPE Scale Instructions

While exercising we want you to rate your perception of effort. i.e., how hard, heawy,
and strenuous exercise feels to you. The perception of exertion depends on how
hard you are driving yvour legs or arms, how heawvy is your breathing, and the overall
sensation of how strenuous exercise is. It does NOT depend on muscle pain, i.e. the

aching and burning sensation in your leg or arm muscles.

Look at this rating scale; we want you to use this scale from & to 20, where & means

"no exertion at all” and 20 means “maximal exertion”.

9 corresponds to “very light™ exercise. For a normal, healthy person it is like

walking slowly at his or her own pace for some minutes.

13 onthe scale is “somewhat hard™ exercise, but it still fesls OK to continue.

17  “very hard” is very strenuous exercise. A healthy person can still go on, but he or

she really has to push him- or herself. [t feels very heavy, and the person is very tired.

19 onthe scale is “extremely hard exercise”. For most people this is the most

strenuous exercise they have ever experienced.

Try to appraise your feelings of exertion as honestly as possible, without thinking
about what the actual physical load is (heart rate, speed, power cutput, intensity
level on the exercise machine). Don't underestimate your perception of effort, but
don't overestimate it either. It is your own feeling of effort that’s important, not how
it compares to other people’s. What other people think is not important either. Look

carefully at scale and expressions, and then give a number.

Any questions?
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Appendix K- Pain Scale (PS) with instructions

Pain

o

No pain at all

AN

Very faint pain (just noticeable)
Weak pain

Mild pain

Moderate pain

Somewhat strong pain

Strong pain

Very strong pain

o 0 ~N ¢ B W N

10 Extremely intense pain (almost
unbearable)

. Unbearable pain
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Pain scale instruction

The scale before you contains the numbers 0 to 10. You will use this scale to assess
the perceptions of pain in your legs during the test. In this context, pain is defined as
“the intensity of hurt that you fee!”. Don't underestimate or overestimate the degree

of hurt you feel, just try to estimate it as honestly and objectively as possible.

The numbers on scale represent a range of pain intensity from “very faint pain®
(number ) to “extremely intense pain-almost unbearable™ (number 10}, When you
feel no pain in your legs, you should respond with the number zero. When the pain in
wvour legs becomes just noticeable, you should respond with the number Y. If your
legs feel extremely strong pain is that is almost unbearable, you should respond with
the number 10. If the pain is greater than 10 respond with the number that
represents the pain intensity you feel in relation to 10, In other words, if the pain is

twice as great then respond with the number 20.

Repeatedly during the test you will asked to rate the feelings of pain in your legs.
When rating these pain sensations, be sure to attend only to the specific sensations

in your legs and not report other pains you may be feeling.

It is very important that your ratings of pain intensity reflect only the degree of hurt
you are feeling in your legs. Do not use your ratings as an expression of fatigue (i.e.

inability of the muscle to produce force] or belief that the exercise tazk is completed.

In summary you'll be asked to: (a) provide pain intensity ratings in your legs only; (b)
give ratings as accurately as possible; and (¢} not under-or-over-estimate the pain,
but simply rate your pain honestly. ¥You should use the verbal expresszions to help

rate your sensations.
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Appendix L— Contents analysis from chapter 5

1st-order theme Higher order theme Occurrences
Task difficulty (hard)

1. Perception of 84 + 16%
Physical effort effort
Exertion
Fatigue
Tiredness
Alertness 2. Mood state 18 £ 21%
Energy
Exhausion
Feeling

3. Affective valence 22 +27%
Enjoyment
EXEiCSentueeaain 4. Pain 22 + 36%
Time _

5. Time-related 15 £ 20%
Monotony

6. Side-effects 2+4%
Sleep disturbance
Sickness
Motivation 7. Motivation 1 + 3%
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ITOO1 | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 1 0 1 1 1

Felt bettey W During - Today felf Recovery felt

g [ , pairn longer, waiting for| short, but today

' usuall but| the voice asking fol was a bette|

¢ RPE. Fuck you| session. Todaj

was really fine.

, time

Time went was faster, still

quicker. t

ITO02 | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 1 1 1

Not sure whal When | got out Poor sleep again g This pill makes

in it . After| of the car today Monday evenin me jabber on]

last session || felt like this It feels like

was giggling,| one was the { you're looking

rabbling and ha ill. ) down on

mor¢ couldn't slee i would stop if 1| yourself,

enjoyable. ﬁ . | felt| could right now| whereas, othe

. It didn't thirstier. Today, (which | am feeling days feel like

feel as good. I felt better. for the first time).l you're in it.

felt like it was Today | felt like a| Today  went

longer. rat on a wheel. | quicker, out-

tried hard but ther( of-body
was no pleasure. | experience,

, it didn't
feel boring or
menotonous,

, It
didn't feel the|
same...

ITOO3 | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 1 0 0
r) | feel like | was
: q
r and r
Lasi
session was |
really good
session.
ITOO4 | Experimental 2 | Experimental 3 Experimental 4 Experimental 5 Experimental 6
Choice| 0 0 0 1 1
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F

t

| was felt harder, time
r went faster.
Today was
monotonous
however.
ITOOS | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 1 1 1
| felt better| Today felt longer.
today. ‘
, it was
actually
. enjoyable.
ITOO6 | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 0 1 1 1 1
Started  well ang
I , | felt I
ood, (
€ . s . I'm
1 The end .|in a good
: of the test felt mood.
like half way
through.
ITOO7 | Experimental 2 | Experimental 3| Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 1 1 1
y. session more.
e pai
being the same.
. feeling
(affect)
constantli hicl;h
ITOO8 | Experimental 2 | Experimental 3 Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 1 1 1
Today was very Easier  overal
similar, jt harder at the en
went faster anc T
ITO09 | Experimental 2 | Experimental 3 Experimental 4 Experimental 5 Experimental 6
Choice| 1 1 0 1 1
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ITO10

d Very similar
r an

d

Experimental 3| Experimental 4

Experimental 5

Experimental 6

Choice

1 1

Today | felt F
r

0

Legs felt

though.

¢
. Last

fine

1

session | was
sickey but legs
felt good.
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Appendix M— Supplementary analyses for chapter 12

12.S.1. EFWR (first hour only) parameters following drug administration at ZT12

EFWR distance was statistically significantly different betweeamditions,
F(2.067, 37.209) = 14.521,9.001, &€ = .689. Post hoc analysis was performed with a
Bonferroni adjustment. There was not a statistically significant diféeran when
running distance between baseline (57.773 + 13.144 m) and caffeine (55.232 £ 9.627 m),
with a mean difference of just 2.541 (95% ClI, -15.606 to 20.688) m, p = .772; whilst all
other conditions we statistically significant from one another. Mice ran statiBfica
significantly further at baseline than they did in the control (26.328 + 7.336nm), a
haloperidol conditions (20.998 + 6.661yith mean differences of 31.444 (95% ClI,
15.388 to 47.500) m, p = .001, and 36.775 (95% Cl, 19.063 to 54.486) m, p < .001,
respectively. Mice also ran statistically significantly furthrethie caffeine condition than
they did in the control, and haloperidol conditions, with mean differences of 28%%s3 (

Cl, 14.435 to 43.371) m, p = .001, and 34.234 (95% CI, 20.289 to 48.178) m, p < .001,
respectively. Finally, mice ran statistically significantly hat in the control condition
than in the haloperidol condition, with a mean difference of 5.331 (95% CI, 0.56 to

10.605) m, p = .048. (Figure 12.S. A).

EFWR sedentary time was statistically significantly diffetsstiveen conditions,
F(3, 54) = 40.730, p < .001. Post hoc analysis was performed with a Bonferroni
adjustment. During the 2-h EFWR activity, there was stedibyi significantly more
sedentary time in the control (73.805 = 3.004%) and haloperidol conditions (75.949 +
3.611%), compared to baseline (49.706 + 4.455%). With mean differences of 24.099
(95% ClI, 15.645 to 32.554)%, p < .001, and 26.244 (95% CI, 16.648 to 35.848)%, p
.001, respectively. There was also statistically significandg kedentary time in the

caffeine condition (40.113 + 4.304%), compared to the baseline, control, and haloperidol
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conditions. With mean differences of -9.593 (95% CI, -18.420 to -0.765)%, p = .035, -
33.693 (95% CI, -42.816 to -24.570)%, p < .001, and -35.837 (95% CI, -42.932 to -
28.742)%, p < .001, respectively. No other differences between conditions were

statistically significant. (Figure 12.S. B).

EFWR average speed was statistically significantly different between iooisdit
F(2.303, 41.461) = 6.332,9#.034, ¢ = .768. Post hoc analysis was performed with a
Bonferroni adjustment. During the 2-h EFWR activity average running spesd wa
statistically significantly lower in the control (1.284 + 0.187 m/min) andgexidol
(1.145+ 0.179 m/min) conditions compared to baseline (1.666 + 0.246 m/min). With
mean differences of -.382 (95% ClI, -.628 to -.135) m/min, p = .004, and -.521 (95% ClI,
-.837 to -.205) m/min, p = .003, respectively. No other differences betweeniaasndit

were statistically significant. (Figure 12.S. C).

EFWR maximum speed was statistically significantly differentwben
conditions, F(3, 54) = 8.325, p <.001. Post hoc analysis was performed with a Bonferroni
adjustment. During the 2-h EFWR maximum running speed was stalysigaificantly
lower in the control (3.060 £ 0.410 m/min), haloperidol (2.716 + 0.411 m/min), and
caffeine(3.651+ 0.405 m/min) conditions compared to baseline (4283%11 m/min).

With mean differences of -1.223 (95% CI, -1.978 to -.467) m/min, p = .003, -1.567 (95%
Cl, -2.483 to -.650) m/min, p =.002, and -.632 (95% ClI, -1.246 to -.019) m/min, p = .044,
respectively. Whilst maximum speed in the caffeine conditweas statistically
significantly higher than maximum speed in the control and haloperidol corlitiVith
mean differences of .591 (95% ClI, .068 to 1.113) m/min, p = .029, and .935 (95% ClI,
.185 to 1.684) m/min, p = .017, respectively. No other differences between conditions

were statistically significant. (Figure 12.S. D).
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Figure 12.S.Enclosed free wheel-running activity, during the first ivhof a (total) 2-hour observation
period, at baseline and following 3 treatment conditionsaifnents (received in a randomised order and
administered via IP injection) were: haloperidol vehicléofeéd by saline (control); haloperidol, followed
by saline; and haloperidol, followed by 40 4 caffeine. The time of day was ZT12 (start of the active
phase). A) total distance covered B) percentage of sagdithe. C) average running speed. D) maximum
running speed. All values are presented as means + SEM. * kwliaasignificant difference between
conditions at P < 0.05, ** at P < 0.01, and *** at P < 0.001.
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