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ABSTRACT

This study investigated the effects of exogenous melatonin on pesigle@ability to perform

an emotional Stroop tas&nd underlying brain architecture. 10 healthy adaige€ 26.8 £ 6.25

yeard underwent a baseline period followed by an experimental period whereby melatonin was
administered at inappropriate times, with daily activity logs kept throughout. The enhotiona
Stroop task was performed four times during each period, followed by an MRI scan. Following
melatonin administration, sleep and wake times were significantly shifted and sleep quality
ratings were significantly decreasedmpared to baseline values. Atilahally, processing of
emotional words but not faces was negatively affected by the melatonin treatment. Fractional
anisotropy and mean diffusivity valuegere also significantly altered in the inferior frontal
gyrus. It is inferred that the melatoninatment induced circadian desynchronization, resulting

in behavioural changes and structural alterations in brain regions involved in performance of the

emotional Stroop task.
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1. Introduction

1.1 General Introduction

1.11 A Brief HistoricalReviewof Chronobiology

The daily changes in environmental ligtdanditions resulting from the rotation of the
earth have had profound impacts on all aspects of life. One such impact has been on the
evolution of rhythmic physiological processes in living organisms. The world in which we live
consists of a solar day withlternating periods of light and dark, and as such, organisms have
adapted by synchronizing their own activities with these light/dark cycles. This synchronization
of activities is important as it allows for the anticipation of change before the neesiEdias
example, blood glucose levels rising prior to oneOs awakBring as timing is required for
anticipation, so too are clocks required for timing. Though much is now known about biological
clocks and their sophisticated timing mechanisms, it ipomant to highlight the early
experimentsn plants and insecthat aided in their discovery arlde eventual discovery of the
mammalian circadian system as a whole.

In 1729, Jeadacques dOOrtous de Mairan detailed the first encounter with internal
biological clocks. de Mairan observed that the leaflets of the pntosa pudicafolded
together and hung downwards during the night and unfolded and expanded during the day (de
Mairan, 1729). He further noted that these behaviours did not changeMimesa pudicawas
placed in continuous darkneBshat is, the leaflets continued to fold and unfold rhythmically in
synchrony with the external light/dark cycle, despite being unable to detect it directly (de
Mairan, 1729). This simple yet remarkable experimesas the first demonstration of an
internally generated 24 hour rhythmicity, contrary to previous presumption that they occurred as

a direct response to environmental and external light cues. The work of de Mairan and others led



to the definition of threspecific criteria that a rhythm must fulfill in order for it to be considered
circadian in nature. First, circadian rhythms must persist in an aperiodic environment, as was
exhibited by the behaviours Mimosa pudican the absence of light. Organismsagdd in an
aperiodic environment have rhythms that continue in the absence of environmental cues, free
running with a period length of approximately 24 hours. Second, circadian rhythms must have
freerunning period lengths that are close to, but not exa2d hours. That is, in constant
aperiodic environments the rhythm must persist such that the interval between consecutive peaks
or troughs, also known as the period, is roughly 24 hours. Internal clocks have natural period
lengths that are either slightshorter or slightly longer than 24 hours (with the range being
approximately 19 to 26 hours in length), and these varying period lengths are constant and
characteristic of a particular clock. Lastly, the rhythm must have a period length that is
temperatte compensated. As biological clocks are relatively insensitive to temperature changes,
the free running period length of the clock must also not change greatly with fluctuating
temperatures.

A second key contribution to the study of biological clocks;twonobiology, came with
the conceptualization of the transcriptivanslation feedback loop (TTFL) iBrosophila by
Hardin, Hall, and Rosbash (Hard#hal, 1990; Figure 1). In brief, the mechanisms of this-first
described TTFL model were as followketCLOCK (CLK) and CYCLE (CYC) proteins within
clock cells form a heterodimer and translocate into the nucleus, acting as a transcription activator
by binding to the Ebox element in the promoters of two of the most widely recognized clock
genesperiod (Rer) andtimeless (Tim)As a result of the stimulation of these genes, transcription
of Per and Tim mRNA and the eventual translation of the mRNA into PER and TIM proteins

occurs. The PER and TIM proteins then come together to form PER/TIM heterodineers, th



formation of which inhibits the CLK/CYC heterodimers from further activating transcription.
This binding of TIM to PER not only acts as a negative feedback on the TTFL, but also serves to
protect PER from phosphorylation. During the day, TIM is degrégectyptochrome (CRY), a
protein that is involved in blue light photoreception in insects. Thus, in the presence of blue light
during daytime CRY is activated, TIM is degraded, and PER is continuously susceptible to
phosphorylation by doubieme (DBT), anoncyclical casein kinase. During the night, however,
levels of TIM increase as there is no longer blue light input to CRY and therefore no more
degradation of TIM. Concomitantly, protein phosphatase 2A works to undo the actions of DBT
by cyclically dephephorylating PER until the levels of PER are high enough to dimerize with
TIM.

As our knowledge of the circadian system further developed, several deficiencies in this
TTFL model were noted. Firstly, prokaryotic blgeeenbacteriahave molecular osciltars and
are capable of performing circadian timekeeping, though they do not possess a nucleus nor any
of the aforementioned mechanisms (LaKimomas, 2000). Additionally, the proposed model
consists of mechanisms that are not temperature compensated-Thaknas, 2000).
Furthermore, the biochemistry of this TTFL model woatdtur quite rapidly, as transcription,
translation and nuclear transport takes mere minttas there must be an additional component
to the model that slows the mechanism down d¢oaadian period length (Lakifhomas, 2000).
Lastly, it seems that PER and TIM must be multifunctional, as their levels within clock cells are
much higher than what is needed solely for transcription activation and inhibition purposes
(Lakin-Thomas, 2000) Although now recognized as being overly simplistic and largely
inadequate for explaining the molecular basis of the clock, the importance of this initial TTFL

model cannot be overlooked as it demonstrated the first workings of the machinery within clock



cells.

The DrosophilaTTFL is now known to consist of multiple interlocking feedback loops
and involve several dozen genes and their protein products (Hardin, 2011). Posttranslational
modifications to the key clock proteins are now also known to regthlatperiod length of the
clock to about 24 hours by introducing temporal delays into the mechanism. For example,
phosphorylation has been shown to affect the timing of the clock through its actions on PER and
TIM. Direct phosphorylation of PER by DBT indltytoplasm destabilizes PER until levels of
TIM in the cytoplasm accumulate to sufficient levels, which introduces a temporal delay between
transcription ofperandtim and the dimerization of PER/TIM (Harmes al, 2034). Additionally,

3 kinases have bedound inDrosophilathat regulate the translocation of PER/TIM from the
cytoplasm to the nucleus: DBT, SHAGGY (SGG), and Casein Kinase Il (CKIl). While DBT has
been shown to play a role in the temporal gating of nuclear entry by phosphorylating PER (Bao
et al, 2001), SGG and CKIl have been shown to promote the nuclear accumulation of PER and
TIM through the phosphorylation of TIM and PER, respectively (Marteted., 2001;Lin et

al., 2002). As most features of tl#grosophila clockwork are conserved imammals, these
advances have allowed for a better understanding of the mechanisms underlying not only the

insect molecular clock, but the mammalian molecular clock as well.
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Figure 1. Model of theDrosophilaTTFL. CLK and CYC act as activators while PERdalIM act as
repressors. Image obtained from Allada and Chaago.

1.1.2Mechanisms of the Mammalian Molecular Clock

Much of our current knowledge in the field of chronobiology can be attributed to research
on circadian rhythms in models varying from bacteria and plants to insects and birds. It was not
until the relatively recent use of mammalian models that scientiste able to get a first
glimpse of the workings behind the human circadian system. Though similar to that of lower
animal models, the mammalian circadian system is much more complex and possesses a few
significant differences that makes it unique and dfitees, difficult to study.

Mammals have an analogous core molecular mechanidbnosophilathat consists of
two transcription factors: a mammalian homolog of CLOCK (CLK) and BMAL1l. The

CLK/BMAL1 heterodimers, similar to the CLK/CYC heterodimers Dmosophila, activate



transcription of the mammalian clock gene homologpesfod (of which there are three genes;

Perl, Per2 andPer3d and cryptochrome(of which there are two gene€ryl and Cry2) by

binding to the Ebox element in the promoters of thesaege (Kinget al, 1997; Gekakigt al,

1998). Per and Cry are subsequently transcribed and translated into their mRNA and protein
counterparts, respectively, and the PER and CRY proteins then dimerize to form complexes that
translocate into the nucleussside the nucleus, these PER/CRY heterodimers work by inhibiting
the CLK/BMALL1-induced transactivation d?er and Cry (Shearmaret al, 2000; Leeet al,

2001; Satoet al, 2006). Unlike theDrosophila TTFL model, however, levels of PER do not
fluctuate beause of the phosphorylation/dephosphorylation process; rather, regulation in the
mammalian model comes from the secondary and independent functions of PER and @RY. Ye
al. (2011) found that CRY binds to the CLK/BMALI#0x complex independently of PERdc
destabilizes it, resulting in the inhibition of transcription. They further found that PER interferes
with the binding of CRY to CLK/BMAL1/Ebox, thus allowing for continuous transcription
activation as CRY is no longer able to destabilize the compdexe{ al, 2011). Today, this
modern model has become widely accepted and has allowed for a more comprehensive

understanding of the mammalian circadian clock (Figure 2).
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Figure 2. Model of the mammalian circadian clock. CLOCK and BMALL1 proteins act as activators while
PER and CRY proteins act as repressors. Image obtained from &aatcl2014.

1.1.3TheMammalian Circadian System

Endogenous circadian rhythms in mammalsgaeerated and regulated by the Ocentral
clockO located in the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN was first
discovered to play an important role in mammals by Robert Y. Moore in the early 1970s from
studies using rats, mice, and hders. It was found that lesions of the S@Nthese animals
caused ablation of many important rhythms such as activity rhythms, sleeping rhythms, body
temperature rhythms, and endocrine rhythms (Moore and Eichler, 1972; Moore and Lenn, 1972,
Stephan and utcker, 1972a and 1972b; Moore and Klein, 1974). The SCN was further found to

control the period lengths of numerous freening rhythms, though the clock cells within the



SCN are not directly photosensitive. It is now known that entrainment of theseceltsckccurs
through an alternate rouvia neural pathways, primarily through the neural pathway from the
eye. Two nerves connect the eyes to the brain: the optic nerve (ON), which acts as an indirect
communication pathway connecting visual photoraoapb the visual processing centers in the
brain, and the retirbypothalamic tract (RHT), which uses the neurotransmitter glutamate to
provide direct nervous communication between the eyes and the SCN and is the primary route
through which the SCN is eained. The RHT is bidirectional, in that it not only provides
afferent input from the eyes to the SCN, it also transmits efferent rhythmic output from the SCN
back to the retina (Moore and Lenn, 1972; Johnstoal, 1988).Traditional clock genes are
expressed in a variety of cell types in the mammalian retina, including photoreceptors and some
retinal ganglion cells. These retinal ganglion cells are clock cells and are directly photosensitive
as they contain an opsbased pigment known as melanopsinttateet al, 2002); these retinal
ganglion cells have axons that travel down the RHT, directly innervating the SCN and providing
light information to its component clock cells. Aside from the RHT, light information can also
reach the SCN through the latereypothalamic tract (LHT), which innervates the SCN and
relays information from the eyes by use of the neurotransmitter neuropeptide Y (NPY).

The circadian timing system in the head of mammals not only consists of the eyes and the
SCN b a third structurknown as the pineal gland aids in the overall organization of circadian
rhythms. Though in birds the pineal gland is known to be an autonomous clock, the pineal gland
in mammals is not; rather, it works as a Oslave oscillatorO that generates rhythrhigotelip
through its innervation by the SCN. Arguably one of the most important outputs of the pineal
gland in mammals is that of melatodxthe SCN not only drives rhythmic melatonin synthesis

in the pineal gland but also has receptors for melatoreH,itdlowing for a feedback effect that



controls the phase of the rhythm (RhBermudezet al, 2004; Bedrosiaret al, 2013).
MelatoninOs main role in the circadian system is that of coordinating synchrony and phase in the
divergent population of SCN @tk cells, which all have slightly different freenning period
lengths. Other synchronizing agents include the glutamatergic fibres originating from the retina,
serotonergic fibres emanating from tla@he nucleiNPY fibres coming from the intergeniculate
leaflet, and other hormonal/metabolic signals. For a medejpth discussion on melatonin, see
section 1.3.

Of patrticular interest to chronobiologists is the fact that clock genes are not only
expressed rhythiwally in structures within the central nervous system (including but not limited
to the cerebellum, hippocampus, arcuate nuclei, paraventricular hypothalamic nuclei, piriform
and cerebral cortices, olfactory bulbs, amygdala, retina, and pineal glan@isduh several
peripheral tissues such as the liver, pancreas, fat, gut, lung, and heast 6\p2002; Challeet
al., 2003; Schibleet al, 2003; Amiret al, 2004; Gachoet al, 2004; Verwey and Amir, 2009;
Mendozaet al, 2010). It is of impodnce to note that cells expressing clock genes are not
necessarily clock®the expression of clock genes must oscillate and undergo circadian cycling
in the absence of external cues for it to be considered a genuine clock. Thus rhythmicity in the
abovementioned peripheral tissues originates from cellular clocks within the tissues themselves.
Though the exact role of molecular oscillations for the function of peripheral organs is still
unclear, it las been hypothesized thaeitherallows the organ to dicipate signals coming from
the SCN, or it enablethe organ to maintain robust rhythmiclly enhancing the signals (Pevet
et al, 2006) Regardless of the reason, these central and peripheral oscillators work together to

form an integral part of what row known as the mutoscillatory circadian network.



1.2 The Hormone Melatonin

1.2.1 The Signal of Night: Melatonin Synthesis and Control

Melatonin, also known ad-acetyt5-methoxytryptaminewas first isolated in 1958 from
bovine pineal gland (reer et al, 1960). The rise of pineal melatonin content during the night
and the subsequent fall during the day was among the first physiological rhythms to be
characterized as a true circadian rhythm (Ra&lpal, 1971). This melatonin rhythm is now one
of the most welldefined and well studied endogenous circadian rhythms to date. In mammals,
the synthesis of pineal melatonin is driven by the SCN clgigtatonin is synthesized from the
amino acid tryptophawhich is converted into-Bydroxytryptophan by tryptophamydroxylase
and then by decarboxylatianto serotonin. From there, the metabolism of serotonin occurs in
two steps. Inthe first step, arylalkylamine N-acetyltransferase (AANAT)catalyzes the
convasion of serotonin td\N-acetylserotonin, which is the®-methylated(the transfer of a
methyl group from Eadenosylmethionine to the-Hydroxy group ofN-acetyleserotoninhy
hydroxyindoleO-methyltransferas¢éHIOMT) to form melatonin (Schomerus and Ko2f)05)
Melatonin is not stored within the pineal but, following synthesignimediately releasethto
the circulating blood streamhere it has a relatively short hdifie as it is rapidly ehydroxylated
in the liver.Therefore, the rhythm of melatonim the peripheral circulation reflects its rhythmic
synthesis by the pineal. The enzylAANAT mediatesthe ratelimiting step in melatonin
synthesis and is responsible for generating the circadian rhythm of melatonin production. The
presence of AANAT in pieal cellsis regulated by the release of norepinephrine (NE) from the
sympathetic nerve fibresriginating from the SCN and inmeating the pineal parenchyma,
which releasd\E in a circadian manner during the night (Kalsbeek and Buijs, 2002; Moller and

Baeres, 2002). The release of NE elevates intracellular cyclic AMP (cCAMP) concentrations and
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activates cAMRdependent protein kinase A, allowing AANAT to be phosphorylated and thereby
protecting it from degradation (Kalsbeek and Buijs, 2002). During theirl#élye absence of NE
stimulation, AANAT is immediately broken dm by proteasomal proteolysishdis, melatonin
levels are elevated during the night as AANAT is available for the metabolic conversion of
serotonin to melatonin, but not during the day as AANis destroyed in the absence of
noradrenergic stimulation

The SCN directly drives the synthesis of melatonin through a -syuaptic neural
pathway which includes the peaitonomic neurons of the paraventricular nucleus (PVN) of the
hypothalamus, theympathetic prganglionic neurons of the spinal cord, and the noradrenergic
sympathetic neurons of the superior cervical ganglion (Moore, 1996 a & b; leirabn1998;
TeclemariariMesbahet al., 1999). Early studies on the SCNOs control of melatomithessis
and release found gamraminobutyric acid (GABA) present in the neurons of the SCN
(Okamuraet al, 1989; Moore and Speh, 1993; Bugsal, 1994). As light exposure causes
activation of most SCN neurons, it was thought that GABA could be reléasadthe SCN
terminals as a response to lightluced activation of these neurons, in turn inhibiting the release
of melatonin (Groos and Meijer, 1985). Kalsbetlal (2000) confirmed this hypothesis, finding
that nocturnal light exposure causes theas¢ of GABA in the vicinity of the PVN, inhibiting
the PVN neurons that control the final part of the phasdivating pathway. Moreover, it has
been postulated that GABA may be released from the SCN terminals according to an
endogenous circadian rhythamd may even be partially responsible for the circadian rhythm of
melatonin release. Though still up for debate, this hypothesis has been substantiated by studies
that found that infusion of a GABA antagonist into the PVN of mice during the subjective day

provoked the release of melatonin, with melatonin concentrations reaching nighttime levels at
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the end of a 4 hour infusion (Kalsbeekal, 2000; Perreatienz et al, 2003). Further evidence

for this hypothesis has come from studies by Perteaz et al (2004, 2005), demonstrating

that the SCN uses a combination of rhythmic daytime inhibitory signals (via release of GABA)
and nighttime stimulatory signals (via release of glutamate) to control the daily rhythm of
melatonin synthesis. Therefore, the preseof glutamate and the absence of GABA during the
night activates the PVN neurons and stimulates the noradrenergic sympathetic neurons to release
NE, in turn raising the levels of AANAT and allowing for the synthesis of melatonin from

serotonin.

1.2.2Role of Melatonin in the Circadian System

Melatonin serves as the Ohormone of darkriash® circadian systeymelaying timing
information and synchronizing the Ocentral clockO inS@al with the peripheral clocks
scattered throughout the bodyardebndet al, 2011; Pevet and Challet, 2Q1As an output of
the SCN clock, the nocturnal secretion of melatonin is able to distribute a circadian message to
the entire body. The duration of melatonin secretion and the corresponding levels of melatonin in
the circulating bloodstream reflect the length of the night and indicate a relative position within
the 24 hour day. Therefore, the daily profile of melatonin secretion conveys internal information
used not only for circadian timing, but also for seasarabbral organization. Thus, changes in
the duration of melatonin production throughout the year can be integrated by the brain to
measure photoperiodic time. Though the role of melatonin in photoperiodic responses has been
widely documented in animal modgdlfor comprehensive reviews of photoperiodism in animals,
see Bradshaw and Holzapfel, 2007 and Hazlerigg, 2012), thidtkeisvidence of photoperiodic
phenomena in humans and thus this role of melatonin will not be discussed within the framework

of this thesis.
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Three melatonin receptor subtypes have been identifieal,of which arecurrently
known to befound in mammals (MTand MT, subtypes)Though both MT and MT, subtypes
are G proteircoupled receptors, they play different roles in the mammalyatem. Activation
of MT; receptors inhibits neuronal firing and induces arterial vasoconstriction, while activation
of MT, receptors phase shifts circadian rhythms generated within the SCN and induces
vasodilation (Dubocovich and Markowska, 2005). Brgheptor subtypes have belecalized
within the central nervous system and in peripheral tissb@sammals. Though melatonin is
ubiquitous inanimalsand potential target sites are numerous, binding sites have been reported to
vary widely across mammaltisspecies (MasseRevetet al, 1994; Morgaret al, 1994). Of the
several dozen sites studied within the brains of animal models such as rats, Syrian hamsters,
Siberian hamsters, whifeoted mice, guinea pigs, rabbits, goats, sheep, vervet monkeys,
baboms, rhesus monkeys, and humans, only the SCN and pars tuberalis of the pituitary showed
consistency across all models. In humans; MEeptor proteins have been found in BrodmannOs
area 10, putamen, caudate nucleus, nucleus accumbens, substantia nygdalsamand
hippocampus of the poestortem human brain (Uzt al, 2005) The identification and
localization of these receptors holds much importance as it allows for targeted regions of interest
in which exogenous melatoninOs effect on the human braibecaxamined. Outside of the
brain, animal and human melatonin binding sites have been characterized to include the spleen in
guinea pigs, hamsters, mice, ducks, and pigeons, the ovaries and testes in chickens, the kidneys
in ducks, and the spermatozaahumans (Morgaet al, 1994). This widespread distribution of
melatonin receptors both within and outside of the nervous system makes it the key agent to
deliver circadian timing information throughout the body, and may play a role in the entrainment

of peripheral oscillators in these tissues (Aloisde et al, 2008; Brodsky and Zvezdina, 2010;
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Chakravarty and Rizvi, 2011).

1.2.3Melatonin as an Antioxidant

Melatonin plays a second crucial role in mammdlishelpsto rid the body of free
radicals, as it is one of the most powerful antioxidants founlkumans(Vijayalaxmi et al,
1998).Due to melatoninOs amphiphilic properties, it can cross physiological barriers that other
antioxidants possessing only hydrophiclipophilic properties cannot. It is for this reason that
melatonin is such a powerful antioxidant, as it is able to reduce oxidative damage in both the
lipid and aqueous environments of celReiter et al, 2004).Direct antioxidant properties of
melaonin have been shown to occur through protection against DNA degradation and lipid
peroxidation (BonnefoARousselot and Collin, 2010). It is thought that protection against DNA
degradation by melatonin may be due to the direct scavenging of free radiocaswith the
activation of DNA repair enzymes (Vijayalaxret al, 1998). Indeed, several studies have
demonstrated the ability of melatonin to scavenge oxyigeived free radicals, including
hydroxyl free radicals (Poeggelet al, 2002; Robertet d., 1998; Matuszalet al, 1997) and
peroxyl free radicals (Livreat al, 1997; Pieriet al, 1994). Furthermore, melatonin has been
shown to exhibit an indirect antioxidant role by supporting superoxide dismutase and glutathione
peroxidase activity (Konkax and Reiter, 2008). Reitetal. (2002) and/Viniarskaet al (2006)
found that melatonin activatedyglutamylcysteine, stimulating glutathione production in cells
and thereby increasing glutathione levels. In addition, it was found that melatonintgsdh®
activity of glutathione reductase, which converts oxidized glutathione back to its safer, reduced
glutathione form (Reiteet al, 2002). Thus disturbances to the melatonin rhythm cause not only
circadian disruption but also reduce antioxidant Igvevhich in turn, increases the risk of

developing diseases.
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1.2.4Melatonin as a Chronobiotic

When it was first discovered that the SCN not only drives rhythmic output of melatonin
but has receptors for melatonin itself, scientists were puzzled dsytthis was the case. It has
now been shown that circulating melatonin is able to feed back onto the SCN clock, affecting
circadian regulation as demonstrated by the pbhseng effects on the firing rate of SCN
neurons(Gillette and McArthur, 1996). Asuch, esearch has now focused on the use of
melatonin as a chronobiotid a drug that shifts all circadian rhythms in a desired direction
(advance or delay) aratts as a &tgeber(German word for Otime giverO, referring to cues or
signals that clocks synchronize tm) maintain a stable phase once the desired shift has been
obtained.

It has long been known that daily administration of melatonin acts on activity rhythms in
rodents B studies using subcutaneous injections, infusions, or melatonin administered via
drinking water all demonstrated the ability to entrain-n@ening rhythms in rattRedmaret al,

1983; Pitroskyet al., 1999; Slottenet al, 1999).According to the noiparametric model of
entrainment, this synchronization process occurs through progressive daily phase shifts. In
respect to melatonin, researchers studying its entrainment limits have concluded that daily phase
shifts as a result of exogenous melatonin eafigm a minimum of half an hour to a maximum

of an hour and a half (Slottext al, 2002). When administered to humans in accordance with the
melatonin phase response curve (PRC) first documented by étealy(1998), which illustrates

the relationship étween the time exogenous melatonin is taken and the effects it has on the
rhythm, it can produce phase advances that reset the circadian clock to an earlier time, or phase
delays that reset the circadian clock to a later time. The most current melaR®@in P

demonstrates that while exogenous melatonin administered around the time of endogenous
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melatonin secretion causes little phase resetting, exogenous melatonin administered at least two
hours prior to endogenous melatonin secretion causes phase advahegsgenous melatonin
administered at least two hours after endogenous melatonin secretion causes phase delays
(Breslowet al, 2013)

Melatonin appears to have a dual effect on the molecular machinery of clock cells, as it
has been observed th@&yl mRNA expression peaks during the night when blood plasma
melatonin levels are high arRerl mRNA expression peaks early in the day when melatonin
levels in the bloodstream are low (Pegttl, 2006). It therefore appears tivErlexpression is
linked to the decline in melatonin levels, whileyl expression is gated by its release. However,
Poirel et al. (2003) observed that administration of exogenous melatonin did not alter
transcriptional regulation of the clock gergsrl, Per2 Clock Bmall, Cryl andCry2in rats. It
was thus concluded that these genes are not the initial target that mediates rieldbceth
phase advances or delays, and that the chronobiotic effect must lie elsewhere and rely on other
regulatory mechanismdn support of this conclusion, Agezt al (2007) found that acute
injected melatonin induced an immediate phase advance of the expression rhythm-of REV
ERBa, a nuclear receptor that acts as a transcriptional repressor. This finding suggests that this
transcription factor, and not the clock genes themselves, may be the primary molecular target
involved in the chronobiotic effect of melatonin (Aggzl, 2007).

The chronobioticpropertiesof melatoninmay help to explairthe wide range of its
reported dectsbfor example, improved cardiovascular, digestive and immune fundiians
demonstrateshat it may be suitably useds a pharmacological drug to manipulate circadian
rhythms.Indeed, melatonin has been shown to help shift workers entrain tethenlule, thus

improving their sleep duration and quality (Zee and Goldstein, 2010). Furthermore, documented

16



responses to administration of exogenous melatonin have validated its efficacy in both
advancing and delaying the circadian clock and its resutiyitnms, providing evidence for the

use of melatonin to help shift workers entrain to their work schedidikard et al, 1993;
Burgesset al, 2002;Burgesset al, 2008; Burgesst al, 2010; Zee and Goldstein, 2010). The
most convincing data to be obtained thus far, however, have comesfrmhes on blind
individuals, who often experience sleep disturbances because their activity rhythms can fall out
of phase with social cues for sf@ng and wakefulness. Exogenous melatonin administered
daily has been shown to entrain the sleep/wake cycle of these individuals to a 24 hour period,
resulting not only in a stable sleep/wake rhythm but in improvements to their quality of life as

well (Skene and Arendt, 2006 and 2007).

1.3 Our 24/7 World: Circadian Disruption and its Conseguences

1.3.1 Temporal Disruption and Desynchronization

In todayOs 24/7 world, shift work has become increasingly commonplace to meet
societyOs ewmcreasingdemands. Although shift work has long been associated with minor
health problems such as gastrointestinal disorddyaormal metabolic responsemd sleep
disorders,the more serious risks to lotgrm shift workers are only recently coming to light
(Arendt, 2010). Of the major diseases that have been found to afflict shift workensotmest
well documentedassociations arbetweenshift work and cardiovascular disease, dedale
shift workers andoreast cancer (Arendt, 2010). Shift workers have beported to have an
increased risk for developing cardiovascular dis@askits associated health problems (Peter
al., 1999), including obesity, high triglyceride levels, and low tdghsity lipoprotein (HDL)

cholesterol concentrations among othetahelic abnormalities (ANaimi et al, 2004; Karlsson
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et al, 2001, 2003)It has also been shown that women who work on a rotating night shift
schedule have a 36% greater chance of developing breast cancer than women who have nevel
worked rotating shiftswith the risk rising further as the duration of participation in shift work
increases (Schernhammetr al, 2001). The epidemiological evidence correlatmgyk-related
temporal disruptions and breast cantave been so convincing that in 2008, Dennudficially
recognized shift work as asccupationahazard and as a result, became the first country to pay
government compensation to women who developed breast cancer while workirigriong
night-shifts (Chustecka, 2009).

These health problems are manifestations of a breakdown of the circadian timing system,
and as this vital system is important for proper physiological function disruption is expected to
produce serious effects. Thahkift workers working out of phase witheir internal biological
clock undergowhat is known as internal desynchronizatida stateén whichthe bodyOs internal
clocks are out of synchrony with eactherandwith the external environment (Arendt, 2010).

As much of the lives of shift workerseaspent out of phase with local time due to their
constantly changing shift schedules, their circadian clocks often cannot completely readjust their
circadian rhythms, resulting in a state of permanent internal desychronization. In a similar
manner, thosavho suffer from jet lag experience the unpleasant effects of undergoing circadian
disruption. Flying across different time zones produces a misalignment of the bodyOs muiltiple
internal clocks with each other and between them and the external enviro@wentime, the

clocks will resynchronize with each other and the outside world and the jet lag symptoms will
subside. Under normal circumstances, experiencing jet lag does not pose a serious health risk; it
does, however, become an issue of concern whalindewith those working as pilots, -g@lots,

and flight attendants. With the growing awareness of these potential issues, the aviation industry
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has made efforts to combat the effects of internal desynchronization by attempting to minimize
the impact of¢t lag on flight crews that cross many time zones.

One of the main problems afflicting workers who participate in rotating/night shifts is the
exposure to light at night, the occurrence of which disrupts normal circadian physiology and
behavioural rhythmsAs mentioned in section 1.1.2, light is detected by photoreceptive ganglion
cells in the eye, projecting down the RHT and entraining the clock cells within the SCN. These
SCN clock cells control melatonin synthesis in the pineal gland, and thereforsuexgo
extended periods of light at night can drastically alter melatonin levels (Reitd; 2011).
Disruption of this melatonin rhythm, a crucial part of the mammalian circadian timing system,
can evoke a multitude of downstream events includingirdtehe rhythmicity of release of
several hormones (e.g., prolactin, glucocorticoids, and serotonin) (Seivan2009; Reiteet
al., 2011; Gastoret al, 2013), eventually leading to the development of the health problems
mentioned above. Thus und&anding the Ilink between temporal disruption and
desynchronization and finding ways to minimize disruption of the circadian system is a crucial

step in reducing the adverse effects of shift work and jet lag.

1.3.2 Light at Night and Human Health

Almost all manifestations of health problems associated with circadian disruption stems
from the extended exposure to light at night. It has been found that it takes only 39 minutes of
human exposure to a lel@vel incandescent light bulb during nighttime to @@ss melatonin
levels by 50% Schulmeisteret al, 2004. At the cellular level, constant ligimduced
interruption of nightly melatonin secretion has been shown to affect basic processes associated
with the acquisition and utilization of enerdynctionally altering the regulation of body mass,

the efficiency of gut metabolism, and the synthesis of adenosine triphosphate (ATP) in the heart
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(Navara and Nelson, 2007). Exposure to light at night has also been demonstrated to affect
insulin resistang, carbohydrate and lipid metabolism, hypertension, coronary heart disease, and
myocardial infarction (Haus and Smolensky, 2006). Of all these health problems, none have been
more extensively studied than those of coronary heart disease and cancer.

As of 2012, diseases of the heart are the second leading cause of death in Canada
(Statistics Canada, 2012), with only cancer outranking it in the number of deaths per year. As
such, much research has been directed towards revealing the underpinnings ofcihgoasso
between shift work and heart disease. Knutsstoal first reported in 1986 that shift workers
have a 40% increased risk of developing heart disease comparedgbifhavorkers. Several
hypotheses have since been put forth in an attempt toirxpis purported link, including the
stress of shift work disturbing normal metabolic and hormonal functions (Harma, 2006), and the
high percentage of shift workers that engage in healtterse behaviours such as smoking,
drinking, and having a poor di€&Zhao and Turner, 2008). Most notable, however, has been the
discovery that depressed melatonin levels due to exposure to light at night have negative effects
on the heart. Bulloguht al (2006) found that melatonin reduces the activity of the sympatheti
nervous system and in turn, significantly reduces norepinephrine turnover in the heart. Melatonin
is thus beneficial as norepinephrine and epinephrine have both been shown to accelerate the
uptake of lowdensity lipoprotein (LDL) cholesterol. Shift wonlee may therefore be at an
increased risk of developing cardiovascular disease as their melatonin levels are consistently
low, resulting in ovesctivity of the sympathetic nervous system, increased levels of
norepinephrine, epinephrine and LDL cholestesal] decreased levels of HDL cholesterol over
time.

A growing number of studies have also suggested that internal desynchronization may
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play a key role in the occurrence of endocrine malignancies. The association between disrupted
circadian rhythms anché increased rates of cancer has been reported to be due to two main
processes: the direct actions of depressed melatonin levels and the secondary endocrine
modulations resulting from light exposure and/or sleep disruption. Zdvas (2012) found
distubances in the endogenous sex hormone concentrations of women working night shifts
compared to those working day shifts, with night shift working women having elevated levels of
follicle stimulating hormone and luteinizing hormone during both night workdaytime sleep
compared to day shift working women during nighttime sleep. Indeed, alterations of endogenous
sex hormone levels have been well established as being a risk factor for developing breast
cancer, the most common type of cancer to afflict wosteft workers. On the other hand, the
melatonin hypothesis suggests that reduced pineal melatonin secretion may increase the risk of
breast cancer by interacting with high levels of estrogen, a known promoter of breast tissue
proliferation (Anisimovet al, 2004). Melatonin is thought to have a protective effect as it has
been shown to prevent the proliferation of tumor cells by shifting the cell balance from
proliferation to differentiation, and has also been shown to promote the apoptosis of cancer cells
(Navara and Nelson, 2007In addition, melatonin has been reported to provide protection
against cancer development by inhibiting the cell growth of breast cancer cells expressing
estrogren receptors (Sanckearceloet al, 2012). Though the exact roleraelatonin in relation

to these health problems is still unclear, there continues to be an increasing number of studies

that support the link between the melatonin hypothesis and shift work.

1.4 The Circadian System and Cognitive Processes

1.4.1 Circadan Rhythm of Learning and Memory
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The ability to consciously exert control over oneOs cognitive performance is dependent
upon the combined action of three processes: the circadian process, the homeostatic process, ant
sleep inertia (Golombelt al, 2013). As various cognitive functions throughout the day are
regulated by the circadian system, cognitive ability may be impaired if the circadian system is
disrupted. One such example is the decrease in cognitive performance due to internal
desynchroraation. Several studies using both animal and human models have demonstrated an
influence of circadian timekeeping on learning and men{®app and Holloway, 198Xho et
al., 2000; Cho, 2001; Ralpét al, 2003. In particular, it has been shown that ahioophase
shifts of the light/dark cycle affect memory in rats and n{l@evanet al, 2001; Lohet al,

2010). Moreover, induced circadian disruption in adult female hamsters was demonstrated to
suppress hippocampal neurogenesis, leading to drastic esistgr@ impairments in learning and
memory(Gibsonet al, 2010).Similarly, deficits in learning and memory in humans have been
observed in chronically jdagged flight attendants (Ched al, 2000; Cho, 2001). Other studies

on people whose circadianythms have been disrupted as a consequence of night or shift work
have also shown changes in cognitive efficiency. For example, it was documented that shift
workers had cognitive impairments that included slowed/delayed reaction times (RT), increased
error rates, reduced vigilance, memory impairments (including problems with verbal memory),
poor motivation, increased performance variability, reduced subjective alertness, and lower
subjective welbeing scores (Dijlet al, 1992; Horowitzet al, 2001; Santhet al, 2007 and
2008).

Although circadian desynchronization has been documented on multiple occasions to
transiently impair severaognitive performangehe exact way in which this occurs is currently

not well understood. Kiesslingf al (2010) hypthesized that perturbations of cognitive function

22



may be due to the misalignment of the transcriptional feedback loops driving the molecular
clock, as circadian disruption (and jet lag in particular) is characterized by theniiorm phase
resetting ofgenes that operate in both the positive and negative feedback branches of the clock.
In 2005, Rouclet al found that among former shift workers who had stopped shift work for
over 4 years, cognitive performance seemed to improve, suggesting a possidal relvthe
detrimental effects of shift work. If Kiessling and colleaguesO hypothesis is true, éRaLls
findings may indeed be a result of the gradual realignment of the feedback loops in the molecular
clock, a scenario that is not too farfetched the bodyOs clocks undergo a similar
resynchronization process when recovering from jet lagreality, though, shift work is
necessary to sustain the world in which we live; thus, developing effective treatments for
circadian disorders may be an impattatrategy for improving the social aspects related to
internal desynchronization and cognitive deficiencies, including increasing public safety, health,

well-being, and productivity.

1.4.2 Neural Correlates of Attention and Inhibition

The ability to bcus attention and plan goals and behaviours accordingly is pertinent to
the survival of mankind in this multifaceted world. Just as important, however, is the ability to
suppress inappropriate and misguided actions when faced with ambiguous stimultinddten
situations arise in which complex decisioraking strategies and coordination of actions are
requiredbfor example, when faced with competing demands and more than one response option
(Behrenset al, 2007; Ciseket al, 2009. A commonly used experimental task that embodies
such a situation is the Stroop task, first developed by J. Ridley Stroop in 1935. In the Stroop task,
participants are asked to name the colour of the ink that a colour word is written in (Stroop,

1935). Wse of these variables allows for two possible condit®ose in which the ink colour
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and the written word match, and one in which the ink colour and the written word do not match.
What is known as the Stroop effect occuzen the name of a colour is mied in a colour not
denoted by the word (i.e. when the word OblueO is written in red ink), creating a conflict situation
between what is automatically read and what response must be given (StroopPa@R%pants

must therefore inhibit the preparedspense of reporting the written word and instead direct
attention to the less habitual response of reporting the ink colour, with the result being an
increased amount of errors and longer RTs as compared to situations in which no conflict is
present (i.ewhen the word OblueO is written in blue ink).

An altered version of the Stroop task, known as the emotional Stroop task, uses affective
face/word combinations rather than the original Stroop colour/word combinations to create
interference situations in Weh a prepotent response must be inhibited to give a correct answer.
Such incongruent conditions, whereby the facial emotion does not match the superimposed
affective word (i.e. a happy face with the word OsadO written over top), have also been shown to
elicit the welldocumented Stroop effedt.has previously been demonstrated in both the Stroop
and emotional Stroop tasks that processing of word reading occurs faster than the processing of
colour naming or identifying facial expressions (Stroop, 1935ySkiaet al, 2011). Thus in
conflict situationsnhibition processes resulting from tojpwn control must be exerted to inhibit
the automatic nature of reading out the wérd difficult process that hasonsistentlybeen
shown to be more prone to esdOvaysikiaet al, 2011).

Previous research on higher cognitive functions Hasve the prefrontal corteto be
implicated in response suppression and selection (Miller, 2000; Miller and Cohen, 2001). More
specifically, the inferior frontal gyrus (IFGan area that has been reported to play a key role in

language production and response inhibitiarids found to exhibit strong lateral activation
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during incongruent blocks in both the expressioreport the facial emotior&@d word(Oreport

the written vordO)instruction conditions of the emotional Stroop task (Ovaysikial, 2011).
Additionally, unpublished data from a study performed by DeSetizh (2003) demonstrated
strong bilateral activation of the basal ganglia, specifically the putamen, in participants
performing an artsaccade task. In line with findings from the emotional Stroop task, inhibitory
(antisaccade) blocks of this task resultedgreater activation of the basal ganglia than the
reactionary (presaccade) blocks (DeSougtal, 2003). Other regions of the brain, namely the
amygdala and associated limbic structures, have been shown to be activated in response to
affective facial epressions and emotionally salient words (Egeteal, 2008) One particular

limbic structure of interest to the current work is the hippocampus. Beyond its role in processing
affective faces and word$d hippocampubkas been reported to be involvedhe tonsolidation

of information from short to longterm memory(Squire, 1992;Sutherlandet al, 2001;
Eichenbaumet al, 2007), and has also been well documented to be involved in spatial
navigation (Morriset al, 1982; Sutherlanet al, 1982; Jarrard1993; Maguireet al, 1998;
Maguire et al, 2000; Clarket al, 2004; Shrageet al, 2007). These aboveentioned brain
regions are of importance not only because they have been implicated in the inhibition network
as well as in the processing of emotibat also because they have been characterized to have a
high concentration of both MTand MT, receptor subtypes in animals and humans alike
(Morganet al, 1994; Uzet al, 2005). These brain areas therefore act as ideal regions of interest
(ROI) for functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI)
analyses, as they combine the study of circadian dysfunction with cognitive performance on the

emotional Stroop task.
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1.5 Diffusion Tensor Imaging as a Tool for Neural Structural Analysis

1.5.1 DTI Metrics: Fractional Anisotropy, Mean Diffusivity and Fibre Count

Diffusion tensor imaging (DTI) is a nenvasive magnetic resonance imaging technique
that maps thén vivo diffusion process of water molecules in biological tissue. First used in the
mid-1980s, DTI has now gained acceptance in the field as it allovesldetter understanding of
the brainOs structural connectivity through the reconstruction of its major fibre bundles and the
production of neural tract images. DTl measurements provide indication of the brainOs structure
as water diffusion depends on tissarehitecturebthat is, water diffuses more freely if there is
more space between obstacles such as neurons, glial cells, and blood vessels, while less spact
between these obstacles as a result of cells or blood vessels increasing in size or nunsber result
in more restricted diffusion (Le Bihaet al, 2001; Hagmanmt al, 2006; Jonegt al, 2012).
During image acquisition, a diffusion gradient is applied that produces a random distribution of
proton spin phases and results in an attenuated signal @heplithe amount of signal reduction
depends on the strength of the gradient (known ab-ttsdue), as well as the direction that the
gradient is applied. In order to model diffusion in thdemensional space, a tensor ellipsoid
with three perpendicular axes (known as eigenvectors) and three distinct diffusion coefficients
(known as eigenvalugsnust be constructed by applying a minimum of 6 gradient directions,
although current practice generally dictates the use of 30 or 64 directions. With the ellipsoid
fitted, DTl measurements can then be obtained from each voxel (also known as a volumetric
3-dimensional pixel) that reflect the average amount of restriction experienced by water
molecules moving along the axis of the applied gradient (Jreds 2012; Soarest al, 2013).

DTI analysis consists of four main measurements: fractionadtaojy/, mean diffusivity,

axial diffusivity, and radial diffusivity. Fractional anisotropy (FA) is a normalized scalar measure
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used to characterize the degree of anisotropic diffusion (Seasds 2013). It is important to

note that no directionality cabe inferred from FA values alone. Directional information can
only be deduced by examining colezoded FA maps that have specific colours assigned to
specific orientation®for example, red representing kdtright orientation, green representing
poderior-to-anterior orientation, and blue representing infettesuperior orientation (Soares

al., 2013). FA is calculated by dividing the square root of the sum of squares of the diffusivity
differences by the sum of squares of the diffusivities antiiplying the division score by 12

for normalization (Soarest al, 2013). When the diffusion coefficients of the second and third
axes are small relative to the principle axis, the number in the numerator is almost equal to the
number in the denomimatand the resulting FA value is close to 1. An FA value of 1 represents
purely anisotropic diffusion, or diffusion occurring only along the principle axis. Conversely,
when the diffusion coefficient of the second and third axes are large relative tonthele axis,

the number in the numerator is much smaller than the number in the denominator, resulting in an
FA value that is close to 0. An FA value of O represents purely isotropic diffusion, or diffusion
occurring along all possible axes. Hence in lth@n, FA values are generally lowest in areas
containing cerebral spinal fluid as there is little present to restrict diffusion, and highest in areas
of dense white matter as tightly packed neurons greatly minimize the possible diffusion
directions. Meardiffusivity (MD), also known as the apparent diffusion coefficient, is a scalar
measure used to describe the rate of diffusion, regardless of direction (&cal,e2013). MD

values are calculated as the mean of the three eigenvalues (represénteg asdis), and are
represented in units of ¥ (Soareset al, 2013). Axial diffusivity represents the major
eigenvalue of the ellipsoid diffusion tensor, and is the diffusion coefficient that signifies

diffusivity along the principle axis (Soaresal., 2013). Lastly, radial diffusivity is the average
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of the two remaining eigenvalues, and is the average of the diffusion coefficients that represents
diffusivity along the two minor axes (Soamgsal, 2013).

These DTI measurements are not all that loa inferred from the raw dalsa technique
known as probabilistic tractography can also be used to model fibre orientations in the brain, thus
providing more information on white matter microstructure. Probabilistic tractography recreates
fibres thoughto represent the axons of neurons by starting at a region called the seed region and
checking to see whether adjacent voxels have a principal eigenvector in line with the previous
voxel (Hagmanret al, 2006; Jonest al, 2012). If so, the process is egped, with the outcome
being that a neural tract emanating from the seed region and terminating at a secondary location
in the brain is inferred. Beyond visually displaying these tracts, tractography also produces a
connectivity index along a white matigathway called a streamline count (SC) that reflects fibre
orientation and represents the possible number of valid tracks from a particular point, or between
two points in the brain. These SC values can vary widely from brain region to brain region, as
well as from person to person. It is important to note that changes in the-rmaeotiened DTI
measurements have clearly been demonstrated to be correlated with changes in brain architecture
and white matter microstructure (for a review of white matter niglesee Nilssoret al,
2013).

As DTl is a relatively new technique, the literature remains largely focused on its use in
pathology. Only one peeeviewed article could be found on DTI that pertained to circadian

rhythms, and as such the next sectiol a@iscuss this article in more detail.

1.5.2 DTl and Chronotypes

Chronotypes refer to endogenous dispositions in humans that are categorized according to
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the circadian phase of the biological clock and therefore reflect preferences in circadiars rhyth
(Kerkhof and Van Dongen, 1996; Katzenbet al, 1998). Though the term chronotype
encompasses a wide range of cognitive (e.g., efficiency and alertness) and physiological
functions (e.g., hormone levels and body temperature), its use commonly cefegp and

wake habits alone. Thus, those who wake up early, are most alert in the first part of the day, and
have difficulty staying up late are referred to as morning people, larks, or early chronotypes
(EC); those who sleep late into the day, are mtest in the late evening hours, and go to bed

late are referred to as evening people, owls, or late chronotypes (LC). It has been shown that LCs
have a large discrepancy between individual sleep preferences and normal day to day schedules,
such as in a-80-5 working world (Roennebergt al, 2003). As such, deficits in sleep often
accumulate over the week, leading to reports of poor sleep quality, tiredness, and psychological
disturbances (Giannotét al, 2002). In addition, LCs have been found to camsumore legal
stimulants (such as nicotine and alcohol) than ECs (Giargtatti 2002). It has been postulated

that LCs exhibit a chronic form of functional jet lag, as their endogenous sleep/wake rhythms do
not fit conventional societal schedules (Wittmagtnal, 2006). As a result of this lorigrm
desychronization between LCsOhde@genous rhythms and the external environment,
physiological impairments arise and stress is induced due to increased cortisol levels (Cho,
2001). Evidence of structural changes in the brain have been found in people exposed to high
levels of cortisol folfive years, and cognitive deficits as a result of temporal lobe atrophy have
also been demonstrated in those suffering from chronic jet lag (Cho, 2001). Thus, Rosenberg
al. (2014) aimed to deduce whether chronic differences in sleep preferencesctentiype
specificities are associated with structural differences in the brain, and whether chronotype

specificity and healtimpairing behaviour are associated with specific neural mechanisms.
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Using a 30 direction DTI scan, Rosenberg and colleagudsl)2@llected data from 16
healthy male ECs and 23 healthy male LCs between the ages of 18 and 35. They hypothesized
that LCs would differ significantly in their lifestyle habits from ECs and that LCs would exhibit
significantly different DTI metrics thaECs in the anterior cingulate cortex (ACC), corpus
callosum, frontal lobe, and temporal lobes. Consistent with previous literature and with their
hypothesis, it was indeed found that LCs consumed significantly more nicotine and alcohol than
ECs. They repded no significant correlation between alcohol and nicotine consumption and
significant DTI metrics. It was also found that LCs demonstrated significantly lower FA values
in the white matter underlying the left ACC, the left frontal lobe, and the lefuleitey and
significantly higher MD values in the left cerebrum and left frontal lobe compared to ECs. The
differences between LCs and ECs in ACC and temporal lobe white matter were of particular
interest, as LCs have been reported to be at a higher rid&vefoping bipolar disorder and
depression (characterized by white matter ACC abnormalities) (Wkadd 2009;Levandovski
et al, 2011) and chronic jet lag has been found to result in atrophy of the temporal lobe (Cho,
2001). As such, these significadifferences in DTl metrics may be used as an indicator for the
development of disease and chronic functional jet lag during aging. Although still preliminary in
nature, this study holds much importance as it is the first published report linking endogenou
circadian rhythms with structural differences in the brain across ECs and LCs. As the brain is the
central component of the mammalian circadian timing network, future research in the field of
circadian rhythms should aim to incorporate neuroscience itee®in order to gain a better

understanding of the mammalian circadian system as a whole.
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1.6 Objectives, Research Questions and Hypotheses

Though much is now known about the use of melatonin to entrain the circadian clock and
its resulting effects on rhythmical phenomena such as sleep and the daily rise and fall of core
body temperatures (Arendt 2006), little is known about the effeelatonintreatments may
have on oneOs cognitive abiliti€sgnitive impairments as a result sifift work or jet lag have
only been measured using rudimentary reactionary td3&swventet al, 2010; Zhouet al,

2011) no studies have used tasks requiring higher cognitive function, nor have any studies
looked at the resulting effects on the br&inrthermore, no studige datehave used melatonin
in an attempt tinduce desynchronization mpersonOs once synchronous circadian sy§tes.

study thus aims to answer the following research questions:

1) Can exogenous melatonin administered idappropriate times mimic the internal
desynchronization often experience by people participating in shift work or undergoing jet lag, as
inferred by behavioural and cognitive changes?

2) Does exogenous melatonin administered at inappropriate times iresidficits in higher
cognitive function, as measured by performance in an attetdioranding emotional Stroop
task?

3) Does exogenous melatonin administered at inappropriate times alter white matter

microstructure in the brain, specifically in areas asged with higher cognitive function?

It is hypothesized that: 1) sleep and wake cycles will be altered, interpreted to indicate that
melatonin is an effective agent in shifting participantsO internal clocks out of phase with the
external environment angith each other; 2) administration of exogenous melatonin will result

in significantly increased RTs and errors for both instruction sets on the emotional Stroop task;
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and 3) administration of exogenous melatonin will result in significantly altered @Trias

particularly in the areas of the IFG and the hippocampus.
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2. Materials and Methods

2.1 Participants

Ten healthy, righhanded participantgt(malesand 6 femalesnean aget SD = 26.8 +
6.25 years)were included in this withisubject,singleblind-designed study. All participants
were screened prior to the start to ensure that they had no history of neurological disorder and
were free of prescription medication, with the exception being the use of hormonal birth control.
All participants werdluent in English and had normal or correcteehormal visual acuity. All
procedures and protocols were approved by the York University Human Participants Review
Subcommittee and Ethics Review bodcertificate #2012D 209). All participants gave their

informed consent prior to participating in the study and were debriefed accordingly.

2.2 Behavioural Procedures

2.2.1 Behavioural Logs and Questionnaires

All participants were asked to keep a log of their daily behaviours for the duration of the
study, which consisted of a minimum of two weeks prior to the start of baseline testing, during
the two weeks of baseline testing, and during the eight days of experimental manipulation (see
Appendix A for a timeline of data collectianfhese behaviours includéideir time of waking,
sleeping, and meals taken, as well as a brief list of activities they participated in throughout the
day. These behavioural logs were reviewed on an ongoing basis to ensure that all subjects
exhibited a consisnt pattern of behaviosi (i.e.that their sleeping, waking, and eating schedules
did not deviate drastically from day to day). From these logs, participantsO sleep and wake times

were charted and their difight melatonin onset (DLMO) timeas estimated by subtracting 2.5
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hours from their average baseline sleep timiéhis calculation was based on Martin and
EastmanOs (200&prk, whichdemonstrated that healthy adultsO reported sleep times occur 2 to
3 hours after DLMO.Furthermore, participants were asked to fill out the onluhenich
Chronotype Questionnaire (MCTQ) and tonail the resulting PDF file to the researcher when
completed. These PDF files, which contaithe participantsO chronotypes, were taken into
consideration when analyzing their melatonin profiese Appendix B for an example)The
MCTQ can be found at:

https://www.bioinfo.mpg.de/mctqg/core_work_life/core/introduction.jsp.

2.2.2 Emotional Stroop Task

In order to assess participantsO cognitive abilitiesltered version of Ovaysikiet alOs
(2011) emotional Stroop task was us@dhe emotional Stroop task was chosen as it employs the
use of two distinctly different components (i.e. a picture of a face and a word) compared to the
colour/word Stroop task, which only employs the use of word stimulingaboth faces and
words thus allowed for better interpretation of the data, as faces and words are processed through
different pathways in the brailhe emotional Stroop task was coded and presented using
Presentation 12.1 (Neurobehavioural Systems, @&, USA). All pictures were taken using a
Sony DSLRA330L camera. Affective words were superimposed at a 45; angle over the face
images using Eye Batch 2.1 (Atalasoft Inc., Easthampton, MA, USA) and all images were
processed to equalize the isoluminalesels.Participants sat at a table with their head placed in
a heaechin rest during data collection, and the lights in the experimental room were
extinguished during the data collection peridtere were a total of 216 different combinations
of faces ad words(happy, neutral, and sadyith 12 different individual identities. Images were

presented on high contrasblack background at a visual anglel@.3j horizontally and 18.66
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vertically. Fixation crosses wengresentedat a visual angle of 2.4t the center of the screen

Prior to administering the task, participants wergtructed and underwent a practice session
consisting of one run with the instruction@attend and respond to the woad® a second run

with the instruction toOattend andespond to the faceO. The task employed a {design
paradigm as follows: (1) an instruction screen appears for ten seconds, reminding participants of
the instruction previously given as well as indicating the response buttons for the corresponding
emotons (1 for happy, 2 for neutral, 3 for sade Figure 3 (2) 12 pictures are presented in
succession for two seconds each, during which time participants must process the image on the
screen and give a respoBthese 12 pictures make up one block;g8)xation cross appears for

eight seconds, after which the next block of 12 pictures begins; (4) at the end of 15 blocks (five
congruent blocks and ten incongruent blocks), a final fixation cross appears for 16 seconds,
indicating the end of eun. The oder of blocks was consistent betweemnratisand participants,

with the pattern of one congruent block followed by two incongruent blocks being repeated five
times perrun. Eachrunlasted for a total of 498 seconds, with the starting instruction set gfac
word) counterbalanced between participants. Participants performats 4f each instruction

set for each of the baseline and experimental periods, after which the laterespohses
(reaction time, or R)fand the accuracy of the responses werég/aea usingMATLAB version

7.10 (Natick, MA, USA). RTs and errors were averaged within each of the incongruent and
congruentconditions separately for the face and word instruction sets. Statistical tests were
performed using repeated measures ANOVAs dvl PSS Statistics version 2armonk, NY,

USA). This paradigm differed from that of Ovaysilaaal (2011) in several ways: first, a bloek
design with 12 pictures per block was used as opposed to a paseerarelated design with 6

pictures per blocksecond, response images were not used in the current study; third, each
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picture was presented for a total of two seconds compared to the 250ms presentation previously
used; and fourth, the fixation crosses appeared for eight seconds instead of oneAdleatbred.

components of the paradigm remained the same.

CONGRUENT

Figure 3. Example images from the emotional Stroop paradigmongruent and 3 incongruent pictures

are shown12 congruent or incongruent pictures were displayed for 2 seconddretiteir respective
blocks. Participants were instructed to either attend to and report the facial emotion, or attend to and
report the written word. Image obtained from Ovaysétial, 2011.

2.3 Desychronization Protocol

In an attempt to recreate the internal desynchronization that is often experienced by
people participating in shift work or who suffer from jet lag, eight administrations of 1.5mg
sublingual melatonin pills were used to shift participantsO internal datks phase with the
external environment and with each other. Sublingual pills were used in order to deliver the
melatonin into the blood stream as a Zeitgeber pulse. The pills were prepared by cutting 3mg
Webber Naturals Melatonin tablets (Coquitlam,,Btanada) in half, grinding them into a fine
powder and transferring them into a size 4 gelatin capsule (Pompano Beach, FL, USA). To take

the pill, participants were instructed to place the pill under their tongue and to keep it there until
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fully dissolved (approximately five minutes). Each participant was given eight of these pills
along with a desynchronization protocol consisting of specific times during the day at which they
were to take the pills (see Appendix C for an example). The desynchronizaedtoogb was
specific to participantsO daily behaviours as well as to their chronotypes, and consisted of two
days of taking the pill in the early afternoon and two days of taking the pill in the late morning,
repeated twice over eight days. This protoca@swdesigned based on a wedkablished
melatonin phaseesponse curve (Lewet al, 1998B) to ensure that participants were fully
subjected to internal desynchronization, as the melatonin pills were given when melatonin levels

are generally low.

2.4 Biobgical Samples and AssaE_ISAS)

2.4.1 Saliva Samples

Prior to the start of saliva sample collection, participants were provided with a set of pre
numbered, 1.5ml graduatedicrotubes (Diamed Lab Supplies Indlississauga, ON, Canada;
product number DATEC610-3168). The numbers on these collection containers matched a
specifically designed collection protocol that catered to both participantsO chronotype and their
daily behaviours. This protocol allowed for more sparse collection during daytime s (
melatonin levels are generally very lofandiPerumalet al, 2006) and more frequent
sampling starting aé computedDLMO time and through the evening (when melatonin levels
begin to rise and stay elevated, respectively). Participants were iedttaatefrain from eating,
drinking and brushing their teeth at least 15 minutes prior to starting the collection, as well as to
rinse their mouths thoroughly with cold water before providing the saliva sample. Participants

were also instructed to provideminimum of 1ml of saliva per collection, using the markings on
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the side of the collection container as reference p¢seats instructions ikppendix D. During
the baseline period, participants were asked to provide saliva samples over thrésedays
Appendix Efor an example)These saliva samples were refrigerated betwd28;2 during the
week the sampling took place, then placed48QC freezer for storage until assayed. Similarly,
participants were asked to provide saliva samples over eighiddaing the experimental period.
These samples were also refrigerated betweBB8iZ during the week the sampling took place,

then placed in é80;C freezer for storage until assayed.

2.4.2 ErymeLinked Immunosorbent Assay

To establish the melatoniprofiles of each participantpreliminary enzymelinked
immunosorbent assays (ELISAs) were performed to determine the concentration of melatonin in
two subjectsO baselisaliva samplesHowever due to unforeseen circumstances regarding
issues with fundingsee Appendix G and H), ELISAs could not be completed for the remainder
of the collected samplesThe ELISA kits used were developed by IBL International and
distributed by AFFINITY Diagnostics Corporatigmoronto, ON, CanadaYhe ELISA follows
a captue antibody technique, whereby competition occurs between a biotinylated and a non
biotinylated antigen for a fixed number of antibody binding sites on the highly specific
polyclonal Kennaway G280 arntielatonin antibodyThe amount of bound biotinylatedtayen,
which is inversely proportional to the concentration of melatonin in the sample, is determined by
use of an enzyme marker (streptavidin conjugated to horseradish peroxidase) and a chromogenic
substrate (tetramethylbenzid)nthat results in a colouthange from blue to yellow once an
acidic stop solution is added. The optical density of the solution can then be read with a
spectrophotometer at 450nm and quantification of the unknowns can be determined by

comparing the enzymatic activity of the unkmmwvagainst a standard curvEhe analytical
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sensitivity (limit of detection) of the ELISA kits for melatonin in saliva was 0.3pg#fral.this

study, each sala sample was run in duplicate order to minimize experimental error. The
optical densitiesof the samples were read usiag Thermo Scientific Multiskan Spectrum
spectrophotometer (Thermo Fisher Scientific IMaltham, MA, USA).All procedures were
conducted as per IBL InternationalOs {Eatraction Melatonin Saliva ELISA Instructions for

Use manukband no changes were made to this prototbe resulting data were plotted in
MATLAB version 7.1Q(Natick, MA, USA) and a cosinor analysis was carried out (Lerchl and
Partsch, 1994), whereby the sum of squares equation was used to fit a sinusoidtl theve

data points by squaring and summing the distances between each point to find the smallest sum

of squares value.

2.5 Scanning Procedures

Participants were each scanneding magnetic resonance imaging (MRip two
occasions: oncefter the baseline period amthce immediately aftethe experimental period
The baseline scarxccurred within one week of participants providing their saliva samples for
the baseline period; the experimental scans occurred on the last of the eighatipgsticipants
provided their saliva samples for the experimental pedidscanning sessions occurred within
within one to two weeks of administering the last emotional StroopHEash scanning session
was D minutes in length and involved threengaonents: an anatomical scéh minutes) a
restingstate scari@ minutes)and aDTI scan(4.5 minutes)All imaging was performed using a
3-Tesla Siemens Tim Trio whole body MRI scanner equipped with-eh8@nel head coil,
located in the Sherman Healtlti&cesBuilding of the Center for Vision Researeh York

University. Participants lay supine in the scanner with earplugs and cushions arouhdatisir
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soas to reduce both acoustic noise and head motion. Participants were instructed to close their
eyes and let their mind wander for the resting state scan, while for the anatomical and DTI scans
participants had the option to keep their eyes open or closed.

T1-weighted anatomical images were acquired with the following parameters: spin echo,
matrix = 256x 256 pixels, voxel size = 1miiTR = 1900ms, TE = 2.52ms, flip angle = 9j. T2*
weighted images were acquired with the following parameters: GRAPPA echo planar imaging
with an acceleration factor of 2x, slices = 32, matrix = 56 x 70 pixels, FOV = 210b@G&mm,
voxel size = 3mm x 3mm x 4mm, TR = 2000ms, TE = 30ms, flip angle = 90j. Diffusion
weighted images were acquired with the following parameters: slices = 60, base resolution = 122
x 122 pixels, reconstructed matrix = 976 x 976 pixels, FOV = 240mnelwize = 1.9m X
1.97mmx 2mm, TR = 8300ms, TE = 100ms, flip angle = 90j, slice thickness = 2mmsgslider

interval = 138ms, gradient directions = 30, b value = 10008/mm

2.6 Data Analysis

2.6.1 DTI Preprocessing

From the scans, DTI data were chosen to be analyzed as this technique is highly sensitive
to changes in the brain (Jonessal, 2012).All DTI data analyses were performed using FSL
version 4.1.9 (Analysis Group, FMRIB Software Library, Oxford, UK). Piwopreprocessing,
all raw DTI and T1 series images were converted from DICOM to 4D NIfTI nii fis¥sgthe
dem2nii program (developer Chris Rorden, South Carolina, U8A&nsure compatibility with
the FSL software. Once converted, the Eddy Current Correction option in the FDT Diffusion
Toolbox version 2.0 was used to perform motion correction, correcting for any movement and

distortions that may have occurred during 8wanning session. The BET Brain Extraction
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Toolbox version 2.1 was then used to generate -skifiped images for each subject. The
fractional intensity threshold wasweredfrom the default of 0.5 to 0.3 in order to prevent parts

of the cortex being reaved with the skull during the process of brain extraction. Once complete,
the diffusion tensor model was fitted to the data using the DTIFIT Reconstruct Diffusion Tensors
option in the FDT Diffusion Toolbox. This step fit a diffusion tensor model at gaghl,
generating eigenvector, eigenvalue, fractional anisotropy (FA) and mean diffusivity (MD) maps.
Following DTIFIT, a Bayesian Estimation of Diffusion Parameters Obtained Using Sampling
Techniques (BEDPOST) analysis was conducted using the BEDPOSimxatsh of Diffusion
Parameters option in the FDT Diffusion Toolbox. This analysis yielded files necessary to carry
out probabilistic tractography once registration was complete. Registration allows tractography
results to be stored in spaces other théfusion space, and was carried out using the Linear
Image Registration Tool within the FDT Diffusion Toolbox. The files resulting from registration
are transformation matrices between diffusion, structural and standard space, with the
transformation matres between diffusion and structural space being derived using 6 degrees of
freedom and the transformation matrices between structural and standard space being derived

using 12 degrees of freedom.

2.62 Tract-Based Spatial Statistics and Voxelwise Stassti

Tractbased spatial statistics (TBSS) were run u&iBg version 4.1.9 (Analysis Group,
FMRIB Software Library, Oxford, UK) TBSS is commonly conducted through use of FA
images in voxelwise statistical analyses. In this study, TBSS was run in oldealipe changes
in the brain related to performing and learning an attentional task while undergoing internal
desynchronization. First, all subjectsO FA images were eroded slightly and the end slices zeroed

to remove likely outliers from the diffusion ®or fitting. Nonlinear registration (one
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registration per subject) was then run in order to align all subjects® FA images using a 1mm
FMRIB58 FA standard space image as the target. Following registration, each subjectOs FA
image was noflinearly transfomed to the target and affiadigned to bring them into the
1x1ximm MNI152 standard space, which resulted in the transformation of each subjectOs
original FA images into standagpace versions. These standgpdce FA images were then
merged into a singléD image file and the mean of all FA images created, with this mean then
being skeletonised. The mean FA skeleton image was then thresholded at a value of 0.2, which
produced a binary skeleton mask that defines the set of voxels used in subsequerd. analyse
Lastly, all subjectsO aligned FA data were projected onto the mean FA skeleton, which resulted
in a single 4D image file containing the projected skeletonised FA data.

Voxelwise statistics were run using the projected skeletonized 4D image file tmideter
which FA skeleton voxels were significantly different between the two groups of subjects. The
randomize tool was used to run the statistics, with the design matrix set tipeasfar a simple
two-group comparison (baseline vs. experimental cangitiin addition to the randomize tool,
the thresholdree cluster enhancement (TFCE) option was used for robust dhasted
thresholding. This statistical test resulted in two THEEluecontrastimage files that are fully
corrected for multiple compigons across space (contrast 1: baseline > experimental; contrast 2:
experimental > baseline), with a threshold of 0.95 giving rise to significant clusters of FA voxels
in each of the contrasts. From these contrast image files, whole brain and ROt §pevdilues
from the IFG were extracted for raw data comparison between the baseline and experimental two
conditions.

The entirety of this procedure was repeated to determine significant differences in MD

voxels in each of the contrasts. Similar to TBSShwhe FA data, the original nonlinear
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registration was applied to the MD data and all subjectsO warped MD data were merged into a
single 4D image file. This 4D image file was then projected onto the original mean FA skeleton,
as the original FA data weresed to find the projection vectors for the MD data. This resulted in

a 4D projected MD data file on which the voxelwise statistics were run (in the same manner as
described above). From these contrast image files, whole brain and ROI specific MD \mtues fr

the IFG were extracted for raw data comparison between the two conditions.

2.6.3Tractography

Probabilistic tractography was carriegit using the PROBTRACKX Probabilistic
Tracking option in the FDT Diffusion Toatlx of FSL. Prior to running tractogrhay, two single
masksof the left and right hippocampi, tteeedROIs, were made in FSLView version 3.1.8,
defining thevoxels from which streamline quantification (tractography) would emaiais.
was done by locating the desired structure on the Judigthblogical Atlas and creating a binary
mask on the T1 image of tidontreal National Institute®4NI152 1mm standard brain. Once
complete,the mask image was loaded inE&®T and thepreviously calculatedstandard to
diffusion transformation matrix was defined, as the seed image was created in standard and not
diffusion spaceA single waypoint mask of the inferior frontal gyrus (IFG) with both the left and
right hemispheres defined was used as an inclusiask b that is, tracts that did not pass
through this mask were discarded from the calculation of the connectivity distribution. The IFG
was chosen as an ROI for this study as fMRI results previously published by Ovaysikia
(2012) demonstrated strgrbilateral activation of this area when participants performed the
emotional Stroop tasklhe number of samples (or the number of individual pathways that are
drawn through the probability distributions on the principle fibre direction) was set to $@DO0, a

the curvature threshold (or the limit of how sharply pathways can turn as an exclusion criteria for
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implausible pathways) was set to 0.2 (corresponding to a minimum angle of approximately 80j).
The Loopcheck option was also selected, which allowedrthgragam to terminate pathways that
traveled to a point where they have already been. The step length was set to 0.5mm and the
maximum number of steps was set to 2000, which together, corresponds to a distance of 1m
(after which samples are terminatedhis tractography proceduneesulted in a image of the
connectivity distribution summed from all the voxels in the seed &I passing through the

defined waypoint masks
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3. Results

3.1 BehaviouralResults

3.11 Validation ofEmotional Stroop Paradigm

The current emotional Stroop task was first used by Ovayskial (2011), who
demonstrated that participants had a significantly higher mean RT and a significantly greater
amount of errors when instructed to respond to the facial emotion compared to the written word.
In an attempt to validate this paradigm for our jsgs, the four baseline runs of each
instruction set were averaged for all 10 participants of the current experiment to determine
whether the same trends would be found. A paired samples Stusiest@sas performed on the
RTs of the face and word insttion sets, as well as on the number of errors in the face and word
instruction sets (Table 1 in Appendt) Indeed, it was found that participants had a significantly
higher mean RTtg) = 10.492,p < 0.001) and a significantly greater amount of er tss =
4.675,p < 0.001) when instructed to respond to the facial emotion compared to the written word

(Figure 4).
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Figure 4. Overall mean reaction times (RTs; grey bars) and errors (white bars) from ten subjects
performing the emotional Stroop task during the baseline period. Congruent and incongruent trials have
been collapsed within each instruction set to validate the enabtiStroop test by showing that the
current data corroborate those published by Ovaysikil. (2011). The error bars signify the standard

error of the mean (SEM)lhere was a statistidgl significant differencebetween the face and word
instruction s&s for both the RTgp(< 0.001) and errorgp(< 0.001).

Further breaking down each instruction set into its component congruent and incongruent
trials revealed an expected Stroop effect, whereby the incongruent trials resulted in longer RTs
and more erra, regardless of instruction. Results from a paired samples Studd¢esDs
performed on the RTs of the congruent and incongruent trials for the face instruction (Table 2 in
Appendix F) demonstrated a significantly higher mean RT for the incongruesitfisiat 4.783,

p < 0.001; Figure 5) compared to the congruent trials. Similarly, results from a paired samples
StudentOstest performed on the RTs of the congruent and incongruent trials for the word
instruction (Table 2 in Appendix F) demonstratedignificantly higher mean RT for the

incongruent trialstfo) = 2.357,p < 0.05; Figure 5) compared to the congruent trials. Moreover,

results from a paired samples Studemt®st performed on the total number of errors of the
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congruent and incongruentais for the face instruction (Table 2 in Appendix F) demonstrated a
significantly greater amount of errors for the incongruent trigls=(5.325,p < 0.001; Figure 5)
compared to the congruent trials. Lastly, results from a paired samples Stutestt@srformed

on the total number of errors of the congruent and incongruent trials for the word instruction
(Table 2 in Appendix F) also demonstrated a significantly greater amount of errors for the
incongruent trialst{g) = 5.075,p < 0.001; Figure 5) compared to the congruent trials. Overall, the
incongruent trials of the face instruction set resulted in the longest RTs and the greatest amount
of errors, followed by the congruent trials of the face instruction set, the incongranotrihe

word instruction set, and the congruent trials of the word instruction set, which produced the
shortest RTs and the least amount of errors.

Stroop Effect
1000

RTs (ms)
|
o
No. of Errars

H

HH

Con Face RTs Incon Face RTs Con Word RTs Incon Word RTs Con Face Errors Incon Face Errors Con Word Errors Incon Word Errors
Trial Types

Figure 5. Overall mean reaction times (RTs; grey bars) and errors (white bars) from ten subjects
perfoming the emotional Stroop task during the baseline pefibd.error bars signify the standard error

of the mean (SEM)A Stroop effect is demonstrated, with significantly longer RTs for the incongruent
trials in both the facep(< 0.001) and wordp(< 0.06) instruction sets, as well as significantly more errors

for the incongruent trials in both the fage<0.001) and wordp(< 0.001)instruction sets.
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3.12 Behavioural Measures: Sleep Times

To assess the effect of the melatonin treatment on sleep, participantsO logs of their daily
sleep times during both baseline and experimental periods were analyzed. ParticipantsO sleef
times were normalized to time of dilght melatonin onset (DLMO = tim@), and a paired
samples Student®sest was performed (Table 3 in Appendix F). There was a significant
difference between baseline and experimental sleep times for all participantsO pooled sleep data
(te) = 2.945,p < 0.05), with a leftwarghifted mea and a lower amplitude of distribution during

the experimental period (Figure 6).
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Figure 6. Histogram of ten subjectsO baseline (top panel) and experimental (bottom panel) sleep times.
Numbers on the-axis represent times relative to dlight melatonh onset (DLMO =time 0); numbers

on the yaxis represenfrequency (i.e. theaumber of occurrencgsAll ten subjects took part in the
melatonin treatment. There was atatistically significant differencebetween the baseline and
experimental sleep timep € 0.05.

Further breaking down the data into the individual baseline and experimental days
demonstrated a strong effect of the melatonin treatment on participantsO sleep times.

Administering the melatonin treatment in the afternoon on days 1, 2, 5, and 6 ofenenexpal
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period resulted in an overall shift towards earlier than average sleep times, while administering
the melatonin treatment in the morning on days 3, 4, 7, and 8 of the experimental period resulted
in an overall shift towards later than averageepltimes (Figure 7). Paired samples StudentOs
tests indicated significant differences between day 1 of melatonin treatment and all days
preceding it | < 0.05 for all comparisons) as well as between day 1 and day 4 of melatonin
treatment |p < 0.005), idicating that the melatonin treatment worked as expected. Of interest to
note is that day 1 of the experimental period demonstrated the largest effect of melatonin on
sleep, as all participantsO sleep times shifted to an earlier than average time JFiyjore 7
significant difference in variability between baseline and experimental sleep times wasgfound (
> 0.1), though a trend of increasing variability was demonstrated over the course of the eight day

experimental period (insets in Figure 7 and Figure 8).

49



16 1
15 7 BASELINE EXPERIMENTAL
14 - VARIABILITY VARIABILITY
13 A
2 R! =0.3764 2 R!'=0.28341
12 1
11 - 1
10 A ®MEL PULSE
0
9 - 1 23 456 7 8 1 23 456 7 8 “SUBJECT 1
O 8 - SUBJECT 2
=
27 “SUBJECT 3
2 6 “SUBJECT 4
(]
2 5 SUBJECT 5
<
&i 4 SUBJECT 6
23'” . I . . 1 Nl . . . SR . . 1 ~ “SUBJECT7
= 2 |Prg Day PreDay Bre Day Pre Day Pre Day Pre Day Pre Day Pre Day §iel Day /IizDay Mi}Day Mel Day Mel Day Yel Day Mel Day Mel Day ~ SUBJECT 8
141 2 3 4 5 6 7 8 i 4 5 6 lvll 7 8
U SUBJECT 9
0 - i
SUBJECT 10
-1 -
24
-3 4
4 -
-5
-6 - Days

Figure 7. Individual baseline and experimental sleep data from all ten subjects. The first 8 groupings on the x-axis represent the 8 baseline days,
while the last 8 groupings represent the 8 experimental days. Numbers on the y-axis represent sleep times relative to dim-light melatonin onset
(DLMO = 0). The x-axis crosses at time 2.5 on the y-axis, which is the average sleep time. Bars below the x-axis represent sleep times occurring
before average; bars above the x-axis represent sleep times occurring after average. Coloured bars represent each individual subjects’ sleep times
on that specific day; black bars represent exogenous melatonin administered to participants during the eight days of the experimental period.
Graphical insets show a trend of decreasing variability in sleep times during the baseline period and a trend of increasing variability in sleep times
during the experimental period, though no statistically significant difference was found (p> 0.1).
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Figure 8. Example of Subject 60s sleep ditambers on the -axis representhe 8 baseline and 8
experimental daysnumbers on the-gxis represerntimes relative to dirlight melatonin onset (DLMO =

time 0). Dark grey square®present baseline sleep times; light grey squares represent experimental sleep
times. Graphical inset shows an increase in variability between baseline and experimental sleep times.

3.1.3Behavioural Measures: Wake Times

To assess the effect of the melatonin treatment on waking, participantsO logs of their daily
wake times during both baseline and experimental periods were analyzed. Similar to the analysis
of sleep times, participantsO wake times were normalized to tidie-tifjht melatonin onset
(DLMO = time 0), and a paired samples Studentést was performed (Table 4 in Appendix F).
There was no significant difference between baseline and experimental wake times as
demonstrated by the resulting ttaoled p value o) = 1.788,p > 0.05). However, as an estimate

of directionality was previously hypothesized, a-taéed p value was chosen in favour of the
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two-tailed p value to indicate significance. As such, the results demonstrate a significant
difference betweendseline and experimental wake timgg £ 1.788,p < 0.05), with aslightly
leftward-shifted mean ané slightly lower amplitude of distributioduring the experimental
period (Figure 9)
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Figure 9. Histogram of ten subjectsO baseline (top panel) and experimental (bottom panel) wake times.
Numbers on the-axis represent times relative to dlight melatonin onset (DLMO time 0); numbers

on the yaxis represenfrequency (i.e. theaumber of occurmceg. All ten subjects took part in the
melatonin treatment. There was atatistically significant differencebetween the baseline and
experimental wake timep € 0.05 onetailedt-tes).

Further breaking down the data into the individual baselineeapdrimental days also
demonstrated an effect of the melatonin treatment on participantsO wake times. Administering the
melatonin treatment in the afternoon on days 1, 2, 5, and 6 of the experimental period resulted in
an overall shift towards earlier thaaverage wake times, while administering the melatonin
treatment in the morning on days 3, 4, 7, and 8 of the experimental period resulted in an overall

shift towards later than average wake times (Figure 10). Of interest to note is that days 1 and 8 of

the experimental period shifted all but one participantsO wake times in the same direction (Figure



10). No significant difference in variability between baseline and experimental sleep times was
found (p > 0.5), though a slight trend of increasing variability was demonstrated over the course

of the eight day experimental period (insets in Figure 10 and Figure 11).
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Figure 10. Individual baseline and experimental wake data from all ten subjdwdir3t 8 groupings on thg-axis represerthe 8 baseline days,

while the last 8 groupirgrepresent the 8 experimental daysinhbers on the-pxis representvake times relative to difight melatonin onset

(DLMO = 0). The xaxis crosses at time 10.5 on thaxis, which is the average wake tinBars above the-axis represent wake times occurring

before average; bars above thaxis represent wake times occurring after average. Coloured bars represent each individual subjects® wake times
on that specific day; black bars represent exogenous analahdministered to participants during the eight days of the experimental period.
Graphical insets show almost no change in variability in wake times during the baseline period and a slight trend o) iverieddity in wake

times during the experiemtal period, though no statistically significant difference was fopdQ.5).
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Figure 11. Example of Subject 100s wake datambers on the -axis representhe 8 baseline and 8
experimental daysnumbers on the-gxis represerntiimes relative to dirlight melatonin onset (DLMO =

time 0). Dark grey squares represent baseline wake times; light grey squares represent experimental wake
times. Graphical inset shows an increase in variability between baseline and experimentameske

Note thatthe baseline and experimentkta points fodays 2 and Bverlap.

3.1.4Behavioural Measures: Sleep Quality Ratings

To assess the effect of the melatonin treatment on sleep quality, participantsO logs of their
daily sleep quality ratingduring both baseline and experimental periods were analyzed. Two
participants did not report their sleep quality ratings and were thus left out of the analysis. The
third participantOs sleep quality ratings were determined to be outliers as they didheot f
consistent trend exhibited by the remaining participants, and the data were thus excluded from

the analysis. The exclusion of these three participants resulted in a sample size of seven for each



of the baseline and experimental periods; thus arlingged models test was used for the
analysis (Table 5 in Appendix F). A significant difference between baseline and experimental
sleep quality ratings was founte(= 3.007,p < 0.005; Figure 12).0On average, participants
reported gpoorerquality of deep during the experimentperiodthan the baselinperiod with

more ratings of (poorsleep) 3 (averagesleep)and4 (good sleepthan5 (excellent sleep

Histogram of Baseline Cually of Skep Ratings
T

3
Qualty of Skkep Ratings

Hetogram of Experimental Qua ity of Skeep Ratings
I
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Figure 12. Histogram of seven subjectsO baseline (top panel) and experimental (@ot@)guality of

sleep ratings. Wo of the remaining three subjects did not report their sleep quality ratings throughout the
experimentnd one subjectOs ratings were determined to be oulliesthese participants weexcluded

from the analysis. Nurbers on the saxis represent subjectsO-sefforted quality of sleep (1 = very poor;

2 = poor, 3 = average; 4 = good; 5 = excellent); numbers on-thésyrepresent frequency.€. the
number of occurrences). All seven subjects took part imlatonin treatment. There wasstatistically
significant differencédetween the baseline and experimental quality of sleep raprg6.Q05).

3.1.5 Emotional Stroop Task

During the eightday experimental period, participants were tested on the emotional
Stroop task four times. ParticipantsO performance on this task was used as a measure of cognitive

ability while undergoing the melatonin treatment. Paired samples Studd¢esfisrevealed a



Stroop effect in three of the four conditions (Table 6 in AppeRylixvith the incongruent trials
resulting in significantly higher mean RTs in the face instructign< 4.973,p < 0.001) and
significantly more errors in both the fadg)(= 5.075,p < 0.001) and wordtg) = 8.187,p <
0.001) instructions (Figure )13 There was no significant difference in RTs between the

congruent and incongruent trials for the word instructignp<0.880,p > 0.1, Figure 13).
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Figure 13 Overall mean reaction times (RTs; grey bars) and errors (white bars) from ten subjects
perfaming the emotional Stroop task during #serimentaperiod.The error bars signify the standard
error of the mean (SEMA Stroop effect iseen in three of the four conditignsith significantly longer

RTs for the incongruent trials in the fage < 0.001) but not theword (p > 0.1) instruction setand
significantly more errors for the incongruent trials in both the face 0.001) and wordp(< 0.001)
instruction sets.

In order to delineate further trends in the data, congruent and incongruent baseline and
experimental trials for each instruction set were compared by use of paired samples StudentOs
tests (Table 7 in Appendix FJhese analyses revealttht participarg responded significantly
faster in the experimental period for the congruent trials of the face instrugjen.424,p <

0.05) as well as for the incongruent trials of the word instructigr=(3.132,p < 0.01), but not



for the incongruent trialsf the face instructiort = 2.046,p > 0.05) nor for the congruent trials

of the word instructiont@y = 2.192,p > 0.05; Figure 14). It was also found that participants
made significantly fewer errors in the experimental period for the congruast(s = 2.216,p

< 0.05) but not for the incongruent triatg)(= 1.135,p > 0.1) of the face instruction (Figure 14).
Conversely, participants made significantly more errors in the experimental period for the
incongruent trials of the word instructiot(= 2.173,p < 0.05), but did not make significantly
more or fewer errorof the congruent trials of the same instructigy £ 0.142,p > 0.1; Figure

14).
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Figure 14. Overall mean reaction times (RTs; grey bars) and errors (white bars) from ten subjects
performing the emotional Stroop task. All ten subjects took pattiénmelatonin treatment, and their
baseline and experimentaériod performances are shown for each instruction set (face and \iidrel).
instruction sets are further broken down into their component congruent and incongrueritheias.or

bars signifythe standard error afie mean (SEM). There wassgatistically significant differenceetween

the baseline and experimenpadriodsfor RTs in thecongruent trials of théace instructiorset(p < 0.05)

as well asfor RTs in the incongruent trials of th@ord instruction setg < 0.01). There was no
statistically significant difference between the baseline and experimental periods for RTs in the
incongruent trials of the face instruction spt>(0.05), nor for RTdn the congruent trials of the word
instruction setg > 0.05). A similar trend is seen for the errors, with the congruent trials of the face
instruction set and the incongruent trials of the word instruction set reaching statistical significance
between he baseline and experimental periods (0.05 for both), but the errors in the incongruent trials

of the face instruction set and the congruent trials of the word instruction set not reaching significance (
> 0.1 for both)

To determine whether thereeve interactions between the baseline and experimental
periods, the congruent and incongruent trials, and the face and word instructiomsmya 3
repeated measures ANOVA was performed for both the RTs and errors. Threesulijeict
factors with two leved each were used: period (baseline, experimental), congruency (congruent,
incongruent), and instruction (face, word). Results from the first repeated measures ANOVA

demonstrated a significant main effect of period on RTsy(E 7.406,p < 0.05), a sigricant



main effect of congruency on RTs (F(19) = 31.835, p < 0.001), and a significant main effect of
instruction on RTs (F(19) = 121.543, p < 0.001) — that is, the baseline and experimental periods,
the congruent and incongruent conditions, and the face and word instructions all had significant
effects on RTs. There was also a significant interaction found between the factors of congruency
and instruction on RTs (Fu9) = 20.509, p < 0.01), as well as between the factors of period,
congruency, and instruction on RTs (F(19) = 5.063, p < 0.05; see Table 8 in Appendix F). The
interactions between the factors of period and congruency and the factors of period and
instruction on RTs did not reach significance (F(1,9) =1.206, p > 0.1 and F(;9) = 0.005, p > 0.5,
respectively). Results from the second repeated measures ANOVA demonstrated a significant
main effect of congruency on errors (F( 9y =38.881, p < 0.001) and a significant main effect of
instruction on errors (F(19) =22.613, p < 0.001; Table 9 in Appendix F) — that is, the congruent
and incongruent conditions and the face and word instructions all had significant effects on the
error rates. The main effect of period on errors did not reach significance (F1,9)=0.999, p> 0.1).
There was also a significant interaction found between the factors of congruency and instruction
on errors (F(19)=19.253, p < 0.005; Table 9 in Appendix F). The interactions between the factors
of period and congruency, the factors of period and instruction, and the factors of period,
congruency and instruction on errors did not reach significance (F9) = 0.150, p > 0.5, F19) =

3.929, p>0.05, and F 9y = 1.255, p> 0.1, respectively; Table 9 in Appendix F).

3.2 Diffusion Tensor Imaging

3.2.1Tract-Based Spatiabtatistics and Voxelwise Statistics

To determine changes in white matter microstructure in the brain as a function of the

melatonin treatment, TBSS and voxelwise statistics were performed on all participants’ baseline



and experimental period DTl data. These analyses yielded voxels of csigndi at a 95%
confidence interval in the left and right IFG for both FA and MD maps. FA values within the
whole brain (Figures 15 and 1) = 9.528,p < 0.001) as well as within the left IFG (Figures

17, 18 and 19t = 5.223,p < 0.001) and right I6 (Figures 20, 21 and 28 = 2.993,p <

0.01) decreased significantly in the experimental scan compared to the baseline scan (Table 10 in

Appendix F).
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Figure 15. Whole brain FA values from ten participantsO baseline and expirseans. FA values

range from 0 to 1. The black bars represent FA values from participantsO baseline scan; white bars
represent FA values from participantsO experimental scan. Decreases in FA values from the baseline to
experimental scans can be seen.
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Figure 16. Whole brain FA means from ten participants’ baseline and experimental scans. Participant
data have been averaged within each scanning period to demonstrate the significant decrease in FA values
during the experimental scan (p < 0.001). The error bars signify the standard error of the mean (SEM).
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Figure 17. FA values from the left IFG from ten participants’ baseline and experimental scans. FA values
range from O to 1. The black bars represent FA values within the left IFG from participants’ baseline
scan; white bars represent FA values within the left IFG from participants’ experimental scan. Decreases
in FA values from the baseline to experimental scans can be seen.
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Figure 18. FA means from the left IFG from ten participants’ baseline and experimental scans.
Participant data have been averaged within each scanning period to demonstrate the significant decrease
in FA values within the left IFG during the experimental scan (p < 0.001). The error bars signify the
standard error of the mean (SEM).

Figure 19. Tract-based spatial statistics (TBSS) images from ten subjects’ fractional anisotropy (FA) data
for the experimental > baseline contrast. All three brain images are presented in radiological convention.
Voxelwise statistics were run on the 4D skeletonised FA image created during TBSS pre-processing. The
green tracts represent the mean skeletonized FA data, while the red tracts represent voxels that resulted in
significantly different FA values at a confidence interval of 95%. The left and right IFG are highlighted,
and the blue circles represent significant voxels within the left IFG that were used for analysis. MNI
coordinates used: x =-41, y =3, z=20.

63



Right IFG FA Values

0.9

0.8

0.7 EBASELINE SCAN
Sos6
So05 OEXPERIMENTAL
o4 SCAN

Subjects

Figure 20. FA values from the right IFG fromeh participants® baseline and experimental scans. FA
values range from 0 to 1. The black bars represent FA values within the right IFG from participants®
baseline scan; white bars represent FA values within the right IFG from participants® experinrental sca
Decreases in FA values from the baseline to experimental scans can be seen.
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Figure 21. FA means from the right IFG from ten participantsO baseline and experimental scans.
Participant data have been averaged within each scanning period to demdmstsigaificant decrease

in FA values within the right IFG during the experimental sqar 0.01). The error bars signify the
standard error of the mean (SEM).



Figure 22. Tractbased spatial statistics (TBSS) images ftemsubjectsO fractionaliaatropy (FA) data

for the experimental > baseline contra&li. three brain slices are presented in radiological convention.
Voxelwise statistics were run on the 4D skeletonised FA image created during TB@8qassing. The
green tracts represent theeam skeletonized FA data, while the red tracts represent voxels that rasulted
significantly different FA values at a confidence interval of 99¥%e left and right IFG are highlighted,
and the blue circles represent significant voxels within the rig6t that were used for analysis. MNI
coordinates used: x =50,y =1, z = 20.

Conversely, MD values within the whole brain (Figures 23 andg}4; 8.082,p < 0.00J)
as well as within the left (Figures 25, 26 and @y = 2.254,p < 0.05) and right IFG (Figures 28,
29 and 30t = 3.665,p < 0.005) increased significantly in the experimental scan compared to
the baseline scan (Table 11 in Appendix F). As with the FA values, the right IFG demonstrated a
greater increase in MD valudgban the left IFG, though the change in MD values in both
hemispheres did reach significance. TBSS and voxelwise statistics did not yield any voxels of

significance at a 95% confidence interval in the left or right hippocampus.
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Figure 23. Whole brainMD values from ten participantsO baseline and experimental scans. MD values
have physical unites of #s. The black bars represent MD values from participants® baseline scan; white
bars represent MD values from participantsO experimental scan. IncrédBegdhues from the baseline

to experimental scans can be seen.
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Figure 24. Whole brain MD means from ten participantsO baseline and experimental scans. Participant
data have been averaged within each scanning period to demonstrate the signifiease in MD

values during the experimental scgn<(0.001). The error bars signify the standard error of the mean
(SEM).
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Figure 25. MD values from the left IFG from ten participantsO® baseline and experimental MEans.
values have physical units @h’s. The black bars represent MD values within the left IFG from
participantsO baseline scan; white bars represent MD values within the left IFG from participantsO
experimental scan. Increases in MD values from the baseline to experimental scans ean be se
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Figure 26. MD means from the left IFG from ten participants® baseline and experimental scans.
Participant data have been averaged within each scanning period to demonstrate the significant increase in
MD values within the left IFG during thexperimental scarp(< 0.05). The error bars signify the standard

error of the mean (SEM).
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Figure 27. Tractbased spatial statistics (TBSS) images ftemsubjects@ean diffusivity(MD) data for

the baseline> experimentalcontrast.All three bran images are presented in radiological convention.
Voxelwise statistics were run on the 4D skeletonised FA image created during TB@8qassing. The
green tracts represent the mean skeletonized FA data, while the red tracts represent voxelsdfiat result
significantly differentMD values at a confidence interval of 95¥he left and right IFG are highlighted,

and the blue circles represent significant voxels within the left IFG that were used for analysis. MNI
coordinates used: x40,y =19, z = &.
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Figure 28. MD values from the right IFG from ten participants® baseline and experimentalMBans.
values have physical units of’fm The black bars represent MD values within the right IFG from
participantsO baseline scan; white bars represenwallizs within the right IFG from participantsO
experimental scan. Increases in MD values from the baseline to experimental scans can be seen.
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Figure 29. MD means from the right IFG from ten participants® baseline and experimental scans.
Participant dathave been averaged within each scanning period to demonstrate the significant increase in
MD values within the right IFG during the experimental scprx (0.005). The error bars signify the
standard error of the mean (SEM).

Figure 30. Tractbased spatial statistics (TBSS) images ftemsubjects@ean diffusivity (MD) data for

the baseline> experimentalcontrast.All three brain slices are presented in radiological convention.
Voxelwise statistics were run on the 4D skeletonised Fagiencreated during TBSS ppeocessing. The

green tracts represent the mean skeletonized FA data, while the red tracts represent voxels that resulted
significantly differentMD values at a confidence interval of 95¥he left and right IFG are highligid,

and the blue circles represent significant voxels within the right IFG that were used for analysis. MNI
coordinates used: x =41,y =12, z = 20.



3.2.2Tractography

To assess changes in white matter pathways underlying areas of higher cognitive
function, probabilistic tractography was carried out using the left and right hippocampal
entorhinal cortex (HEC) as seed regions and the left and right IFG as target regions. Paired
samplest-tests were performed on the baseline and experimental SC values from each
hemisphere independently (Table 12 in Appendix F), and no significant differences between
baseline and experimental scans were found in either the left (Figures 31 &5pd=-32733,p >
0.1) or right (Figures 31 and 38 = 0.330,p > 0.1) hemisphere. Furthermore, no consistent

trends in SC values were found within or between participants (Figure 34).
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Figure 31. SC meansfrom ten participantsO baseline and erpartal scans. Participant data have been
averaged within each scanning period and seed region hemisphere to demonstrate that no significant
changes in SC values were foun>0.1). The black bars represent SC values from the baseline scan
with streamlires originating from the left HEC and terminating at the left and right IFG; the horizontal
striped bars represent SC values from the experimental scan with streamlines originating from the left
HEC and terminating at the left and right IFG; the white bapsesent SC values from the baseline scan

with streamlines originating from the right HEC and terminating at the left and right IFG; the diagonal
striped bars represent SC values from the experimental scan with streamlines originating from the right
HEC and terminating at the left and right IFG. The error bars signify the standard error of the mean

(SEM).



Figure 32. Probabilistic streamlines (brown) are shown from one subject, originating from the left HEC
(red and yellow areas at the bottom of the sagittal and coronal slices) and terminating at the left and right
IFG (red and orange areas at the top of the sagittlt@nsverse slices). All three brain slices are
presented in radiological convention.

Figure 33. Probabilistic streamlines (brown) are shown from one subject, originating from the right HEC
(red and orange areas at the bottom of the sagittal andal@lices) and terminating at the left and right

IFG (red and orange areas at the top of the sagittal, coronal and transverse slices). All three brain slices
are presented in radiological convention.
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Figure 34. SC valuedrom ten participantsO baseliand experimental scans. The black bars represent SC
values from the baseline scan with streamlines originating from the left HEC and terminating at the left
and right IFG; the horizontal striped bars represent SC values from the experimental scan with
streamlines originating from the left HEC and terminating at the left and right IFG; the white bars
represent SC values from the baseline scan with streamlines originating from the right HEC and
terminating at the left and right IFG; the diagonal striped bepresent SC values from the experimental
scan with streamlines originating from the right HEC and terminating at the left and right IFG. No
consistent trends in the data were found.

3.3 Correlations

To determine whether there were any relationships between the brain and behavioural
measures, correlation analyses were performed. Subtraction values (i.e. experimental value
minus baseline value) of the significant results were computed to plot theatorrgjraphs, and
a linear line of best fit was added to data. It was found that congruent face errors significantly
correlated with right IFG FA values (Table 13 in Appendix F; PearsonOs R Correlation 3 0.822,

< 0.005; Figure 35), congruent face erreignificantly correlated with right IFG MD values
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(Table 14 in Appendix F; Pearson’s R Correlation = 0.684, p < 0.05; Figure 36), and incongruent

word errors significantly correlated with left IFG FA values (Table 15 in Appendix F; Pearson’s

R Correlation =-0.743, p < 0.01; Figure 37).
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Figure 35. Graph correlating congruent face errors and right IFG FA values. Numbers on the x-axis
represent congruent face error subtraction values; numbers on the y-axis represent right IFG FA
subtraction values. Each square represents one participant. A significant positive correlation was found (p
< 0.005), with decreases in congruent face errors correlated with decreases in right IFG FA values.

74



Congruent Face Errors - Right IFG MD

0.00014
0.00012 N

0.0001

0.00008 2= 0.46795

00006

Right IFG MD

0.00004

0.00002

-2 -1.5 -1 | -0.5 0 0.5 1

-0.00002
Congruent Face Errors

Figure 36. Graph correlating congruent face errors and right IFG MD values. Numbers on the x-axis
represent congruent face error subtraction values; numbers on the y-axis represent right IFG MD
subtraction values. Each square represents one participant. A significant positive correlation was found (p
< 0.05), with decreases in congruent face errors correlated with decreases in right IFG MD values.
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Figure 37. Graph correlating incongruent word errors and left IFG FA values. Numbers on the x-axis
represent incongruent word error subtraction values; numbers on the y-axis represent left IFG FA
subtraction values. Each square represents one participant. A significant negative correlation was found (p
< 0.01), with increases in incongruent word errors correlated with decreases in left IFG FA values.
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4. Discussion

4.1 Validation of the Emotional Stroop Test as a Cognitive Measure

The present study used an affective face/word emotional Stroop task to measure
participants’ cognitive performance. As expected, it was found that the incongruent trials
produced significantly greater RTs and significantly more errors compared to the congruent
trials, regardless of the instruction given. This Stroop effect has been well documented in the
literature since the conception of the Stroop task in 1935, and has been demonstrated on
numerous occasions by researchers using the Stroop task and the emotional Stroop task alike
(Raccuglia and Phaf, 1997; Etkin et al., 2006; Preston and Stansfield, 2008). It was also found
that participants responded significantly faster and made significantly fewer errors when
instructed to respond to the written word compared to the facial emotion. In contrast to this
finding, Beall and Herbert (2008) demonstrated larger interference effects for words than faces in
their emotional Stroop task, suggesting a more automatic processing for affective faces
compared to affective words. However, Beall and Herbert’s emotional Stroop paradigm differed
from the current paradigm as their affective words were grey in colour and placed in small font
over the nose of the face stimuli, hence making the facial expression easier to identify. In
comparison, our affective words were red in colour and placed diagonally across the entire face,
possibly making the words easier to identify and resulting in shorter RTs and fewer errors for the
word instruction set. Additionally, though the same stimuli were used, the current emotional
Stroop task was altered slightly from that of Ovaysikia et al. (2011) in that the stimulus
presentations were organized into a block design as opposed to a pseudo-event-related design.
This change was made in hopes that future collection of fMRI data with this task would result in

an increased blood oxygen level dependent (BOLD) signal, as a drawback from the pseudo-
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event-related design is that the BOLD signal fluctuates too rapidly, making it hard to measure
and requiring sophisticated models to predict the BOLD signal for the stimulus. Nonetheless, the
results obtained from this study demonstrated similar trends to those reported by Ovaysikia et al.

(2011), corroborating the paradigm as a valid measure of cognitive performance.

4.2 Daily Activity Logs

4.2.1 Sleep and Wake Times

In an attempt to induce internal desynchronization, exogenous melatonin was
administered to participants in the study over an eight day experimental period. It was found that
compared to baseline, participants exhibited significant changes to their sleep schedule, with the
overall average reported sleep time advancing by approximately one hour. Similarly,
participants’ wake times were altered compared to baseline, with the overall average reported
wake time advancing by approximately half an hour. Further day-by-day examination of
participants’ experimental sleep data revealed that all participants’ sleep times occurred earlier
than average after the first melatonin administration, and sleep times on subsequent days
followed a pattern of advance or delay when melatonin was administered in the early afternoon
or late morning, respectively. These results are in line with previous studies that have found that
doses of exogenous melatonin between 0.3mg and 10mg administered during the afternoon and
into the early evening decrease the latency of sleep onset after only one day (Dollins ef al., 1994;
Zhdanova et al., 1995). Day-by-day examination of participants’ experimental wake data
revealed a similar pattern of phase advances and delays as a result of the melatonin treatment,
though this pattern was not as robust as that found in the sleep data. Additionally, a trend of

increasing variability was found for both sleep and wake times during the experimental period as
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compared to a trend of decreasing variability during the baseline period. Though the hypnotic
effects of melatonin have been widely reported in the literature (for comprehensive reviews of
melatonin’s hypnotic effects see Zhdanova, 2005 and Srinivasan et al., 2009), this property of
melatonin cannot fully explain the changes in sleep and wake behaviours demonstrated here. If
the results were solely due to melatonin’s hypnotic effects, it would be expected that all
participants’ sleep times consistently advance when given melatonin in the early afternoon and
consistently delay when given melatonin in the late morning, with no variability throughout.
Rather, our results are more suggestive of melatonin’s chronobiotic effects, altering participants’
sleep and wake patterns and producing increasing variability as a result of participants’ internal
clocks shifting out of phase with each other and with the external environment, leading to an
eventual state of internal desynchronization. Consistent with our results, Takahashi et al. (2002)
and Waterhouse et al. (2003) found that those undergoing jet lag had earlier times of sleep onset
and offset compared to normal. It was proposed that fatigue in the evening as a result of jet lag
could account for the earlier sleep times, and the earlier wake times may be due to the poorer
ability to sleep (Waterhouse et al., 2003). Moreover, night and rotating shift workers have been
shown to have varying sleep and wake times and a high rate of sleep deprivation, both of which
are consequences of disrupting circadian rhythmic processes (Haus and Smolensky, 2006). Thus
it is inferred from previous research together with the current results that our melatonin treatment
successfully induced circadian disruption, resulting in symptoms commonly associated with jet

lag and shift work.

4.2.2 Sleep Quality Ratings

In addition to logging their sleep and wake times, participants were asked to report their

quality of sleep during both baseline and experimental periods. It was found that participants
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reported a significantly decreased quality of sleep while on the melatonin treatment compared to
baseline. Studies on those undergoing jet lag after crossing 10 time zones and shift workers
working out of phase with their chronotype have similarly demonstrated higher levels of sleep
disturbance compared to normal (Waterhouse et al., 2003; Juda et al., 2013), indicating that the
current melatonin protocol induced not only sleep/wake disturbances but also deficits in sleep
quality commonly observed as consequences of shift work or jet lag.

The use of melatonin as a treatment for temporal disturbances has garnered much
attention from chronobiologists, with the prevailing idea that if taken at the right time, melatonin
can be effective in helping to re-adapt sleep/wake cycles and improve sleep quality (Arendt et
al., 1997; Herxheimer and Petrie, 2002; Smith et al., 2005; Zea and Goldstein, 2010). A few
studies have also demonstrated melatonin’s beneficial effects on those with Alzheimer’s disease,
with reports of significantly improved sleep quality and decreased number of sleep disturbances
when melatonin was taken before sleep (Fainstein et al., 1997; Cardinali et al., 2011). The
present study differs from those aforementioned studies in that melatonin was used in an attempt
to induce internal desynchrony, with our results demonstrating the first evidence of worse and
less restful sleeps when taking exogenous melatonin at inappropriate times. This finding holds
much importance in society today as melatonin is readily marketed and sold as a health product
and is often taken as a sleep aid by the general public without proper use instructions. As a result
of taking melatonin at the wrong doses and times, many people likely suffer detrimental side
effects similar to those observed in the current study. Thus, educating the public on how to
correctly administer melatonin may be beneficial not only to those undergoing shift work and jet

lag, but also to those who regularly use melatonin for its soporific effects.
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4.3 Emotional Stroop Test and Melatonin

The emotional Stroop task was administered to participants on four days during the
experimental period to assess changes in cognitive performance as a result of the melatonin
treatment. It was found that the Stroop effect was eliminated only for RTs in the word instruction
set, and remained present for RTs in the face instruction set and for errors in both the face and
word instruction sets. It was further discovered that the congruent face and incongruent word
conditions demonstrated significant changes between the baseline and experimental periods
while the incongruent face and congruent word conditions did not. Surprisingly, the only
condition in which performance significantly decreased during the experimental period was for
errors in the incongruent word condition; all other conditions demonstrated either no significant
changes or improved performance on this task. These results are inconsistent with our hypothesis
and previous research that has demonstrated increased RTs and error rates (Dijk et al., 1992;
Horowitz et al., 2001; Santhi et al., 2007 and 2008) and falls in alertness and motivation
(Waterhouse et al., 2005) in shift workers and people experiencing jet lag, as well as changes in
cognitive throughput performance (Darwent et al., 2010) and slower and more variable RTs in
the psychomotor vigilance task in people subjected to a forced desynchrony protocol (Zhou et
al., 2011). In contrast to the simple reactionary tasks used in these studies, however, the
emotional Stroop task is much more complex, involving the use of higher order cognitive
functions. To date, the emotional Stroop task has not been employed as a measure of cognitive
performance in studies on shift work and jet lag, though studies on circadian rhythms and
conflict processing using the colour/word Stroop task have shown circadian variations in
components of executive functions including cognitive inhibition and flexibility (i.e. how well

one adapts to a shift in task criteria) (Marek et al., 2010; Schmidt et al., 2012; Ramirez et al.,
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2012; Garcia et al., 2012). Of particular interest is a study by Bratzke et al. (2012), in which it
was reported that there were no changes in inhibitory control in the Stroop task over a 40 hour
constant routine protocol. This finding challenges the predominant view that executive functions
are particularly vulnerable to sleep loss and changes in circadian rhythms, and may help explain
why most conditions in our task did not produce significant performance deficits.

It is well established in the literature that visual word processing is lateralized to the left
hemisphere and that face processing is lateralized to the right hemisphere (Maurer ef al., 2008;
Dundas et al., 2013; Li et al., 2013). It has also been postulated by Raccuglia et al. (1997) that
word and face processing occurs through the dual-pathway hypothesis, an affective computation
model first described by Joseph LeDoux in 1989. In short, this model purports that affective
words are addressed through the thalamo-amygdala pathway (also referred to as the “short
pathway”) and appraised directly, while affective faces are addressed through cortical pathways
that feed back to the amygdala (also referred to as the “long pathway”’) and appraised indirectly
(Raccuglia et al., 1997). Moreover, word processing has been shown to occur faster and more
automatically than face processing, as evidenced by the fact that face lateralization occurs at a
later stage in development than word lateralization (Dundas et al., 2013). Thus in relation to the
current study, the observed decrease in performance for the word instruction set may have been
due to the melatonin treatment affecting the subcortical thalamo-amygdala pathway and resulting
in the less automatic processing of words, as MT, receptors have been characterized in both
these areas of the brain. On the other hand, the face processing pathway may have been affected
to a lesser extent as the cortical pathways may have been able to compensate for this change in
the amygdala. Facial stimuli processing would therefore be minimally affected, as the cortical

pathways that result in the conscious impression of these stimuli would still be able to encode the
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faces presented. It is also thought that participants performed significantly better in the congruent
face condition during the experimental period as a result of practice — that is, not only were
participants able to encode the faces without trouble, they were also able to recognize them faster
due to the fact that they had already performed the emotional Stroop task several times prior.
This ultimately resulted in faster RTs and less errors compared to baseline. Conversely,
disruption of the thalamo-amygdala pathway for word processing by the melatonin treatment
may have caused a trade-off between RTs and error rates, resulting in significantly faster RTs but
significantly more errors for the incongruent word condition. The incongruent face and
congruent word conditions demonstrated no significant changes in RTs and error rates between
the baseline and experimental periods, and it is hypothesized that this occurred because they
were the hardest and easiest conditions, respectively. It has been shown that incongruent face
trials for the emotional Stroop task elicit more negative N170 event related potentials than
congruent face trials (Zhu et al, 2010), potentially because face processing must be enhanced in
order for a person to overlook the more salient word and give a correct response, a difficult task
to master. The congruent word trials, on the other hand, were simply too easy — participants
reached ceiling relatively quickly, thus allowing no room for significant improvements to be
made. In general, the difficulty levels of these two tasks made them less sensitive to changes in
performance, with the result being no significant findings when comparing the two testing

periods.

4.4 Diffusion Tensor Imaging

4.4.1 TractBasedSpatial Statistics and Voxelwise Statistics

To determine whether the melatonin treatment affected areas in the brain associated with
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the emotional Stroop task, TBSS and voxelwise statistics were performed on the DTI data. It was
found that whole braineft IFG, and right IFG FA values decreased significantly during the
experimental period while whole brain, left IFG, and right IFG MD values increased
significantly compared to baseline. Whole brain FA and MD values have been shown to increase
in the mornng and decrease in the evening, perhaps as an adaptation of neural activities to the
environmental light/dark cycle (Jiarg al, 2014). Indeed, neural activities are performed more
regularly during the daytime relative to the evening, and the subseqoesase in FA and MD

values in the morning may indicate improved functional performance (&tmg, 2014).
Comparatively, our results show a decrease in FA values and an increase in MD values between
the baseline and experimental scans, though thedfireeanning was kept consistent for all time
points and participants. Circadian variations in these DTl metrics can be thus ruled out, and the
observed changes may instead be due to the melatonin treatment and its effects on the pathways
underlying perfomance on the emotional Stroop task.

Although no studies to date have used DTI as a tool for understanding the neural
networks associated with the emotional Stroop task, other studies using memory and inhibition
tasks have demonstrated correlations betwBd1 metrics and task performance in some
common brain areas. For example, a study by Saesal (2010) in which participants
performed a noiwverbal memory task found a large accuranyd RFMD correlation in the IFG.

It was shown that shorter RTs aleds errors were correlated with increased FA and decreased
MD values, potentially because dendritic density and synaptic spines were reduced and the
higher organization and integrity of white matter allowed for faster transmission of information
in the &sociated brain networks (Sasstral, 20L0). Moreover, Madseet al (2010) found that

faster response inhibition in the go/no go task was significantly associated with higher FA and



lower MD values in the IFG, possibly reflecting the faster speedwhheonduction as a result

of better myelinated or more densely packed fibre trdcisthe present study, it was
demonstrated that overall, participants had shorter RTs and less errors during the experimental
period but decreased FA and increased MDeslua the IFG. In general, higher MD and lower

FA values indicate impaired fibre integrity due to an increased rate of diffusion and loss of
coherence on the principle diffusion axis (Soareal, 2013). It is therefore hypothesized that
though participats may be performing better on the task due to task repetition, underlying
pathways are being disrupted as evidenced by the changes in DTI metrics observed.

It may be argued that eight days is a relatively short period of time for changes in the
brain b occur. However, a study by Sagjial (2012) demonstrated structural changes in the
brain within two hours of learning a new video game. They also performed a concomitant study
on rats learning a Morris water maze and found that spatial learning wasatss$ with a
decrease in MD values within the hippocampus detected the following dayetS#gi2012).
Because DTl is used to determine tissue microstructure, increases or decreases in tissue density
and enhancement or deterioration of tissue orgaoiravill lead to changes in water diffusion
properties (Assaf and Pasternak, 2008). It is thus postulated that the decrease in MD values may
be a result of rapid activiigiependent astrocyte swelling, reflecting a shift in the ratio of
extracellular to itracellular space (Saet al, 2012). In the current study, it was hypothesized
that changes in DTI metrics would be found in the left and right HEC, though analysis of the
results identified no significant changes in FA and MD values. In comparisoe vidégo game
task used by Sagial. (2012), the emotional Stroop task employed in our study does not require
spatial navigation and may thus need to recruit fewer resources from the hippocampus. As a

result, it is proposed that the eight day melatoreattnent combined with the eight time points



of emotional Stroop task administration may indeed be too short of a time frame for changes in
the hippocampus to be observed. Extending the experimental period for a longer amount of time
or altering the task tmvolve aspects of spatial learning may produce the significant changes in

DTI metrics initially expected within the hippocampus.

4.4.2 Tractography

Changes in white matter microstructure were also assessed in this study via the use of
probabilistic tractography. No significant changes were found in the number of valid tracts
between the left HEC and the left and right IFG nor between the right HE(Qeafeft and right
IFG when comparing baseline and experimental scans. Several factors are thought to have
contributed to these nesignificant findings. Firstly, as tractography is influenced by many
anatomy and algorithribased factors (Jonest al, 2012), our small sample size of 10
participants may have affected the results. Furthermore, as tractography is sensitive to ROI size
and placement (Jones al, 2012), the masks of the ROIs generated from the standard atlases
provided by FSL may have lacksgecificity and consistency across participants. Future studies
will extract ROIs from individual participantOs functional data and apply it directly to the DTI
data to ensure a more accurate comparison between these regions and their streamline counts
Though studies on response inhibition have characterized a network of fibre tracts between the
IFG, presupplementary motor area, and the basal ganglia, specifically the subthalamic nuclei
(Aron et al, 2007; Lehet al, 2007; Kinget al., 2012; Swannet al, 2012) and studies on
learning and memory encoding have found fibre tracts connecting the prefrontal cortex,
hippocampus and basal ganglia (Beneetl, 2011; Schotéet al, 2011), no studies to date have
looked at the direct connections between tlppdcampus and the IFG. Thus it is not known

whether the lack of change in SC values found is a result of the paradigm used, or whether these

! 86



fibres are particularly resistant to change. Future work will lookl#mify these results by
incorporating additbnal ROIs (such as the presupplementary motor, dr@sal gangliaand
retinal pathways to the SCN, and amygdala and hippocampus pathways to }hettFte
current tractography analysis and specifically targeting the hippocampus and IFG by modifying

thecognitive task to include aspects of both inhibition and memory encoding.

4.5 Correlations

Correlation analyses were performed on the sleep, wake, sleep quality, emotional Stroop,
and DTI data to determine whether there were any associations bettweedrehavioural,
attentional, and neural components of the study. It was found that increases in incongruent word
errors in the emotional Stroop task were significantly correlated with decreases in left
hemisphere IFG FA values. As mentioned in section wd@d processing is known to be
lateralized to the left hemisphere (Dun@asl, 2013;Li et al, 2013). Thus the decrease in left
hemisphere IFG FA values may explain why increases in incongruent word errors were found, as
FA values closer to zero irddite poorer alignment of fibres and therefore less streamlined
connections (Jonest al, 2012). Additionally, it was found that decreases in congruent face
errors in the emotional Stroop task were significantly correlated with decreases in both right
hemiphere IFG FA and MD values. This was an interesting finding, as FA and MD values often
have an inverse relationshipthat is, an increase in one metric is regularly accompanied by a
decrease in the other, and vice versa (Soatras, 2013). It was thusxpected that FA values
would increase while MD values decreased in the right IFG, as this indicates more efficient fibre
organization and more streamlined connections. That this was not the case may again be

explained by the fact that, as mentioned iatisa 4.3, face processing occurs through several



cortical pathways which feedback into the amygdala (Raccegbf 1997). Therefore although
there were poorer organization of fibres in the right IFG as inferred by the decrease in FA found,
other brairregions involved in the face processing pathway may have overcompensated to allow

for more accurate face encoding, resulting in fewer errors in the congruent face condition.

4 6 Limitationsand Future Work

Several limitations are present in tisigidy. Firstly, we were not able to recruit enough
participants to have a completely separate control population; thus the control group consisted
only of within-subject controls. Future work will incorporate a sample of independent, healthy
controls who wl be given placebos to parse out what effects are due to learning and what effects
are due to the melatontreatmentalone. Furthermore, only two scans were conducted for each
participantbone at the end of the baseline period and one at the ende{pgeemental period.
Incorporating a third scan prior to exposure to the emotional Stroop task could have perhaps
provided insight into the structural malp prior to learning, allowing for a clearer
determination of learning versus desynchrony effeatdshe brain. Moreover, external factors
that may have affected the results could not be controlled for in this study as participants were
not secluded in a laboratory setting for the duration of the experiment. Additionally, we did not
include shift workes or people undergoing jet lag to test how the current desynchrony model
compares to internal desynchronization caused by temporal disruption. Future studies will
incorporate a subset of these populations to determine how accurate and effective mglatonin i
causing circadian disruption and the associated deficits in cognitive performance. As mentioned
previously, the emotional Stroop task used in this study may not have been challenging enough

to discriminate between minor differences in baseline anérewpntal performance. Future



studies using this paradigm can alter the pictures to make them greyscale so that neither the face
nor the word stimuli are more salient than the other, or shorten the stimulus presentation times to
create a more sensitiveditto examine cognitive performance. Also, though the eight days of
melatonininduced desynchrony produced observable results, a longer period of
desynchronization may lend more insight into how circadian disruption affects cognitive
processes and the asmied structural networks in the brain. Methodologically, tractography
analysis using DTI data does not take into consideration crossing, diverging, or kissing fibres.
Thus regions of the brain containing voxels that have two or more fibre bundles diiente
different directions may lead to incorrect estimation of fibre directions and may even result in the
abrupt termination of fibre tracts (Soaetsal, 2013). Alternatives to DTI tractography include
more sophisticated approaches such as diffusioctrsjpe imaging and @all imaging, which

use probability density functions instead of single tensors to identify diffusion in different
directions at each voxel (Soaretsal,, 2013). Lastly, though the ELISAs were not performed on

the full set of collectedlata due to financial constraints, melatonin measurements via saliva
sample collections were restricted to waking hours only. Analysis of these samples will therefore
need to model the data for nighttime hours, when melatonin levels are generally laigtiest

point.

4.7 Applications: AlzheimerOs and ParkinsonOs Disease

As demonstrated in the present study, melatonin taken at inappropriate times during the
day can elicit behavioural changes similar to those exhibited by people undergoing temporal
disruption. However, proper administration of melatonin can have manyvpositects. For

example, melatoninOs antioxidant properties have been shown to prevent oxidative damage in



cultured neuronal cells (Mayet al, 1998) as well as in the brains of animals treated with
neurotoxic agents (Jiet al, 1998), lending favour toavds its use as a potential therapeutic drug
for neurodegenerative diseases such as AlzheimerOs disease (AD) and ParkinsonOs disease (PI
Indeed, studies on AD and PD patients have found that melatonin supplements not only aid in
reducing sleep/wake dishiances (for a comprehensive review on sleep disturbances in AD and
PD patients see Rothman and Mattson, 2012), but may also play a role in slowing down the
progression of these diseases (for a comprehensive review on the therapeutic uses of melatonin
seePandiPerumalet al, 2013). In addition, Adet al (2010) found that MTand MT, receptors
are downregulated in the amygdala and substantia nigra of PD patients, providing further
evidence of the possible involvement of melatonin in the developmenDofTRus it is of
extreme importance to understand the role of melatonin not only in the circadian system, but also
in the development and treatment of AD and PD.

The use of DTl may also be a good tool to uncover changes in white matter
microstructure in ADand PD patients. Hasaat al (2012) found that in people with AD, fibre
paths from the hippocampus towards the amygdala, thalamus, and caudate and from these
regions back to the hippocampus were more scattered and had less neurotransmitters than that o
controls. Moreover, Baggieet al (2012) found significant positive correlations between
performance in identifying sad facial expressions and FA levels in the right frontal lobe, inferior
fronto-occipital fasciculus, and inferior longitudinal fasciculus RD patients. Tractography
studies on healthy controls have found fibres that connect the hippocampus and the amygdala
and that extend to the fornix, dorsal hippocampal commissure, stria terminalis, uncinate
fasciculus and the orbitofrontal cortex (Cok@dulboiset al, 2010), some of which are regions

of the brain that are known to be affected by AD and PD. Therefore, administration of properly



timed melatonin treatment along with the emotional Stroop task to people with AD and PD in
combination with DT and tractography analyses may provide insight into the structural changes

underlying the cognitive impairment associated with these diseases.



5. Conclusion

The present study demonstrates the first evidence of the effects of inappropriately timed
melatonin on cognitive performance astducturalchanges in the brain. While we did not find
increases in RTs and error rates on all conditions of the emotionalpSiaek as we had
hypothesized, we did find decreases in FA and increases in MD values in the IFG, consistent
with signs of impaired fibre integrity. Thus the current work demonstrates that thougtesirort
desynchronization may not always produce obdsevaeficits in performance on cognitive
tasks, brain networks underlying executive functions show disruption after only eyghbida
melatonin treatment. LoAggrm internal desynchronization as a result of shift work or constant
jet lag may therefore lelato negative white matter microstructure adaptations that can further
impair cognitive performance. In addition, this study is also the first to demonstrate that
melatonin can effectively induce circadian desynchronization as evidenced by the changes in
deep/wake behaviours reported by our participants. Unexpectedly, participants also reported
significant decreases in sleep quality during the melatonin treatment period. It is thus beneficial
to educate the general public on the proper use of melatoaislasp aid, as taking melatonin at
inappropriate times may in fact be doing more harm than good. Further studies need to be
conducted using populations of shift workers and frequent sufferers of jet lag to assess whether
similar structural changes in tleain occur in those undergoing internal desynchronization as a

result of temporal disruption.
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Appendix A BTimeline of Data Collection

Baselineperioddata collection:

2 weeks of
daily activity -
logs

2 daysof

emotional Stroop -

testing

Experimentaperiod data collection:

8 pills (one per day) + 8
days of saliva collection
+ 4 days of emotional
Stroop testing

3 days of saliva
collection + 2 days of
emotional Stroop testing

4

Scanning session #1
(within 2 weeks of last
emotional Stroop test)

Scanning session #2 (of

the last day of pill

administration + saliva | |

collection)
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Appendix BBDMCTQ Results
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You are a moderate late type. These chronotypes often get too little sleep during the work
week, because their biological clock usually lets them fall asleep well after midnight. By the time
your alarm clock rings, you have slept much too little and you probably sleep long into the day on
free days to catch up. (Figure A)

According to the sleep times that you have given, on work days you sleep between 31 minutes
and an hour less than your average sleep need. (Figure B)

When you feel that your biological clock "puts you to bed" too early and you would like to be able
to fall asleep later (for example to enjoy more of the evening), you can experiment with the ef-
fects of brighter light: try to avoid bright light in the morning but seek outside light in the after-
noon and evening (even relatively bright artificial lighting is far lower in intensity than sunlight
outside). Even without sports or activity, especially evening light can nudge your biological clock
to a later time, so that you can stay up longer.
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Appendix C BProtocol for Pill Administration

Please read the following instructions carefully befadeninistering the pills. You are expected
to follow the timeline exactly as outlined below.

1. Eight (8) pills have been provided for you to take over the course of eight (8) days (one pill a
day).

2. To take these pills, please place the entire pill ugder tongue and wait for it to dissolve
completely. The pill should take approximately five (5) minutes to dissolve.

3. Within 5 minutes of taking the pill, please provide a saliva sample and mark it on your saliva
protocol sheet with an asterisk (This will allow the researcher to identify the saliva sample

given directly after administration of the pill.

Thank you!

Day of Pill Administration Time of Pill Administration

1 6:30pm

5:00pm

8:30am

10:00am

6:30pm

5:00pm

8:30am

O N O O A WO DN

10:00am
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Appendix D Binstructions for Saliva Collection

Please read the following instructions carefully before starting the saliva collection process. The
more carefully you follow the instructions, the more reliable the results obtained from your
samples wilbe.

1. Before starting collection, ensure that the number on your collection container matches the
one in the attached protocol.

2. 5 minutes before each saliva collectianse your mouthhoroughly with cold water.

Nothing should be eaten during the collection time. The last drink and meal should be taken
at least 15 minutes prior to starting the collection. Chewing gum and brushing teeth should
also be avoided in the 15 minutes prioctdlection. Refrain from drinks containing artificial
colorants, caffeine or alcohol on the days of collection. If possible, no aspirin and medicines

that contain ibuprofen should be taken on collection days.

3. When itis time for your saliva to be colledtaleposit your saliva into the container. You
must provide aninimum of 1mL per collection. There are markings on the side of the

collection container to use as reference points.
4. When finished, close the top of the tube and place in the box provided.tls box
containing the samples the freezeat-200C. Repeat step®dU for each collection. Refer

back to the protocol provided for dates and times of each collection.

5. Please bring your collected samples to the researcher on day three of colleptssible,
try to minimize the time the collected samples remain abov @ range.

Thank you!
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Appendix E BTimeline for Saliva Collection

Please follow the protocol outlined below for saliva sample collection. The schedule for saliva

collection, along with the sample number that you will need to match to your collection

container, is as follows:

Day 1DSunday, November 1%, 2013

Collection Time Sample #
8:30 am 1
9:00 am 2
9:30 am 3
10:00 am 4
1:30 pm S
5:00 pm 6
6:00 pm 7
7:00 pm 8
8:00 pm 9
8:30 pm 10
9:00 pm 11
9:30 pm 12
10:00 pm 13
10:30 pm 14
11:00 pm 15
11:30 pm 16
12:00 am 17
12:30 am 18
*1:00 am *19
*1:30 am *20

* The starred sample times indicate times at which you do not need to provide samples if you are
not awake. If you do happen to either wake up before the indicated collection time or sleep after
the last collection time for the day, please feel free to provide more samples at your convenience.
If you do choose to provide extra samples, please atigisaimple numbers accordingly. Thank

you!
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Day 2DMonday, November 1§', 2013

Collection Time Sample #
8:30 am 21
9:00 am 22
9:30 am 23
10:00 am 24
1:30 pm 25
5:00 pm 26
6:00 pm 27
7:00 pm 28
8:00 pm 29
8:30 pm 30
9:00 pm 31
9:30 pm 32
10:00 pm 33
10:30 pm 34
11:00 pm 35
11:30 pm 36
12:00 am 37
12:30 am 38
*1:00 am *39
*1:30 am *40

* The starred sample times indicate times at which you do not need to provide samples if you are
not awake. If you do happen to either wakéafore the indicated collection time or sleep after

the last collection time for the day, please feel free to provide more samples at your convenience.
If you do choose to provide extra samples, please adjust the sample numbers accordingly. Thank
you!

! 114



Day 3DTuesday, November 19, 2013

Collection Time Sample #
8:30 am 41
9:00 am 42
9:30 am 43
10:00 am 44
1:30 pm 45
5:00 pm 46
6:00 pm 47
7:00 pm 48
8:00 pm 49
8:30 pm 50
9:00 pm 51
9:30 pm 52
10:00 pm 53
10:30 pm 54
11:00 pm 55
11:30 pm 56
12:00 am 57
12:30 am 58
*1:00 am *59
*1:30 am *60

* The starred sample times indicate times at which you do not need to provide samples if you are
not awake. If you do happen to either wake up before the indicated collection time or sleep after
the last collection time for the day, please feel free to provide more samples at your convenience.
If you do choose to provide extra samples, please adjust the sample numbers accordingly. Thank
you!

I 11¢



Appendix F DStatistical Tables

Table 1.Paired samplestest for the RTs and errors of the face and word instructionPrets:
baseline; F = face instruction; W = word instruction; RT = reaction times; Err = errors.

Paired Differences t df | Sig. 2
Mean Std. Std. Error | 95% Confidence Interval d tailed
Deviation Mean the Difference
Lower Upper

Pair 1 Pre_F_RT | 143.06001743.116407% 13.63460574 112.216398( 173.9036374 10.492( 9 .000
Pre W_RT

) Pre_ F Err | 2.4166667 1.634764] .5169578 1.2472269 3.586106H 4.675| 9 .001
Pair 2 Pre W_Err

Table 2. Paired samplestest for the RTs and errors of the face and word instructiordgetyy the
baseline period, with each instruction broken down into its component congruent and incongruel
Con = congruent condition; Incon = incongruent condition; F = face instruction; W = word instrut
RT = reaction times; Err = errors.

Paired Differences t df | Sig. 2
Mean Std. Std. Error | 95% Confidence Interva tailed
Deviation Mean of theDifference
Lower Upper
Pair 1 Con_F RT- | -77.42322(051.191054 16.188034 -114.043097 -40.803347 -4.783| 9 .001
Incon_F_RT
) Con_W_RT- | -11.951567 16.033003 5.0700809 -23.4208873 -.4822477 -2.357| 9 .043
Pair 2 Incon_W_RT
Pair 3 Con_F _Err | -5.175000( 3.0732945 .971861( -7.3735024 -2.976497§ -5.325| 9 .000
Incon_F_Err
Pair 4 Con_W_Err- | -1.275000(Q .7945124 .2512469 -1.843360(Q -.706640Q -5.075| 9 .001
Incon W_Err
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Table 3. Paired samplestest forsleep times in the baseline aexperimental period8aseline_Sleep
baseline sleep times; Experimental Sleep = experimental sleep times.

Paired Differences t df [ Sig. 2
Mean Std. | Std. Error| 95% Confidence tailed
Deviation| Mean Interval of the
Difference
Lower Upper
Pair 1 Baseline_Sleep 787500 .845458¢ .2673574.18269531 1.392304¢4 2.945| 9 .016
Experimental_Sleep

Table 4. Paired samplesstest forwake times in the baseline and experimental periddseline_Wake

= baseline wake times; Experimental Wake = experimental wake times.

Paired Differences t df Sig. 2
Mean Std. | Std. Error| 95% Confidence tailed
Deviation| Mean Interval of the
Difference
Lower Upper
Pair Baseline_Wake .3700000( .65420514 .20687783 -.09799( .83799017 1.788 9 .107
1 Experimental_Wak

Table 5. Linear mixed models te$br sleep quality ratings in the baseline and experimental perio

Parameter Estimate | Std. Error df t Sig. 95% Confidence Interval

Lower Bound | Upper Bound
Intercept 3.232143  .137174 118 23.562 .000 2.960500 3.503784
[Condition=1] 564732 .187834 118 3.007 .003 192770 .936694
[Condition=2] 0? 0

Dependent Variable: Sledpating.
a. This parameter is set to zero becatigeredundant.



Table 6. Paired samplestest for the RTs and errors of the face and word instructiorlsstsy the
experimental period, with each instruction broken down into its component congruent and incor
trials. Con = congruent conditigincon = incongruent condition; F = face instruction; W = word
instruction; RT = reaction times; Err = errors.

Paired Differences t df| Sig.

Mean Std. Std. Error | 95% Confidence Interval 2-

Deviation Mean of the Difference tailed

Lower Upper

Pair 1 Con_F RT- | -101.55393 64.5789349 20.421654 -147.750919 -55.356939 -4.973( 9| .001
Incon_F_RT

Pair 2 Con_W_RT- | -4.250730§ 15.2696539 4.8286883 -15.17398271 6.6725211 -.880( 9| .402
Incon_W_RT

) Con_F _Er- | -4.9166664 3.06337384 .96872384 -7.1080723( -2.725261( -5.075[ 9| .001
Pair3 Incon_F_Err

Pair 4 Con_W_Err- | -1.8000000 .69522179 .219848494 -2.29733171 -1.3026684 -8.187 9| .000
Incon W_Err
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Table 7. Paired sampletstest for the RTs and errors of the face and word instructiorcgetparing
baseline and experimental periods, with each instruction broken down into its component congrt
incongruent trialsPre = baseline; Post = experimental; Con = congruent; Incon = incongruent; F:

W = word; RT = reaction times; Err Frers.

Paired Differences t df | Sig.2-
Mean Std. | Std. Error 95% Confidence tailed
Deviation| Mean Interval of the
Difference
Lower Upper

) Pre_Con_F_RT 39.213064 51.16024 16.178293 2.61522074 75.8109071 2.424] 9| .038
Pairl Post_Con_F_RT

Pair 2 Pre_Incon_F_RT | 15.082357 23.309351 7.3710641 -1.592148( 31.756863 2.046| 9| .071
Post_Incon_F_RT

Pair 3 Pre_Con_W_RT | 23.633804 34.091169 10.780574 -.75355114 48.02115¢4 2.192 9| .056
Post Con_W_RT

) Pre_Incon_W_RTF|] 31.334639 31.633564 10.003411 8.70535043 53.963927 3.132[ 9| .012
Pair4 Post_Incon_W_RT]|

Pair 5 Pre_Con_F_Err .6250000( .89170561 .28198207 -.0128877€¢ 1.26288771 2.216| 9| .054
Post_Con_F_Err

Pair 6 Pre_Incon_F_Err | .883333332.461180( .77829349 -.87728884 2.6439555 1.135( 9| .286
Post_Incon_F_Err

) Pre_Con_W_Err | .016666671.37018514.11706283 -.24814783 .2814811¢4 .142( 9| .890
Pairt Post_Con_W_Err

Pair 8 Pre_Incon_W_Erf| -.5083333 .73958829 .23387833 -1.037402§ .02073621 -2.173| 9| .054
Post _Incon W _Er




Table 8. Repeated measurdNOVA for the RTsoutcome. Three withisubject factors of period,

congruency, and instruction were used, with two levels in each factor (baseline and experime
congruent and incongruent, and face and word, respectively). Interactions between rtbiet diféeors
are also shown.

Source Type Il Sum df Mean F Sig. | Partial
of Squares Square Eta
Squared
Sphericity Assumed 14923.240 1| 14923.2440 7.406| .024 451
) Greenhous&seisser 14923.2440 1.000] 14923.24q 7.406| .024 451
Period HuynhFeldt 14923.240 1.000( 14923.24q 7.406| .024 451
Lower-bound 14923.240 1.000f 14923.24Q 7.406| .024 451
Sphericity Assumed 18135.020 9 2015.002
Error (Period Greenhousé&eisser 18135.020 9.000[ 2015.002
HuynhFeldt 18135.020 9.000] 2015.002
Lower-bound 18135.020 9.000[ 2015.002
Sphericity Assumed 47618.77( 1| 47618.77q 31.835 .000 .780
Congruency Greenhousé&eisser 47618.774  1.000] 47618.77¢0 31.835 .000 .780
HuynhFeldt 47618.77  1.000] 47618.77d 31.835 .000 .780
Lower-bound 47618.774  1.000] 47618.77¢0 31.835 .000 .780
Sphericity Assumed 13462.404 9 1495.823
Error Greenhousé&seisser 13462.404 9.000[ 1495.823
(Congruency) Huynh-Feldt 13462.404 9.000[ 1495.823
Lower-bound 13462.404 9.000[ 1495.823
Sphericity Assumed 415655.18( 1| 415655.18¢ 121.543 .000 .931
Instruction Greenhousé&eisser 415655.180 1.000| 415655.18( 121.543 .000 .931
HuynhFeldt 415655.180  1.000| 415655.18(0 121.543 .000 931
Lower-bound 415655.180  1.000| 415655.18(Q 121.543 .000 931
Sphericity Assumed 30778.411 9 3419.823
) Greenhousé&seisser 30778.411 9.000] 3419.823
Error (Instruction)
HuynhFeldt 30778.411 9.000] 3419.823
Lower-bound 30778.411 9.000] 3419.823
Sphericity Assumed 337.42¢ 1 337.42¢ 1.206] .301 .118
Period* Greenhousé&eisser 337.42¢6/ 1.000 337.42¢ 1.206] .301 .118
Congruency Huynh-Feldt 337.42¢6/ 1.000 337.42¢ 1.206] .301 .118
Lower-bound 337.42¢6/ 1.000 337.42¢ 1.206] .301 .118
Sphericity Assumed 2517.637 9 279.737
Error (Period* Greenhousé&eisser 2517.6371 9.000 279.737
Congruency) Huynh-Feldt 2517.6371 9.000 279.737
Lower-bound 2517.6371 9.000 279.737
Period* Sphericity Assumed .566 1 .566 .005| .946 .001
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Instruction

Error (Period*

Instruction)

Congruency *
Instruction

Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&seisser
Huynh-Feldt
Lower-bound
Sphericity Assumed

Error (Congruency Greenhousé&seisser

* Instruction)

Period*
Congruency *
Instruction

Error (Period*
Congruency
Instruction)

Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed

Greenhousé&seisser
Huynh-Feldt

Lower-bound

.566

.566

.566
1052.12]
1052.12]
1052.12]
1052.12]
33119.564
33119.564
33119.564
33119.564
14533.911
14533.911
14533.911
14533.911
1266.559
1266.559
1266.559
1266.559
2251.368

2251.368
2251.368
2251.368

1.000
1.000
1.000

9.000
9.000
9.000

1.000
1.000
1.000

9.000
9.000
9.000

1.000
1.000
1.000

9.000
9.000
9.000

.566

.566

.566
116.902
116.902
116.902
116.902
33119.564
33119.564
33119.564
33119.564
1614.879
1614.879
1614.879
1614.879
1266.559
1266.559
1266.559
1266.559
250.152

250.152
250.152
250.152)

.005
.005
.005

20.509
20.509
20.509
20.509

5.063
5.063
5.063
5.063

.946
.946
.946

.001
.001
.001
.001

.051
.051
.051
.051

.001
.001
.001

.695
.695
.695
.695

.360
.360
.360
.360
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Table 9. Repeated measures ANOM&r theerrorsoutcome. Thre&vithin-subject factors of period,
congruency, and instruction were used, with two levels in each factor (baseline and experime
congruent and incongruent, and face and word, respectively). Interactions between the differen
are also shown.

Souce Type lll Sum df Mean F Sig. | Partial
of Squares Square Eta
Squared
Sphericity Assumed 1.292 1 1.292 999 .344 .100
) Greenhous&seisser 1.292| 1.000 1.292 999| .344 .100
Period HuynhFeldt 1.292] 1.000 1.292 999 .344 .100
Lower-bound 1.292] 1.000 1.292 999 .344 .100
Sphericity Assumed 11.644 9 1.294
Error (Period Greenhousé&eisser 11.6441 9.000 1.294
Huynh-Feldt 11.6441 9.000 1.294
Lower-bound 11.6441 9.000 1.294
Sphericity Assumed 216.701 1 216.701 38.881 .000 .812
Congruency Greenhousé&eisser 216.701 1.000 216.701 38.881 .000 .812
HuynhFeldt 216.701f 1.000 216.701 38.881 .000 .812
Lower-bound 216.701f 1.000 216.701 38.881 .000 .812
Sphericity Assumed 50.161 9 5.573
Error Greenhousé&eisser 50.161f 9.000 5.573
(Congruency) Huynh-Feldt 50.161f 9.000 5.573
Lower-bound 50.161f 9.000 5.573
Sphericity Assumed 108.113 1 108.113 22.613] .001 .715
Instruction Greenhousé&eisser 108.113 1.000 108.113 22.613] .001 .715
HuynhFeldt 108.113 1.000 108.113 22.613[ .001 715
Lower-bound 108.113 1.000 108.113 22.613] .001 .715
Sphericity Assumed 43.028 9 4.781
) Greenhousé&seisser 43.028 9.000 4,781
Error (Instruction)
Huynh-Feldt 43.028] 9.000 4.781
Lower-bound 43.028] 9.000 4.781
Sphericity Assumed .089 1 .089 1501 .707 .016
Period* Greenhousé&eisser .089 1.000 .089 1501 .707 .016
Congruency Huynh-Feldt .089 1.000 .089 1501 .707 .016
Lower-bound .089 1.000 .089 1501 .707 .016
Sphericity Assumed 5.316 9 591
Error (Period* Greenhousé&eisser 5.316] 9.000 591
Congruency) Huynh-Feldt 5.316] 9.000 591
Lower-bound 5.316] 9.000 591
Period* Sphericity Assumed 5.000 1 5.000f 3.929| .079 .304

122



Instruction

Error (Period*

Instruction)

Congruency *
Instruction

Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed

Error (Congruency Greenhous&eisser

* Instruction)

Period*
Congruency *
Instruction

Error (Period*
Congruency
Instruction)

Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhousé&eisser
Huynh-Feldt

Lower-bound

5.000 1.000
5.000 1.000
5.000 1.000
11.453 9

11.453 9.000
11.453 9.000
11.453 9.000
61.542 1
61.542( 1.000
61.542 1.000
61.542 1.000
28.769 9
28.769 9.000
28.769 9.000
28.769 9.000

767 1
767 1.000
767 1.000
767 1.000
5.502 9
5.502| 9.000
5.502| 9.000
5.502] 9.000

5.000
5.000
5.000
1.273
1.273
1.273
1.273

61.542] 19.253
61.542] 19.253
61.542] 19.253
61.542] 19.253

3.197
3.197
3.197
3.197
767
767
767
767
.611

.611
.611
611

3.929
3.929
3.929

1.255
1.255
1.255
1.255

.079
.079
.079

.002
.002
.002
.002

292
292
292
292

.304
.304
.304

.681
.681
.681
.681

122
122
122
122

Table 10. Paired samplesstest forthe whole brain, left IFG and right IFG comparing baseline an
experimental FA value$A = fractional anisotropy value; Whole = whole brain; LeftIFG = left infel
frontal gyrus; RightIFG = right inferior frontal gyrus; Pre = baseline; Post = experimental.

Paired Differences t df | Sig.2-
Mean Std. | Std. Error|] 95%Confidence tailed
Deviation| Mean Interval of the
Difference
Lower Upper
) FA_Whole_Pre .050125277.01663611 .0052608( .0382244 .062026 9.528| 9| .000
Pair 1 FA_Whole_Post
Pair 2 FA_LeftIFG_Pre- .096077154 .05816814.01839437 .0544661 .137688 5.223] 9| .001
FA_LeftIFG_Post
Pair 3 FA_RightIFG_Pre | .070671049.07467109 .023613074 .0172544 .124087] 2.993( 9| .015
FA_ RightIFG_Post
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Table 11. Paired samplesstest forthe whole brain, left IFG and right IFG comparing baseline an
experimental MD valuedvD = mean diffusivity value; Whole = whole brain; LeftIFG = left inferio
frontal gyrus; RightIFG = right inferior frontal gyrus; Pre = baseline; Post = experimental.

Paired Differences t df | Sig.2-
Mean Std. Std. 95% Confidence tailed
Deviation| Error Interval of the
Mean Difference
Lower Upper
Pair 1 MD_Whole_Pre -.00005335 .00002087 .0000064 -.000068| -.0000384 -8.082 9| .000
MD_Whole_Post
Pair 2 MD_LeftIFG_Pre- -.00002873 .00004033 .00001271 -.000057|.0000001d -2.254[ 9| .051
MD_LeftIFG_Post
) MD_RightlIFG_Pre- | -.00004849 .0000419¢ .0000132 -.000078| -.0000184 -3.655| 9| .005
Pair3 MD_RightlIFG_Post

Table 12. Paired samplesstest forthe baseline and experimental periods comparing right and le
hemisphere SC valueBre = baseline; Post = experimental; L = left hemisphere; R = right hemisg
HEC = hippocampal entorhinal cortex.

Paired Differences t df Sig. 2-
Mean Std. | Std. Error|  95% Confidence tailed
Deviation| Mean Interval of the
Difference
Lower Upper
Pair 1 Pre_L HEC -22.9000] 98.83144 31.25324 -93.5997¢ 47.7997¢ -.733 9 .482
Post_ L HEC
Pair 2 Pre_ R_HEG -18.0000] 172.33623 54.4975( -141.2819 105.28194 -.330 9 749
Post R HEC
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Table 13. Correlation statistics for the congruent faeeor and right IFG FA pairing. Con = congrue
condition; F = face instruction; Err = errors; Right = right hemisphere; IFG = inferior frontal gyru:

= fractional anisotropy value.

Con_F _Err

Right IFG_FA

Con_F_Err

Pearson Correlation
Sig. 2-tailed

N

Pearson Correlation

Right_IFG_FA Sig.2-tailed

N

.822
.004

10

Fx

10

.822

td

.004
10

10

**_Correlation is significant at the 0.01 level-{&iled).

Table 14. Correlation statistics for the congruent face error and right IFGpliElng. Con = congruen
condition; face = face instruction; Err = errors; Right = right hemisphere; IFG = inferior frontal g

MD = mean diffusivity value.

Con F _Err Right IFG_MD
Pearson Correlation 1 684
Con_F_Err Sig. 2-tailed .029
N 10 10
Pearson Correlation 684 1
Right IFG_MD Sig. 2-tailed .029
N 10 10

*. Correlation is significant at the 0.05 leveltgled).

12t



Table 15. Correlation statistics for the incongruent word error and left IFG FA pairing. Incon :
incongruentondition; W = word instruction; Err = errors; Left = left hemisphere; IFG = inferior frc

gyrus; FA = fractional anisotropy value.

Incon W _Err Left IFG_FA
Pearson Correlation 1 -.743
Incon_W_Err Sig.2-tailed .014
N 10 10
PearsorCorrelation -.743 1
Left IFG_FA Sig. 2tailed .014
N 10 10

*. Correlation is significant at the 0.05 leveltgled).
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Appendix G PELISA Proof of Concept!

As a biological measure of internal desynchrony, melatonin levels in participantsO
baseline ancexperimental saliva samples were to be measured. However, due to unforeseen
circumstances regarding issues with funding (see Appendix H breakdown of costs), data were
only analyzed from two participantsO baseline collections (Figuflesrl A2). As suchthe
results shown below should be regarded only as a proof of concept for the two participants, and
future analyses on the remaining participants® samples and discussion of the salivary melatonin
data will be excluded from this thesis. The remaining sespfll be kept frozen in storage for
analysis at a later datBlote thatthe concentrations of melatonin presented in Figurdsaid
A-2 are higher than what would normally be found in saliva, and thus future experiments will

include the performance eérial dilations and the #&nalysis of these samples.
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Figure A-1. Compiled baseline data for Subject 1. The graph represents the subjectOs baseline melatonin
profile, generated from three days of saliva samples. The red cieplesent the times at which samples

were taken relative to DLMO (time 0), as well as the resulting concentration of melatonin in pg/ml
(determined using an ELISA). The blue line represents a sinusoidal fit to the data points. The black bar at
the bottom epresents the subjectOs average sleep time relative to DLMO. The blue bars represent the
average range of times of breakfast, lunch and dinner relative to DLMO. The red arrow indicates the time
at which the subject performed the emotional Stroop task i3 @aand 3 of saliva collection
(approximately 30 minutes of behavioural testing per day), relative to DLMO
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Figure A-2. Compiled baselindata for Subject.2The graph represents the subjectOs baseline melatonin
profile, generated from three days of saliva samplrge to circumstances beyond our control, this
participant missed several collection time poifitee red circles represent the times at which dasp

were taken relative to DLMO (time 0), as well as the resulting concentration of melatonin in pg/ml
(determined using an ELISA). The blue line represents a sinusoidal fit to the data points. The black bar at
the bottom represents the subjectOs avetagp 8me relative to DLMO. The blue bars represent the
average range of times of breakfast, lunch and dinner relative to DLMO. The red arrow indicates the time
at which the subject performed the emotional Stroop task on days 2 and 3 of saliva collection
(approximately 30 minutes of behavioural testing per day), relative to DLMO



Appendix H PCost Breakdown

ELISA Kits:

Price per kit: $649.75

Number of samples collected: 2,480

Kits needed to analyze all samples collected: 57

Kits needed to analyze alamples from experimental period: 44

Total price of 57 kits$37,035.75

Total price of 44 kits$28,589

*5 kits already purchased for $3,248.75 by Dr. Joseph DeSouzaOs FoH and Start Up Grants

Microtubes for Saliva Collection

Prices paid per package (dgkage = 500 tubes): $47.54 x 1, $43.00 x 3, $39.54 x 1

Number of packages ordered: 5

Total cost of microtube$216.08

*Cost of microtubes already paid for in full by Dr. Joseph DeSouzaOs FoH and Start Up Grants

MRI Scanning

Price per hour of scannin§§350

Total participants scanned: 10 participants scanned 2 times each for 0.5 hours per scan
Average hours of scanning used: 10 hours

Total cost of scanning3,500

*Cost of MRI scanning already paid for in full by Dr. Joseph DeSouzaOs FoH and Start Up
Grants

Total cost needed to complete all aspects of prdpd€t;751.83
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