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Abstract

Abstract
As well as cognitive decline and neuropathol

also characterized by narognitive behaviouradymptoms like restlessness, wandering,

agitation, confusion and profound disruptions of circadian rhythms. This group of symptoms

is commonly referred to as 6Sundowningdé and
or at night and causes significgmbblems for Carers. There are no specific drug treatments

for these symptoms. One contributory factor is that little is known about the biological basis

oft hese sympt omssedser Thére ig dvidenas enowe\er, that they may arise as

a consquence of abnormal circadian rhythms.

Circadian rhythms characterize a number of human physiological and behavioural systems
including energy metabolism, sleg@ke cycles, cardiovascular activity, body parature

and locomotor activitySeveral studiesdve demonstrateal role for chromatin modifications

in normalcircadian function In mammals, circadian rhythms are generated by a
transcriptionatranslational feedback loop in whitthe components of the positive limb
(CLOCK and BMALY), activate the components of the negativelithe cryptochrome and
period proteins CLOCK possesses intrinsic histone acetyltransferase activity which has
been implicated in the cirdan control of gene expressiddisrupted rhythmic expression of
the @re clock genes has also been demonstrated in patients and AD mouse models. With a
view to establishing a potential animal modaetstudy the biological basis 8undowning
symptoms, weénvestigated whether a transgenic mouse model of AR swe/PS1dE9

exhibits circadian alterations in locomotactivity, chromatin modificationand expression

of clock genes. The effect of aga altering rhythms in locomotor activity was also

investigated.
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Results show that thePPswe/P$dE9mutationalters levels and patterimslocomotor

activity at all ages tested, masdtably in the activity travelled in the last 2 hours of the dark
phase, which is potentially relevant to the disturbance previously reported in AD patients.
C57BL/6J and CDnice also showed evidence of altered circadian profile with age for
locomotor activity. Bomolecular studieseveakdaltered rhythmic expression of the core
clock genesawell as day/nighthythmic chroméin modifications In summay, these
studiesrevealaltered circadian regulation of locomotor activity, chromatin modification and
clock gene expression APPswe/PS1dE#ice. They also providstrong evidence that
disruption of circadian rhythms of locomotor activity has biomoleculadogies in a widely
available model of AD.The APPswe/PS1dEfodel of AD demonstrates the potential to
serve as a tool in understanding the neuropathology of circadian abnormalities in Alaheimer

disease md a model system to test novel therapeutic agents
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Chapter 1: Introduction

Chapter 1: General Introduction

1.1 The Circadian System

Plants and animals have the ability to predict therdglgt cycle because they possess an
endogenous circadian clock which can be entrained or synchronized by bgicla,
Hogenesch et al. 20D2As a result of this ability, physiological and behavioural processes
such as finding food, attracting mates and avoiding predators are performed rhythmically
(Panda, Antoch et al. 20DAlthough the core clck machinery is seléustainingit free-runs

in the absece of light or other time cues. Environmental stimulation is necessary to
synchronize the clock machinery to exactly 24 hours and whemuneeng it is less than 24
hours. In order to anticipate daily environmental changes and adjust behavioural and
physological functions accordingly, the endogenous circadian clock must function correctly.
There are several physiological variables under the control of the circadian clock; these
include the sleegvake cycle, locomotor activity, regulation of temperatwrater/food intake
and levels of circulating hormones. The Suprachiasmatic nucleus (SCN) of the hypothalamus
orchestrates several physiological and behavioural rhythms throughout the body. At the
molecular level, the endogenous clock consists of interlgckirtoregulatory transcriptional
and translational feedback loops within individual céReppert and Weaver 2003uilding

and Piggins 2007 Several cell types, tissues and organs have been shown to contain the
same coordinated molecular circadian rhythms. The same molecular rhythm has been
identified in the retina, and many braegrons including the hippocampus, olfactory bulb,
pituitary gland pineal gland and arcuate nuclédsrahamson and Moore 2004be, Herzog

et al. 2002Guilding and Piggins 20Q0¥ang, Dragich et al. 2009 hese rhythms are

specfic to individual regions and are not driven by the output of the GXiig, Herzog et al.

2002.

27



Chapter 1: Introduction

Entrainment is the process of the circadian systeadjésting its phase to theisting

day/night rhythm(Abrahamson and Moore 200 Entranment requires time cues that can
phaseset circadian clocks known as zeitgebers, the most important in mammals being
environmental light exposure, which is conveyed by retinal affer@ktisahamson and

Moore 2001 Jud, Schmutz et al. 20p3ther norphotic zeitgebers include food availability
and social interaction. Different neurotransmitter/neuromodulator and hormonal pathways
transmit these signals to the SCBtephan 200d.amont, Diaz et al. 20Q%lannibal and
Fahrenkrug 2006 The expression of circadian genes control the rhythmic regulation of

clock output in brain regions and peripheral tisqiReppert and Weaver 2002

feedin
lRHT j’

SCN
O
body humoral signals
temperature | (e.g. glucocorticoid
body rhythms hormones) hormones (?)
temperature neural signals(?) metabolites

rhythms (e.g. glucose)

Peripheral clocks
iJY 4

Fig. 1-1 Entrainment of central and peripheral oscillators in humans.The central
oscillator (SCNYeceives information abothe existing day/night cgle in the form of light
through the retina and amrdinates the synchronization of peripheral oscilatbroughout
the body (Schibler and Sasse@ersi, 2002).
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Photic information, along with otheon-photic zeitgebers, is used by the SCN neurons to
generate circadian oscillations which are synchronized to the enviro(iRegert and

Weaver 2002 Light input from the retina during the day, via the retinigothalamic tract

(RHT) and melatonin secretion at night reset the SCN nucleus on a dailyKzaaisd

Takahashi 2008Challet 2007Zee and Manthena 20P7Physiological systems receiving
circadian regulation also send feedback output to alter the oscillation function of the SCN.
These include sleep stat@eboer, Vansteensel et al. 20@8d locomotor activitfSchaap

and Meijer 200} Target organs distribute the output of the SCN neurons to the rest of the
brain and body by using efferent neuratl@mdocrine signals particularly via circulating
melatonin.Output from the SCN travels via the hypothalamituitary adrenal axis and the
autonomic nervous system to regulate independent circadian oscillators found throughout the
body. Gammaaminobutyricacid (GABA) and arginine vasopressin (AVP) neurons from the
SCN project to the nucleus of the paraventricular nucleus of the hypothglaapes, Lu et

al. 2005. Melatonin secretion by the pineal gland is then activated. The firing of the SCN is
inhibited by the circulating melatonin acting via MT1 and MT2 receptors. Thus, melatonin
promotes sleep and resets the circadian clock. There is an increase in melatonin secretion 2
hours before bedtime and the levels remain elevated throughout théMegtiemichael and

Grossberg 2010
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LIGHT
ﬂ [5-HT]

|GLL|
[MELATONIN]
RET[NA

MEDIAN FOREBRAI'\T
BUNDLE

[NPY] l

PRE-GANGLIONIC
NEURONS

l

SUPERIOR CERVICAL
GANGLIA

POST-GANGLIONIC
NEURONS

Fig. 1-2 Input and output pathways of the SCN.Light input via the RHT and melatonin
from the pineal gland reset the SCN dautput from theSCN trave$ via GABA and AVP

neuronswvhich project to the pineajlandand activate melatonin secreti(dee 2009.

Circadian regulation by the SCN varies depending on the tissue. Major organ systems have
their own clockwork which regulates the transcription of genes important to the specific
target(Dibner, U.Schibler et al. 201Mohawk, Green et al. 201.2Studies from DNA

microarray expression profiling have revealed thaP8% of genes exhibit circadian

oscillations, many of which are involved in key Fiteiting steps of biochemical pathways
(Storch, Lipan et al. 200Panda, Antoch et al. 20D22An example of this is found in the
nervous system where numerous genes involved in peptide synthesis and oxidative

phosphorylation are transcribed in a ctfieen fashion.(Willison, Kudo et al. 2013
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Throughout this thes, prefixes , m and hbefore a gene/protein refer to the particular
species i.edrosophila, mouse drumanrespectively Gene and mRNA symbols are italicized

while protein symbols are in Uppercas®lnortitalicized (MouseGenomelnformatics 2013

1.1.1 Disruption of Circadian Rhythms in Central Nervous System

Disorders

Robust daily circadian rhythms are vital to good health. Numerous studies have demonstrated
that a dysfunctional circadian system leads Yaréety of disorders such as metabolic deficits
(Marcheva, Ramsey et al. 20J8hd cognitive deficit¢Gerstner, Lyons et al. 20p%eople

with a variety of @S disorders display abnormalities in biological rhythms. While the
profiles vary between disorders, itdés genera
system contribute to neurodegenerative diseases or whether they are sympfomatic.

common componerof neurodegenerative disorders is sleep disor@emrhély (1982

proposed the twprocess model of sleapake regulation; circadian rhythms and sleeke
homeostasis. In this model, circadian rhythms control the timing of sleep and coordinates

sleep with the light/dark cycle over 24 hours while the sieake homeostas acts as a timer

and creates pressure to sleep the longer one is awake. Furthermore, the amplitude and number
of genes involved in important processes such as circadian control, chromatin modification

and oxidative stress have been shown to be altgrebkép restriction and deprivation

(Moller-Levet, Archer et al. @13).

1111 Hunti ngiseasa 6s D

Huntingtondés disease (HD) is a neurodegener a
behavioural and psychiatric disturbances and dementia. HD is caused by elongated CAG
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repeats in the HuntingtdiiTT) gene. As part of the syngns of the disease, patients with

HD exhibit disturbances in their slegmke cycle They exhibit a general loss of form and
definition in the reshctivity cycle as well as a delayed sleep phase and increased latency
which is evidence for a phaselayedcircadian clock. Although HD patients do not display
any major abnormal sleafifficulties, their nightday ratios are disturbed and they spend

more time in nofREM sleep and less in REM sleep. Sleep initiation and maintenance is also
impaired. In additiondterations in the circadian rhythm of melatonicretion have also

been described as well as a disruption in therhythmic expression of clock genes in the SCN
and other regions of the brain such as motor cortex and striatum (reviewed in (Morton,
2013))They also have autonomic nervous system dysfunction (review@bas 201)). The
neuropathology of the diseadisplays selective neuron loss in the caudatgataanenThe
Huntington'sDiseaseCollaborativeResearctGroup 1993 Three main HD transgenic

mouse models have been generated; BACHD: These mice models express the entire human
HTT gene with 97 mixed CAACAG repeats. The R6/2 transgenic mice express the first exon
of the HTT gene with different lengths of the CAG repeats and the CAG Hnaulce

which are as a result of the insertion of a 140 CAG repeat expansion into the mouse HTT

gene(Kudo, Schroeder et al. 20110

Kudo, Schroeder et 2010 investigated circadian rhythms in wheel running activity in

four mouse models of HD: BACHD, CAG 140 kneick R6/2 with 140 CAG repeats and

R6/2 with 250 CAG repeat3 hey investigated all four transgenic lines because no single

model encompasses all the elements of the human disease. Their results revealed a significant
loss of circadian rhythms in the R6/2 line (CAG 240 and CAG 140). This disruption in

circadian rhyhms eventually progressed to death-428veeks. The BACHD line displayed

obvious diurnal and circadian deficits in their wheel running activity by 3 months of age.
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They had difficulty entraining to changes in the LD cycle. As a result of the entrainment
impairment, the BACHD mice exhibited activity during the time of the LD cycle they should
have been sleeping. The sleep/wake pattern in BACHD and their WT littermates were
measured using video analysis. The BACHD mice showed a clear reduction of sheep at
beginning of the sleep cycle. This is similar to the prolonged sleep latency in HD patients
(Aziz, Anguelova et al. 2030In contrast, the CAG 140 KI mice did not exhibit circadian
deficits at 3 months of age. At older ages, they exhibited a reduced amplitude locomotor
activity rhythms and an increase in theadjustment time following a shift ithe LD cycle.
Using IHC, they measured PER2 immunoreactivity in the SCN of the BACHD mice and WT
controls in the peak and trough of the rhythm (CT2 and CT14). There is evidence of the
disruption of the molecular clockwork in the BACHD mutant mice. A ckanghe circadian
period length is an indication of a disruption in the underlying circadian pacemaker
mechanismand BACHD mice show a lengthening of the freaning period in DD.

Circadian pacemaker disruption has a significancetia the health dfiD patients

(Takahashi, Hong et al. 2008

1.1.1.2 Creutzfeldt-Jakob Disease

Fatal familial insomnia (FFI) is an inherited form of Creutztdldkob disease (CJD)

(Lugaresi , Medoriet al. 198%in which there is significant thalamic neurodegeneration
(Lugaresi, Tobler et al. 1998/hich leads to sleep abnormalities aménges in the sleep
EEG(Sforza, Montagna et al. 1995FFI pathology is linked to an aspartic acid to
asparagine mutation at codon 178 of the PRNP (dedori, Tritschler et al. 1992A
methioninevaline polymorphismat codon 129 determines whether the phenotypic expression
will be CJD or FF Goldfarb, Petersen et al. 199Randolt, Glatzel et al2006 studied

seven patients with CJD where they discovered significant EEG changes. There was a
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dramatic decrease in sleep efficiency, absence of REM sleep and a loss of sleep spindles.

EEG delta and thetiiequency was atsincreased compared to healthy control subjects.

1.1.1.3  Prader-Willi Syndrome

The pathology of Pradaiilli Syndrome (PWS) results from a failure of the paternally
derived genes in the g4fil3 domain of chromosome 15 being expressed. It is characterized
by hypognadism, neonatal hypotonia, obesity, behavioural problems and mild mental
retardationButler 1990. Excessive daytime sleepiness (EDS) and REM abnormalities are
also more common in older children and adults compared to the general pofdivalsen
Bueno, Kales et al. 1984Using polysomnographic studies at nighttime and daytime,
Vgontzas, Kales et a11996 evaluated eight subjects with PWS for sleep abnormalities. Five
of the eight patients exhibited either severe daytime sleepiness or moderate daytime
sleepinessFour of the eight patients exhibited SOREM (sleep onset REM) during at least
one of the naps. An occurrence of REM sleep within the first 10 minutes following sleep

onset is termed SOREM.

1.1.1.4 Do wn gnsrong

I n Downdés syndr ome ( D jthe cardbadlumefromtad corex anana |l | er
hippocampus, an enlargement of the hippocampal gyrus, a decrease in the cell density of the
cerebellum granular layer and an abnormal number and ramification of §pisasewski

and Rabe 19861ead, Azizeh et al. 20QColas, London et al. 20D4Polysomnographic

studies from DS patients have shown a decrease in the percentage of paradoxical sleep (PS),
an increase in the number of awakenings and a reduction in the ratio of oculomotor

frequenciegDiomedi, Curatolo et al. 1999

34



Chapter 1: Introduction

The amyloid precursor protein (APP), located on chromosome 21, is involved in the
formation of senil e pl aqgueygarsioiDSAHez hei mer 6 s
neuropathological characteristics of AD are also prgstead, Azizeh et al. 2001Colas,

London et al(2009) investigated the effects of hSOD1 (human CuZn superoxide dismutase)

in sleep alterations. The ge forSODis located on chromosome 21 of which patients with

DS have an extra copy, thus there are increased levels in the activity of this enzyme which
may cause a significant increase in the production of the hydroxyl rédethém and Orrell

1997. Results reveal that in SOD/+ mice (a mouse model of DS), there is a reduction in PS
amount during the dark period and in episodes number over a 24h period. There is also a

profound increase in PS latency after lights off.

1.1.1.5 Autism

Autism is characterized by impairments in communication and social interaction, repetitive
behaviour, and a narrow repertoire of inter@stalow 2004. Commonly reported problems
include long sleep latencies, delayed or advanced sleepams offset and nigitime

waking (reviewed in (Glickman 2010erotonin expression, which plays a vital role in
modulating brairstem cholinergic neurons and promoting REM slédprner, Sanford et

al. 1997, is altered in children with autis(@hugani, Muzik et al. 1999Melatonin

secretion, which is a major regulator ofcadian rhythms, is also reduced during sleep in
children with autisn{fKulman, Lissoni et al. 20Q0Indistinguishable features of n&tEM

and REM sleep is also reportéaliring REM sleep, there was regular occurrence of theta
rhythms, sporadic central spikes during +RIBM sleep (stage 2) as well as an abundance of
spindle activity not only during stage 2 of RBEM sleep but also durin@EM sleep

(Diomedi, Curatolo et al. 1999Sleep apnegbstructive respiratory events during sleapjl

REM sleep behaviour disordesuch as increased muscle tone in REM, often accompanied
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with physical activity and decreased REM latert@ye also been linked to autism

(Thirumalai, Shubin et al. 2002

1116 Par ki nseaseds D

Parkinsondés disease (PD) is characterized by
the formation of Lewy bodies in the substantia nigra pars compacta. Clinical features include
worsening resting tremor, rigidity and bradyking$Mllison, Kudoet al. 2013. Up to 90%

of patients of PD report sleep disorders such as insomnia, restless leg syndrome, hypersomnia
and rapid eye movement (REM) sleep disorder, all of which suggest changes in the temporal
pattern of sleep which usually arise as altesf circadian dysfunctiofAbbott, Ross et al.

2005 Dhawan, Healy et al. 200Reid and Zee 200Mayer, Jennum et al. 201%chulte

and Winkelmann 201 Willison, Kudo et al. 2018 Studies using one model of PD which

involves treating primates with the toxin MPTRr(iethyt4-phenytl,2 3,6-

tetrahydropyridine) reveals that there is altered REM sleep and an increase in daytime
sleepines¢Barraud, Lambrecq et #2009 Verhave, Jongsma et al. 2QHk well as the

disruption of the sleep/wake cydqMezoli, Fifel et al. 201L MPTP produces symptoms that

resemble those observed in FEx and Brotchie 20)@&nd lengthens the freenning

period of wheefunning activity in young mic€Tanaka, Yamaguchi et al. 2012Vheel

running experiments don e-syounleintfhykabw)gesealedc mi c e
that these mice displayed fragmented and low polmghms in both LD and DD conditions

(Kudo, Loh etal. 2011)The power of a r hlevelofrprecison,def i ned a

amplitude as well as amourdf variability in the behavioral rhytha(Kudo, Loh et al. 2011)

36



Chapter 1: Introduction

1.1.1.7 Mood Disorders

Major depressive disorder (MDD) and bipolar disorder (BPD) are characterized by abnormal
sleep/wake, appetite and social rhythisivin 200Q Bunney and Bunney 200Denox,

Gould et al. 2002Grandin, Alloy et al. 2006 Symptoms of depression also appedndve a
temporal element to them, with the symptoms worse in the ev@Rirgging and Larsen

1998. Additionally, areas of the world that go for extensive periods of time with little

sunlight, typically have higher incidence of depres¢i®moker, Hellekson et al. 1991

Studies done on seasonal affective disorder (SAD) have found a stronger pronouncement of
seasonal melatonin rhythm, more nocturnal melatonin in the winter whereas there were no
seasonal altations in the melatonin rhythms of healthy control subj@ttshr, Duncan Jr et

al. 200). Clock genes have been implicated in the manifestation of mood disorders. There is
a 471 Leu/Seamino acid substitution in NPA&Sn SAD (Johansson, Willeit et al. 20DP3

There is a single nucleotide polymorphism in the glycogen synthase kifta$&5K3D)

gene, an enzyme involved in the regulation of the molecular clock, that has been linked to
bipolar disorde(Benedetti, Serretti et al. 20055NPs irBmalland inTimelesggeneshave

also been linked to bipolar disordéoth of which have tes in the clockwork

mechanisrtMansour, Wood et al. 2006
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Human Disease or Condition

Disturbed Rhythm/Sleep Endophenotype

Relevant Phenotypes in Mouse Models

Familial advanced sleep phase
syndrome (FASPS)

Delayed sleep phase syndrome
(DSPS)

Seasonal affective disorder (SAD)

Mood disorders (unipolar
depression) and psychoses
(schizophrenia, bipolar)

Autism spectrum disorders (ASD)

Down syndrome

Smith-Magenis syndrome

Prader-Willi syndrome

Parkinson disease (PD)

Huntington disease (HD)

Alzheimer disease (AD)

Aging

Prion diseases

Early sleep and wake times, shortened circadian rhythms
[112].

Extreme evening preference, delayed phase of activity, sleep,
core body temperature, and melatonin [113].

Depressive symptoms occur during shorter winter days
[88-901.

Depression. Increased sleep latency, impaired sleep continuity,
phase advance in endogenous circadian system relative to
sleep schedule, phase advances in growth hormone, plasma
melatonin, increased plasma cortisol at night. All major
affective disorders include circadian phase disturbances in
sleep, activity, temperature, and hormone levels (for reviews
see [84-86]).

Longer sleep latency and greater sleep fragmentation.
Abnormalities in circadian rhythm and mean concentration
of plasma melatonin [81].

Reduced sleep maintenance, sleep fragmentation, reduction
in percent REM sleep, sleep apnea [73-75].

Inverted rhythm of melatonin secretion [69,71]. Advanced
sleep/wake phase. Nighttime wakening, daytime sleepiness.
Reduced total and NREM sleep [70].

Sleep apnea, sleep-related and behavioural disturbances
including daytime napping and excessive daytime sleepiness
[75,78,79].

Sleep fragmentation, sleep apnea, REM sleep behaviour
disorder, excessive daytime sleepiness [53].

Nocturnal awakening and progressive disintegration of daily
activity rhythms [55].

Fragmented sleep, increased nocturnal activity, and reduced
daytime activity. Delayed phase in peak of daily activity [57].

Sleep disturbances due to earlier wake time and reduced
sleep consolidation. Partially attributed to age-related
reduction in amplitude and advance in phase of circadian
rhythms [56,58].

Severe sleep abnormalities, progressive loss of circadian
rest-activity, and melatonin rhythms [54,59,60].

Mice expressing human mis-sense mutations in Per2 or CKIé have
advanced phase of activity in a light-dark schedule and a
shortened activity rhythm [92,102].

No model.
No model.

No accurate mouse model. Mutants in serotonergic and
dopaminergic systems show disturbances in circadian phase and/
or sleep parameters [94-97]. Clock mutant has low anxiety,
mania, and hyperactivity [42,43]. Cognitive disturbances in Npas2
mutant [39]. Abnormal sensitisation to drugs of abuse in Clock
and Per mutants [50-52].

Mice expressing a conditional deletion of Pten have a significantly
longer free-running period [83].

Ts65Dn mouse mutant shows increased activity in the light
phase, a reduction in rhythm amplitude, and a 4-h advance in the
phase of activity [76,77].

Heterozygous deletion mutant mice have a hypoactive
phenotype and a significantly shorter circadian period [72].

Mice deficient for mage-like 2 gene (Magel2) have a reduced
circadian activity amplitude with increased daytime activity [80].

No recorded circadian or sleep disturbances in genetic mouse
models [114].

R6/2 mouse transgenic line has increased daytime and reduced
nocturnal activity. Progresses to a complete disintegration of
diurnal and circadian activity rhythms [55].

Alterations in sleep regulation and timing in Tg2576 [62] and
PDAPP mice [61]. Tg2576 mice also have a significantly longer
circadian period [62]. Both T9CRND8 and APP23 mice show
changes in daily activity profiles potentially analogous to those
seen in AD patients [63,64].

Aging lengthens the period and reduces the amplitude of
circadian activity rhythms. The onset of daily activity is
significantly delayed and the variability of onset is increased [67].

Increased sleep fragmentation and significantly longer circadian
period in activity in prion protein null mutants [65].

doi:10.1371/journal.pgen.1000040.t001

Fig. 1-3 Rhythm/Sleep Endophenotypes in Human CNS Disease and in Mouse Models.
(Barnard and Nolan 2008
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1.1.2 Disruption of Circadian Rhythms in Aging

Disturbances in the biological clock are associated with both normal agin@ etk

which contribute to dramatic circadian disorganizatiophysiological rhythmsincluding

daily patterns of hormone release, the si@efe cycle and body temperature rhythms.

Aging is generally associated with reduced amplitudes of the abovendytith the most
dramatic changes associated (ManSonmereAdd@@ hei mer 0s
OrozcaeSolis and Sassoreorsi 2019). Over 80% of individuals over age 65 are affected by
circadian disorders, factors for this include loss of SCN neurons, decreased melatonin and
melatonin receptor sensitiviffpuncan 200pas well as lifestyle changes such as less
vigorous fhysical activity and a reduced exposure to environmental light (reviewed in
(VanSomeren 200D Sleep disruption is observed in aging and deraavith the number

higher for those diagnosed with dementia (reviewd@edrosian and Nelson 2013
Furthermore, there are agelated changes in the transmittance of the cornea and lens as well
as a eduction in pupil diameter, all of which possibly contribute towards less effective
suppression of melatonin in older individué@harman 2008 Aged mice are also less

sensitive to the entraining mechanism, it is possible that this occurs partly due to the
reduction in the sensitivityf the SCN to retinal stimulation (reviewed(i@ibson, Williams

lii et al. 2009).

Deficits in cognition and behaviour have been associated with normalagindementia,
these deficits are caused by in part by a loss of cholinergic input to the @detke and
Staedt 200p Parts of the basal forebrain undergo degenerative changes, there is a down
regulation of choline acetyltransferase (ChAT) activity and the dysregulation of
acetylcholinesterase (AchEchliebs and Arendt 20D61In aged mice, there was a

significantly higher level of AchE late in the dark phase compared with the early phase i.e.
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time of day effect, which was not present in midaiiged mice. fed mice also had fewer

ChAT- positive cells than middiaged micgBedrosian, Herring et al. 2011

A number of studie have examined the effect of age on several parameters of the rest
activity circadian rhythm.Using maleC57BL/6Jmice,Nakamura, Nakamura et 2011
found that there was an effect of aigetheamplitude of rhythms measured wheetrunning
activity under both LD and DD conditiorthjs amplitude was reduced in midebhged mie
compared to younger mice although both groups expressadrhythms. They also found
continually fluctuating levels of multiunit neural activity (MUA) recordings from the SCN in
the brains of the midddaged mice compared to younger mice who exhildtedr aiily
rhythms in MUA in the SCNValentinuzzi, Scarbrough et #1997 examined the effects of
ageon the circadian rhythm of wherlnning activity inC57BL/6 mice aged @ months
(adult) and 122 months (agd). Under LD conditions, ageas shown to alter activity
onset. Phase arggltf entrainment to the LD cycle idefined as the number of minutes that
activity on®t precedes or followthie onset of darkness. In the adult group, this was 11.4
mins while it was 52.&ninsin the aged group. There was also a reduction in the number of
total wheel revolutions per day in aged mice. Under DD conditions, aged mice had a
significantly longer period length; 0.43h mean difference as well as an increased
fragmentation in wheaiunning behaviour as quantified by the number of bouts of wheel
running activity per cycle. Although aged mice had more bouts of wineeing activity per
cycle, bout duration and bout size (no of revolutions per bout) were significantly lower
compared to adult mice. In contrast, the active phase in adult mice bedgrsslaige
consolidated bout which lasts for several hours. Activity duration (time elapsed between
activity onset and activity offset) averaged 10.8h in old animals and ib2a®lult mice.

Age-related changes in the amplitude of the activity rhythms wbdan LD comlitions were
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also observed iDD; each age group performed approximately the same numbsabf

wheel activity pecircadian cycle under DD conditions as they did undercbbdiions. In

contrast, (Weinert and Weinert 1998&8lid not find agedependent changes in period length
although there was diminished stability of the freening activity rhythm in aged mice. This
could be because rhythms in mice were studied during the last weeks of life, starting from 75
weeks untideath which ranged between 81 and 124 weeks, experimental mice were also an

outbred stock (Haz:ICR).

Studies suggest that nqotic zeitgebers interact with photic zgibers to produce

entrainment. Locowtor activity is an output which feeds backtbee SCN(Schaap and

Meijer 2002)and percentage of total activity present in the active phase has been used as a
measure of adaptation to the LD cycle and this percentage has been shown to reduce in old
mice (reviewed ifWeinert 200()). Agehas also been shown to alter the acrophase in activity
rhythms (time of peakctivity) in humans. Using actigraphy which monitors activity and

sleep, acrophase was found to be significantly earlier in people aged 40 and above compared

to younger peopléRobillard, Naismith et al. 20)4

41



Chapter 1: Introduction

1.2 Al zhei measebs D

Al zhei mer 6s disease (AD) is one of the | eadi
year 2050, 370 million worldwide over 80 years of age and about half of those over 85 years
ofage will suffer f(Buband@hder P06 UKStatisiss reveabtieat s e

800, 000 people suffer from dementia, tthirds of whom are women. 1 in every 3 people

over the age of 65 is estimated to suffer from dementia, this number is projected to be up to

1.7 million people by the year 20 (Alzheimer'sSocietyUK 2013. The majorhallmarks of

AD are widespread neurodegeneration taieddevelopment of two lesions; the extracellular

senile plagues and the irtn@uronal neurofibrillary tangles (NFTS)he extracellular

pl aques are comprised madeltiyvetl bhepAbt pepvys
amyl oid precursor protein (APP). Ab i s gene
secretase. Ab 40 and Ab 42 are produced, wit
intracellular neurofibrillary tangles (NFTs) arersprised mainly of hyperphosphorylated

forms of the microtubul@ s soci at ed pr ot e@hao, Luaetal. Z014) (revi e
These are the two characteristics that are used for thenpottm verification of the disease

(Epis, Gardonia et al. 20n9
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MAIzheimer‘s .

P A

Fig. 1-4 Plagues and tangles in Alzheimer's diseas@right FocusFoundation 2000
2014

The aetiology of the disease is complex and it existwanforms; familial(1% of the ases)

and sporadic. The familiérm is further divided into thearly and lateonset familia

forms younger or older tha®b years old respective(icGowan, Eriksen et al. 200Epis,

Gardonia et al. 20Q9At least three gesehare been associated with famili@ll z hei mer 6 s
disease (FADaAnd t hese genes are the basis of Al zhe
These gees ardAPPon chromosome 2Presedin 1 (PS1) on chromosome 14nd

Preseniln 2 PS2 on chromosome MMcGowan, Eriksen et al. 20R6Mutations inAPPthat

cause Al zheimerods disease result in an incre
processing so that there iosPisashehoogdPElve i ncr
Although mutationsn the gene encoding Tau (Microtubtglesociated protein taMAPT)

have not been | i nleeedthete@re AolkzoWwreTaumatatidrss ind\D ate a s
presentthey have been linked with other dertiag such as frontal temporal lobe dementia

(reviewed in(McGowan, Eriksen et al. 20P6 Thus tau transgenic mice are less valuable to
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the study of AD pathogenesibhe link between these two pathologies remains to be

discovered Andorfer, Kress et al. 2008Volfe 2009

Medscapes www.medscape.com

Gene Location # Mutations (%) # Families {%)
APP 21q21 18 (8.74%) 50 (11.01%)
PSEN1 14g24 142 (68.93%) 281 (61.89%)
PSEN2 1gd2 10 (4.85%) 16 (3.52%)
MAPT 17921 36 (17.48%) 107 (23.57%)

Source: Alzheimer Disease & Frontotem poral Demantia Mutation Database at University of Antwerp, Belgium
Mwewwemolgan.ua.ac.bae'ADMutations.

Source: Gariatrics Aging © 2005 1453987 Ontaria, Lid.

Fig. 1-5 Genes identified in Alzheimeb s di s e as e (Cdangl GaBmmeeah t i a
2009
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121 Disruption of Behavioural RhythmsinAl zhei mer 6 s Di sease

A large percentage of people wAlD-relateddementia, at some time during the course of

their disease, display behavioural disturbances as well as disturbances in theuagieep

pattern. One prevalent disturbance in particular is the grbalustersknown as

SundowningNowak and Davis 2097 Sundowning has been defined as the agitation in

dementia patients that has specific temporal exacerbation during the early evening or

nocturnal hourgMcGaffigan and Bliwise 199a nd as o6t he appoeafr ance o
behavioural disturbances associated with the afternoon and/or evening\Jaioesr, Harper

et al. 200} and was first described in the clinical litenatly Cameron (1941There is

considerable evidence in the literature that several components of sundowning such as
vocalization, wandering and combativeness show specific temporal patt@hwge

2009). The Sundowning syndrome is also referr e
become aggressive, restlessl agitated, these behaviours become worse during the late
afternoon/early evening and symptoms improve during th€Bkegrosian and Nelson 20113

Although cognitivelyintact elderly individuals also display Sundowning symptoms during
hospitalization, dementia patients are more susceptible to Sundowning than any other group.
Depending on the state of the disease and living conditions, the casesloivning among

patients in institutions is between 10 to 25% and about 66% for patients at home. There are
tremendous costs of Sundowning, the emotional burden caused to families, the financial

distress on caretakers as well as reduction in thatyjoélife for the patien{Bedrosian and

Nelson 2013

Bliwise, Carroll et al(1993 examined the link between time of day and sundowning
symptoms in nine latetage dementia nursing home patients. They performed behavioural

observations 4 times an hour over aht®ir period. The results reveal ambiguous evidence
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that agitation worsened at night or around sunset. The results also suggagit#tion was
associated with awakening from sleep during darkness and there might be a presence of
seasonal agitation (greater agitation during winter). They conclude that these disruptive
behaviours might occur with identical frequency during theldaympact upon nursing staff

differently

Martin, Marler et al(2000 conducted a study examining circadian patterns of agitation in 85
AD patients living in mirsing homes. They assessed agitation by collecting behavioural

ratings every 15 minutes over 3 days as well as activity and light exposure data. They used
the cosine function to examine the circadian rhythms. Their results reveal that there was
sizeable wriability in the rhythms observed in agitation. Mean Acrophase for agitation was
14.28. The seasonal pattern of agitation was inconsistent. They conclude that there is a strong
circadian component involved in agitation which is associated with light eseyadep and

medication use.

Volicer, Harper et al. (20Q1investigated the relationship between sundowning and other
characteristics of circadian rhythmsargroup of patients with AD. These characteristics
were also compared to those of agatched comparison subjects. Patients with AD had less
diurnal locomotor activity and a higher percentage of nocturnal activity relative to the
comparison group. Theysa showed less intglaily stability and a later acrophase of

activity rhythms.

In a study byHatfield, Herbert et al. (20Q4nontinvasive actigraphy was used to examine the
restactivity cycles of homalwelling AD patients. Their results reveal that rhythms of
patients with mild dementia is not significantly different from those of control subjects while
the rhythms of those with oderate dementia displayed fragmentation of the rhythm and a

decreased amplitude. However, there was no correlation with the severity of the dementia
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Nowak and Davi§2007) investigated the characteristics of sundowning by using a
gualitative approach. Institution cagévers were instructed to identify residents that they
suspected had symptoms of sundowning, going by what they understood sundowning to
mean. They were nofvgn any additional information on what sundowning should consist

of. They identified six main behavioural classes which were:

Physical AggressianThis was defined as physical acts that had elements of hostility in them.

These included acts such as thnogvobjects, grabbing, slapping, punching, pushing and

biting of other residents and staff.

Resistivenessthese included refusal to eat, take medications, participate in everyday

activities and refusal to allow staff to provide assistance.

Disconcerted védralizing These included episodes of yelling, screaming, cursing and

singing.

Nighttime sleeplessnesshis was defined as the loss of the ability to sleep through the night.

Wandering:This involved endless motion and repetitive ambulation. Wanderingyslaad

an element of walking.

Daytime sleepines®aytime sleepiness interfered with normal everyday activities. These

included napping in the late morning and early afternoon.

All of these behavioural classes showed two peaks in #wadperiod. One leeen
2.00pm and 9.00pm, this peak included physical aggression, resistiveness and disconcerted
verbalizing. The other peak was between 12 midnight and 6:00am and included nighttime

sleeplessness and wandering.
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While the specific behaviours included undeh e A Sundown iamvgyfrothe f i ni t i «
person to persoihe majority of studies found evidence that locomotor activity varies
unusually across dayight cycles in Sundowners vdhi suggests that disruptiongircadian

rhythms may be important.

1.2.2 Disrupti on of Physiological fiythmsi n Al z h eseaseer 6 s D

Circadian disturbances in AD are due to a disruption of the primary mammalian circadian
clock mechanism, the suprachiasmatic nucleus (SCN) and a decrease in the expression of
melatonin 1 receptor expressi@iVu, Zhou et al. 2007 In patients with senile dementia of

the Alzheimer type, there ssdecrease in volume and total cell count as well as significant
neuronal atrophy of the SCN observed in seme®c(80100 years old)(Swaab, Fliers et al.
1985. Stopa, Volicer et al1999 found neuronal loss and tangles in the SCN of patients
with severe AD as well as a loss of neurotensixpressing neurons and increased astrocytes
in the SCN of AD patients. There i@ areduction in the expression of the neuropeptide,
vasoadve intestinal polypeptideMIP) in the SCN of AD patients and a loss of rhythmicity

of SCN arginine vasopressiAVYP) during aging which appears to be accelerated in AD
(Zhou, Hofman et all995 Hofman, Zhou et al. 199&iu, Zhou et al. 2000Wu and Swaab
2007). Thisloss ofVIP, AVP and newotensinis significant becase they are known to alter

SCN neuronal functiofCoogan, Rawlings et al. 200Hughes, Fahey et al. 2004

The current clinical system for the diagnosis for AD, the Braak and Braak system, focuses
mainly on cognitive deficits caused by a dysfunction in the hippocampus andrdigh
neocortical areaSimic, Stanic et al. 20091t grades the depositiori neurofibrillary
degeneratioin 6 stages. In stageNFTs are cofined to the transentorhinal region

spreading to the hippocampal formation (stage 1), to the temporal, frontal and parietal
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neocortex (stages Il and NAnd reach the primary nawortical areas in stage/ andVI

(Braak andBraak 199). Harper, Stopa et 82004 have shown a link between
neuropathological progressigmeasured by Braak stayeand the severity of circadian
abnormalities, this might be evidence that there is a direct association between circadian
rhythm disturbances in AD and the central neuropathology of the disease. Using the
neuron/glia ratio, studies have provided evidence that there is neurodegeneriuESCN

in both AD and frontotemporal dementia and that there is a correlation between this
degeneration and the severity of the circadian abnormalities in core body temperature and
activity parameters. There was reduced activity rhythm amplitude atsweiith a loss of
SCN neurotensin cells but there was no effect on the fragmentation of the (highper,
Stopa et al2008. Reports fromNu, Zhou et al(2007) also show that MT1 expression
(melatonin receptor) is also sigmidintly reduced in late stage ADis likely that this results

in an extinguishing of normal melatonin rhytlfchida, Okamoto et al. 19968Changes in
MT1 receptor expression could explain why numerous studies have failed to show
improvements in sleewake cycle aftemelatonin administration in AD patientSinger,

Tractenberg et al. 2008Veldemichael and Grossberg 2010

Wisor, Edgar et al2009 report that changes monREM sleep in the Tg2576 mouse
model of AD might be as a result of changesholinergic transmissiof.here is evidence
from studies that suggest that the SCN receives projections from the cells of the nucleus
basalis as well as cholinergic innervations which modulate circadian rh{f#inas Rusak et
al. 1993 Colwell, Kaufman et al. 1993ut and Van der Zee 20)LIh addition to alterations
to biochemical processes in the braiil) patientsalsohave an increased proximal daytime
skin temperature in comparison to control subjects which has been linked to daytime

sleepiness and increased nocturnal awakenings. An alteration in the autonomic processes
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involved in the regulation of skin temperatungthms in AD patients might explain this
finding (Most, Scheltens et al. 20LZ hey alschave degenerated optic nerves and retinal
ganglion cells, which suggests impaired transmission of photic infanmtat the pacemaker

(Hinton, Sadun et al. 198Katz, Rimmer et al. 1989

1.2.2.1 Sleep Physiology Ranges n Al z hisgaseer 6 s D

The existence of abnormsleeppatterns in AD is evidence fardisruption in circadian
rhythms.There are two main types of sleep: REM (rapid eye mowenseep and neREM
(nonrapid eye movement) sleep. NBEM sleep has four stages and people normally cycle
through all four tages every night, followed by a brief interval of REM sleep. REM sleep
resembles wakefulness in that electrical activity in the brain is unusually high, the eyes move
rapidly and muscles may jerk involuntariBreathing rate and depth increase and all th
muscles, except the diaphragm, are greatly relaxed. In Stage |, the sleeper can be awakened
easily and in Stage IV, the sleeper can only awakened with diffidiigre appears that in

AD, there is an exaggeration of changes that are observed in nginglla comparison to
agematched notAD controls, AD patienthave a diminished stage 2 transient sleep
formationwhich is accompanied by an increase in the number and duration of awakening
(Prinz, Vitaliano et al. 198Reynold 1ll, Kupfer et al. 198p As the disease progresses, the
separate EEG features of stage two sleep are veryudlitiicdistinguish from those of stage

one sleegWeldemichael and Grossberg 2018eep spindles and K complexes are fewer in
number and of lower amplitude and shorter duration. In AD, there is also a reduction in the
percentage of time spent in REM sleep which is not affected in normal @dorgplaisir,

Petit et al. 1996 REM sleep is also influencdxy the integrity of the cholinergic system

which is impaired in AQ0Weldemichael and Grossberg 2p1@&dditionally, the

degeneration in AD potentially damages subcortical structures such as the basal forebrain,
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distal andsuperior raphe nucleus and the reticular formation of the pons and medulla which
have been implicated in sleep initiation and oscillation between REM anrRBlhstates
(Weldemichael and Grossberg 2018 number of sleepelated symptoms have been

reported in Al zhei merds disease, these inclu

Insomnia Issues that might not be directly related to AD can cause insomnia. These issues
include breathing problems during sleep, noisy environment and frequent bed checks by staff
in the case of hospitalized AD patients, psychiatric problems such as depressanxiety,
excessive intake of stimulants and delirium. Studies examining Restless leg syndrome (RLS),
have shown that it follows a circadian rhythm, peaking after midWktdemichael and

Grossberg 20100

HypersomniaChanges in nofiREM sleep or REM sleep could be linked to hypersomnia
(excessive daytime sleep). It could also be caused by treatments of insomnia and medications
used to regulate nighitme aggression. Daytime sleepiness can also be a side effect of
antihigamines, antidiarrheals and treatments to improve bladder health and control.
Hypersomnia can also result from a lack of engaging activities and bo(&delsemichael

and Grossberg 20).0

REM SleepBehaviourDisorder Thisinvolves physical activity during dreaming which is
often violent. This is as a result of the failure of the atonic mechanism during REM sleep.
Results from electromyographic activity recordings recorded from facial and limb muscles

during sleep lend credee to this hypothes{Veldemichael and Grossberg 20.10
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1.2.3 Investigation of the Biological Basisof Alz h e i m éseasdassingD

Transgenic Mice

The discovery of genes associated with AD has provided an avenue for the generation of

rodent models of the disease and recent years have seen the production of a significant

number of transgenic models of ABpis, Gardonia et al. 20p0OneofKk oc hds Post ul at
for pinpointing the causative agent of an idiopathic disease is isolating the assumed agent,
inserting it nto normatissue and showing that this causative agent reproduces the main

phenotype of the disordéKoch, 1891)

1 Ideally, a tansgenic model of any disease should improve our understanding of the
pathogenesis of the disease, its progression and potential therapeutic interventions. It
should also allow testing of potential drugs in vivo before advancing towards human

clinical trids (Epis, Gardonia et al. 20R9

1 Several laboratories should be able to replicate progressive digeaseuropathy and
cognitive deficits of a valid animal modéls cognitive impairmerstin AD are
gradual and progressivelgal AD models shdd not exhibit any cognitive deficits

until they are past a certain a@anus and Westaway 2001
Janus, Chisti et al (2000) have proposed a list of expectations for a trustworthy model of AD:

1. Atleast one, preferably more, of the neuropathology hallmarks of AD should be

exhibited by the mice (plaqudsss of synapses and tangles)

2. As well as 1, mice should also display robust cognitive impairments. Different
behavioural paradigms testing the same memory system should produce the same
results. Ideally, neuroanatomical structures affected in AD shoukardgpeted by these

behavioural paradigms.
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3. Phenotypic changes in animals expressing FAD mutations must be correlated with the
presence of the FAD mutations and not just an-exeression of APP. These
phenotypic changes should be absent inragiched mic¢hat express WT gene

alleles.

Main aspects of the phenotype as p& ghould be confirmed in transgenic lines containing

the same construct and must be able to be replicated in several labo(Giaixze,

Wabhlsten et al. 1999 According tathese criteria, all the transgemmwdels created to date

would have to be excluded and this is as a result of the complexity of AD (Janus, Chishti et

al. 2000). There is not a single mouse model that recapitulates all the various aspects of

Al zhei mer 6s di s e as e genihlmeseffereacceptableerobaskrepicatiorn g t r
of a subset of AD features. Several knockout and transgenic animals have been created in

order to investigate various aspect®\df z hei mer 6 s di sease which car
production ofnew therapetic interventiongMcGowan, Eriksen et al. 20p@n mice in

which there is a knockout ptresenilin there is significant neurodegeneration of cerebral

cortex, a deficit in memory and synaptic funct{@aura, Choi et al. 2094 in contrastp-
secretasé&nockout mice survive perfect(fuo, Bolon et al. 2001 Transgenic linesfo

mutantAPP andPDAPPtransgenic mice have been developed and studies have shown they
develop cognitive impairments in several behavioural paradigms especially the Morris water
maze(Chen, Chen et al. 200@/esterman, CoopdBlacketer et al. 2002For example,

Tg2576 have been shown to have an@geendent loss @patial referencenemory in the

Morris water maze, thioks of memory was first detectallie6 months of age, same age as

the onset of t he ddWestermgn CeopaBlackder etian20@l ubl e AD
Other mouse lines also displayed the same results i.e. a link between spatial reference

memory and increasing | eveAbs iomimu miszod tuibd ne SsAtb
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APPmouse modelssuggesst r ol e f or sol ubl e Aubction.sSTlsesemb | i es
studies suggeshat nemory deficits in APP mice care fully reversed by immunization with

A b p e planusdRearson et al 2000)

Amyloid plaque pathology was first demonstrated in mouseetsday generating mice
expressing humaAPP containing mutations that have been linked with earlget AD.

Games, Adams et 411995 produced PDAPP mice that ovexpressed a minigene construct
encoding APPV717F. Betweer®Gmonths of age, these mice develop robust amyloid plaque
pathology Hsiao, Chapman et 11996 developed the Tg2576 model, these mice -over
expressed the hum#&PPtransgene with the KM670/671NL double mutatiéfPPswe.

These mice deveped amyloid plague pathology and memory deficits in the Morris water
maze, these deficits were agependent. Further transgenic lines have also reported similar
amyloid pathology and cognitive deficif€hishti, Yang et al. 2001 The offspring of APP
mutant mice and PS mutant mice (miceeapressing mutant APP and PS1 genes) show a
dramatic acceleration of amyloid deposit{@uff, Eckman et al. 199@orchelt, Ratovitski

et al. 1997. This is because mutations in the PS1 gene play a vital role in causing AD by
el evating extracellul ar depos(@Bdarchetn of Ab42,

G.Thinakaran et al. 199€itron, Westaway et al. 1997

Creating an AD transgenic model is complex because there are several predisposing genes
involved in the disease; these transgenic animale Aanaximum lifespan of 3 years

whereas AD has a very long tirgeurse and may not be present in humans until the sixth or
seventh decad@anus, Chishti et al. 2000)he following is not a complete list but includes

the most important model@vicGowan, Eriksen et a006.
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PDAPP

The PDAPP mice overexpress a minigene construct which encodes APPV717F, a mutat
associated with eartlpnset AD(Games, Adams et al. 1999 hey also exhibit robust plaque
pathology which becomes evident betweer®nonths in hemiayous PDAPP mice. There is

hyperactivity in young PDAPP migduitron-Reséndiz, Sdnchédavez et al. 2002

Tg2576

The Tg2576 mice overexpress a mutant form of APP, the double mutation APPK670N/M
(Richardson, Kendal et al. 2Q0Fhey exhibit plaque pathology from 9 months of age and t

also display cognitive deficit@dsiao, Chapmaet al. 1996¢

APP23

Mouse pronuclei are injected with a transgenic construct which encodes human APP751
carrying the Swedish mutationStarting from 6 months of age, amyloid deposits are obser
as well as some hippocampal neuronal I(&sirchlerPierrat, Abramowski et al. 1997n the

Morris water maze, APP23 mice also exhibit significant learning and memory deficits dur

acquisition as well as an impaired probe trial performaf\éanDam, D'Hooge et al. 20R3

TgCRNDS

The TgCRND8 mice express human APP695 cDNA with doublmnsusd KM670/671NL
along with V717F. Starting from 3 months of age, cognitive deficits are obgghéthti, Yang

et al. 200}

BR!' i n

BRt! i n

CKA& (NI ya3asSys Aa FOKASOSR o0& T dzieryiral end
of the BRI protein. Results revealed tinaite expressing BRI i d-HO OdzY dzf I 41 S -A
4 YR RS@St2L) O2YLI OG FY@t2AR LX I ljdsSazx
whereas mice expressingBRli nn YA OS R2 y2i RS@St2L) Iy

(McGowan, F.Pickford et al. 2005

PS1M146V

PS1M146L

A 3kb PS1 intron is inserted at the endogenous locus in cDNA Poly A tail from SV40. Th¢

20aSNBFGA2Yy GKFGO Ydzilyd t{m aStSOUuA@Ste
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(Duff, Eckman et al. 1996

APP/PS1 | The APP/PS1 (TASTPM) mice are heterozygous double transgenic mice with the Swedis
(TASTPM) | (K670N; M671L) and the PS1 (M146V) mutation. They exhibit cognitive impairment in the
object recognition test at 6, 8 and 10 months @itbwlett, Richardson et al. 20p4

APP751 | The APP751 mice are homozygous for the transgene of humafbAP&Rge dependent

cognitive impairments were first modelled in these m{doran, Higgins et al. 1995

Table 1-1 Transgenic mouse models expressing mutant?® and Presenilin proteins

JNPL3

The JNPL3 mice overpress human tau containing the P301L tau mutation and develope
progressive ageelated NFTs, neuronal loss, and spatial memory impairm@&atstaCruz,
Lewis et al. 2008VicGowan, Eriksen et al. 2008 hese mice develop motor deficits with

increasing age and have a shorter lifesf@nang, Higuchi et al. 2004

TauP301S

At 56 months of age, TauP301S mice develop severe paraparesis as well as widesprea
neurofibrillary pathology in the brain and a loss of neurons in the spinal(@dieh, Ingram et

al. 2003.

TauV337M

The TauV337M mice develop neurofibrillary pathology and this suggests that pathology i
driven by the nature of the MAPT (human mutant or huméld-type) Mice overexpressig
human wildtype tau had les8lFTs than mice that expressed a human mutant (Ranemura,

Akagi et al200])

TauR406W

Starting from 18 months of age, the TauR406W mice develop MAPT inclusions in the for

and have impaired associative memd@hatebayashi, Miyasaka et al. 2002

rTg4510

Here, the TEDff system is used to induce MAPT transgene expression. There is abnorms
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MAPT pathology starting from one month of age. Cognitive deficits are first observed at 2

months of ag€Ramsden, Kotilinek et al. 2005

Htau In the Htau mice, mouse MAPT is knocloed and trey express only human genomic MAPT
These mice accumulate hyperphosphorylated MARIdorfer, Kress et al. 2003
TAPP TAPP mice have an increased MAPT forebrain pathology compared with JINPL3 which s

7 P -

GKIFIG al!te¢e LI GK2t238 OF Yy 0S5 (LewisFDicksin®eral. Z0p1

Table 1-2 Transgenic mouse models expressing mutant tau protein

3xTgAD

The 3xTgAD model is a triple transgenic model which expresses mR&swve
and TauP301L on a PS1M146V background. Starting from 6 months, they deyv
plagues and at 12 months, they develop neurofibrillary pathology, this is furthe
evidence for the hypothesis that neurofibrillary pathology is influenced by APP

I i(Oddo, Caccamo et al. 2003

Table 1-3 Transgenic mouse modeto-expressing mutant APP, presenilin and tau

proteins

Further limitations of transgenic animals might be the use of the same models for sporadic

and familial forms of AD (although they have similar neathplogies). Similarly,

transgenic mice might not be able to reproduce all the facets of this human disease, because

of the different molecular substrates and inferior level of cognitive function. The solution

might lie in using other types of transgenitraals (e.g. pigs, monkey§)anus, Chishti et al.

2000).
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1.2.3.1 APPswe/PS1dE9

For the purposes of the experiments described in this thesis, the double transgenic mouse

model, APPswe/PS1dE3vas used. A chimeric mouse/human APP695 with mutations

linked tofamilial AD (APPswg is expressed as well as a mutation in the human PS1 gene

carrying the exot®-deleted variant associated with AlDankoveky, Slunt et al. 20Q1

Savonenko, Xuetal.20D5T hi s model shows accelerated rat
models expressind\PPswealone and anoth&PPswebased modeAPPswe/PSA246E

(Jankowsky, Fadale et al. 200&enile plaques are @eted by 4 months of age and

progressively increase with af@arciaAlloza, Robbins et al. 2006TheAPPswe/PS1dE9

model demonstrates an altered Albghdér: Ab42 r at.
deposi ti on @Jankawwgkyl Padade etealc 20@sich is more twic than the

Ab40 speci eSuh@ande€heer@®.d i n

Studies have also demonstrated neurodegeneration in this tdag#loo et al.(2008
demonstrated that there is loss of for@braonoaminergic axon density APPswe/PS1dE9
mice as they aged an®ichner, Bach et a(2009 revealed that there was a reduction in the
number of neurons in the striatumARPPswe/PS1dEfice at 12 months old while 6 months
old transgenic mice exhibit levels comparable to sigioe mice APPswe/PS1dEfice also
show evidence of impaired neurogenesis. At 7 months of age, compared with 20% in non
transgenic mice, only 12% of newborn neuroersain inAPPswe/PS1dE#ice (Verret,
Jankowsky et al. 20070One of the limitations involved with using a transgenic model which
only expresseAPP mutations includes the absence of human tau mole¢tlasly and

Selkoe 200p

The APPswe/PS1dE9 mice exhibit a variety of other clinicayisnptomgselevantto AD.

Some of whichinclude mild neuritic abnormalities, local plaguedated loss in neuronal
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activity , increased mortality, high susceptibilttyunprovoked seizures , angedependent
impairmentdn the pre and postsynaptic cholinergic transmissidn addition, as observed
insome <clinical ADlewlaretate with hebavieral tlefichistimese A b

mice at 12 months of ageeviewed in(Malm, Koistinaho et al. 203]L

Histopathological and @avioural changes the APPswe/PS1dEBouse model

Savonenko, Xu et a{2005 examinedspatid reference memorin a Morris Water Maze task
in 6 and 18 month oldPPswe/PS1dE#ice. The émonth oldAPPswe/PS1dEfice were
indistinguishable from the netnansgenic animals in all cognitive tests although they had
already begun to show visible plaque deposition. In contrastidif®h oldAPPswe/PS1dE9
mice performed worse than their ag@tched group in the same cognitive tesmkowsky,
Melnikova et al (2005 found cognitive impairments in femafd®>Pswe/PS1dE#ice in a
Morris water maze task at approximately 8 months of lédgore, Miller et al.(2009
observed a pronounced-Bdmemory deficit in 6 month oldPPswe/PS1dEf&ansgenic mice
using contextual fear conditioning as a memory asdag.acgisition of a conditionedaste
aversion in 25 month oldAPPswe/PS1dE®as disrupted although they did not have

extensive plaque depositi¢Ristell, Zhu et al. 2008

1.2.4 Circadian Abnormal i ties 1| niseBdeuse Mo

A number ofestablishedno u s € mo d e | ss dzdashavk Eebneassassed for

changes in circadian behavior with a view to understanding Sundowning symptoms
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1241 APP x PS1 mice

Duncan, Smith et a{2012 investigated whether the phase delay in the circadian rhythms of
locomotor activity (4.5 hrs) and core body temperature (3 hrs) observed in AD patients
(Satlin, Volicer et al1995 is also observed in this mouse model. For their studies, they used
homozygous APIHNI/pg 1P264LP264 itants in CD1/129 background/WT controls of

same genetic background of several ages (4, 11 and 15 months). They measured circadian
rhythmsby 3 methods; wheel running rhythms (14L: 10D), cage activity (12L: 12D) and
sleepwake rhythmsTheir resultgeveal a 2h phase delay in the onset of daytime

wakefulness bouts and general peak activity in the mutant mice which could be of significant
relevance to patients with Al zfietofmenotypes di sease
although agattenuated the total amounts of daily wheel runningage@ctivity. There was

no agex genotype interaction in this measure. There was atgea and ageffectin the first

2 hours of the light phase, witgipe and older mice had more activity during this period.
Againthis effecthad no age genotype interaction. Unusually, this transgenic model does
not exhibit hyperactivity; this is thought to be agsultof the genetic background which

was a mixture of CD1land 129/ssbrain. Both transgenic and ntnansgenic mice of this
background showed unusually more daytime activity than other nocturnal mice such as the

C57BL/6J mice or other nocturnal rodents sushats and hamsters.

1.2.4.2 APP23 mice

Van-Dam, D'Hooge et al{2003 measurd cage activity during the dusk phaseh(2
recording) and overnight (16 recording) in heterozygous male APP23 mice ag@déeks,
3 months and 6 months. Thesults reveal thahere was increased overnight hyperactivity in

the APP23 model at all agestied. In contrast to this observed increase in overnight activity,
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the 2h recording during the dusk phase showed lower activity in APP23 mice compared to
wild-type mice at 6 months. Performance in exploration and activity levels in thdielgen

paradigmat this age also differed compared to the syioe controls.

Vloeberdis,Van-Dam et al. (200#modeled ehavioural and psychological signs and

symptoms of Dementia (BPSD) disturbances in APP23 mice. They recorded cage activity (no
of beam interruptions) in 3 month old mice (47 hours), 6 month old mice (23 hours) and 12
month old mice (71 hours) in 30 min time bins. Their results reveal that at 3 months there is a
borderline signifiant effect of genotypeat 6 monthso effect of genotypand significant

effect of gentypeat 12 months with the transgenic mice displayiggeractivity. This age
dependent development of cage activity disturbances may have significant relevance to the

human condition.

1.2.4.3  APP x PSimice (TASTPM)

Pugh et a(2007 described behavioural (narognitive) characteristics of the transgenic AD
model, APP/PS1 TASTPM. The mice were maintained under a 12L:12D light cycle. They
measured spaaneous locomotor activity data in six blocks ehin intervals during the

light period as well as over 24 hours. Their results reveal amlbedect of genotype and

ageon locomotor activity but no effect sEx Bothsexesf transgenic mice were

corsistently hypoactive over time compared to WT animals in the locomotor activity test (30
min during the daytime period). At 5 and 10 months, hyperactivity was observed in male

mice and not until 10 months in female mice.

1.2.4.4 APPswe/PS1dES%mice

Bano-Otalora, Popovic et a{2012) investigated the effects of loigrm melatonin treatment
and melatonifreceptor activation on behavioural and circadian system function, hippocampal
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oxidative stress and spatial memeerformanceThere isa significant reduction in

melatonin secretion and alterations to the SCN melatonin receptor expression in patients with
AD (Wu and Swaab 200.7They used double transgenic migePswéPSIIEY on a B6C3

Tg background at 3.5 and 5.5 months and measured activity usingedfraotion sensors.

The results reveal that circadian rhythmicity in body temperature and locomotor activity
under 12 L: 12Cand DD were similar in wildype and transgenimice. Although melatonin
treatment did not improve locomotor activity and body temperature rhythms under the 12L:
12D cycle, it maintained the freanning periods within 24h, whereas mice that were not
treated with melatonin, exhibited shorter periods.ifiesults also reveal no significant

effect of genotype for activitpnset /activity offset and diurnal activity. Transgenic mice
showed significanyl higher activity values than witypemice in the late light phase

(average from the seconchburs intothe day) and no difference in the early light phase
(average from the first 5 hours into the day)ey also displayed a slight reduction in

robustness of the activity rhythm.

Bedrosian, Herring et al. (20)Lihvestigated the pattern of anxidilye behaviour and

locomotor activity at different time points in aged and a@%l7BL/6Jwild-typemice. In the

2-3 h before ligts on, aged mice had significantly more activity than adults, which might be

a relevant comparison to human sundowning behaviour. In the test for drkadighaviour

in the elevateghlusmaze, the results reveal a circadian pattern of ankietyoehaiour that

emerges in aged mice. The duration of time aged mice spent in the open arms of the maze
varied depending on whether the mice were tested early or late in the dark phase. Melatonin
treatment did not improve sundowning symptoms in the elevatedydae. They also used

an APPswe/ PS1dE9 model to investigate behavi
months of age. In contrast to age matched-tyifte mice who spent equal time exploring the
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open arms regardless of time of day, aged APPswe/PShdie tested early in the dark
phase spent more time exploring than those tested late in the dark phase. At 5 months, there
were no significant differences between wijghe mice and APPswe/PS1dE9 mice in the

time spent exploring the open arms.

1.2.45 Tg2576mice

Gorman and Yelloi2010 tested the hypothesis that characteristics of the 24 h restiactiv

cycle deteriorate with agend with ageassociated neuropathology in Tg2576 mice. In their
experiments, they used male Tg2576 who were aged 10 weeks at the start of the experiment.
The mce were sacrificed at 96 weeks of age. They measured locomotor activity with a
passive infrared motion detector on the inside of each Cagepared to wilelype mice,

transgenic mice had more total activity counts, longer bout time and more countBlisvat.

was no genotype effect for diurnal activity, activity onset and activity offset. Statistical

power, a measure of robustnesas significantly increased in the transgenic mice compared

to wild-type mice and decreased significantly with age. A lack sifjnificant age x genotype
interaction in each of these measures suggests that none of the stages of behavioural aging is
accelerated in Tg2576 mice. There were also no significant differences in theningsy

circadian period.

1.2.4.6 3xTg-AD mice

Sterniczuk, Dyck et a[2010 examined the circadiarelated behavioural changes that occur

in male and female 3xF4D mice. Their results reveal that ggal locomotor ability was

not impaired. There is an increase in daytime activity and a decrease in the percentage of time
spent on activity at night in male 3x-&D. These results were the same-@ed postAD

pathology. Compared to ndransgenic miceshorter freerunning periods were also
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observed. These findings were also replicated in aged female mice. In additisonfreg
period was not affected lsex There was an accompanying decrease in the number of
vasoactive intestinal polypeptig®ntaning and vasopressitontaining cells in the SCN of

3xTg-AD mice compared to controls.

1.2.4.7 PDAPP mice

Huitron-Reséndiz, Sdnchexlavez et al(2002 examined the involvement of spatial learning
deficits in the alterations in sle@ypake states, thermoregulation and motor activity. Their
results reveal that core body temperature is markedly decreased in young and aged PDAPP
mice compared to agaatchedhontransgenic littermates. There was a significant increase in
motor activity in young PDAPP mice during the dark period. This effect was absent in aged
mice. There was a reduction in REM sleep levels in young PDAPP during the light period.
However, age@®PDAPP mice displayed an increase in SWS during the light period and a

decrease in the amount of time spent in the Wake phase.

1.2.4.8 TgCRND8 mice

Ambrée, Touma et a{2006 examined 24 h activity and spontaneous home cage behaviour
(jumping, traversing the cage lid and circling the cage lid) in TgCRNDS8 mice at 30, 60, 90
and 120 days of age. Their results reveal élxaept for a slight decrease in total activity, the
activity pattern of the wildype mice did not change significantly over the ticoairse of the
experiment. The transgenic mice, however, displayed high activity during the first hours of
the dark perioct all test days. There was also significant increase in stereotypic behaviour
during this period. The transgenic mice were already hyperactive by day 30 and this

hyperactivity was present when tested at days 60, 90 and 120. While both strains performed
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the circling lid behaviour pattern, jumping behaviour was performed exclusively by

transgenics and traversing behaviour by vides

Table 1-4 Summary table for circadian studies performed using AD mousenodels

Mouse model Effect on activity | Effect on activity Effect on other
levels patterns circadian

phenotypes

APP x PS1 mice No hyperactivity First 2 hours of light | 2 hour phase delay in

(Duncan, Smith et al. LKl a8 @ onset of wakefulness

2012) andgeneral peak
activity

APP23 mice Nocturnal First 2 hours of light | -

(Van5 | YI 5 Q1 2| hyperactivity LKl &S @

2003)

APP23 mice Hyperactivity - -

(Vloeberghs, Vabam et

al 2004)

APP x PS1 TASTPM miq Diurnal - -

(Pugh et al 2007) hypoactivity

APPswe/PS1dE9 mice | - Second 5 hours of lighf w2 6 dza (i y S a &

(BanoeOtalora, Popovic LIKFasS m

et al 2012)

Tg2576 mice Hyperactivity - w20dzaldySaa

(Gorman and Yellon

2010)

3 x TGAD mice Diurnal hyperactivity| - -

(Sterniczuk, Dyck et al

2010)

PDAPP mice Nocturnal Core body

(Huitron-Resendiz, hyperactivity in G SYLISNI { dzNJ

Sanchez\lavez et al young mice (absent REM sleep in light

2002) in old mice) LIKIFasS Ay @&

TgCRND8 mice Hyperactivity First hours of dark Sereotypic behaviour

(Ambree, Touma et al LIKFasS b

2006)

Aged C57BL/6J mice - Last 23 of dark phase | Circadian pattern in

(Bedrosian, Herring et al rb anxietylike behaviour

2011)
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Summarizinghe findings from these studies, it is apparent that the effect of genotype on
activity levels and patterns is influenced by several factors such the mouse model of AD, age
at which the mice were tested, method of activity measurement {tageeconditios/ wheel
running experiments) and phase in which the testing occurred (light or Madge models

are very useful because, to an extent, they are able to reproduce circadian changes observed
in AD patients. However gisultsshow thathe pattern, ageand sexspecifcity of the

abnormalities vary widely betweenodels
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1.3 Treatment of Circadian Rhythm Disorders in AD

1.3.1 Pharmacological Treatment of Sundowning

In a review article,McGaffigan and Bliwise(1997 discuss a number of studies
investigating pharmacological interventions to control sundowning. These studies in this

section make explicit reference to the time of day for which outcome measures were derived.

1.3.1.1 Anti-psychotics

Barton and Hurs{1966), using chlorpomazine, treated 50 long termpatients with

dementia. The results revealed that there was a mild improvement in the medication group
compared to the placebo group but the effect of the improvement was not very significant
Goldstein(1974), using Mesoridazine, treated 43 elderly @ais with behavioural
disturbances. The results reveal that agitation improved in 88 to 96% of the patients,
disturbed sleep pattern improved in 93% of patients but drowsiness was an adverse effect.
Birkett, Hirschfield et al(1972, using thiothixene, treated 26 elderlypatients with senile
psychosis. Although sleep did not show significant improvement, nearly all the items of the
Crichton Rating Scale (CRS) showed significant improvent@dtestam, Ljunghall et al.
(1981, using haloperidol and zuclopenthixol treated 47 long terpatrents with dementia.
The results reveal that sleep was significantly improved by both drimgzasoro, Marti
Masso et al. (1993using clozaping, r eat ed patients with Parkins

was an increase in nighitne sleep from an average of 5.6 to 7.8 hours.
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1.3.1.2 Anti-depressants

Dehlin,Hedenrud etal. (1985 usi ng al aprocl ate treated a gt
disease/multinfarct dementia. The results reveal that there were no differences between drug

and placebo after 4 weel&lilliams and Goldstein (1979using lithium carbonate, treated

agitation in 10 patients with organic brain syndrome. Agitation was significantly improved

but sleep was noln a trial of 30 participant with moddgato severe dementia, trazodone

was shown to increase total time spent asleep each night by an average of 43 minutes but did

not have an effect on the number of night time awaker{ibgemagost al 2014).

1.3.1.3 Sedatives and Axiolytics

Ather, Shawetal. (1996 r eat ed pati ents withinfAdtzhei mer o6s
dementia using clomethiazdla sedative@and thioridazing¢an antipsychotic)

Clomethiazole significantly improved nocturnal awakenings and adverse effects were more
prevalent with thioridazineMagnus (1978 using clomethiazole, treated 17 patiemith

organic dementia. There were significant improvements in restlessness, mood, cooperation

and dressingdelemos, Clement et al. (196%Ising dazepam(an anxiolytic) treated 30
patients with 6dcerebral degenerative syndron

patens s howed 6signifi.cant sl eep i mprovement

1.3.1.4 Melatonin

Melatonin is a hormone that conveys continuous daily information to the organism.

Melatonin levels in the pineal gland elhia distinct circadian rhythnMelatonin functions

to promote sleep by lowerirgpre body temperature via peripheral vascular dilatafibere

is an inverse relationship between melatonin and core body temperature. Levels of melatonin
are at their maximum at the time lowest body temperature occurs, thus core body temperature
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and leels of circulating melatonin are the two primary markers of the circadian cycle
(Weldemichael and Grossberg 20@r i g or e a nAFedles20¥)uNemteninu

treatment is beginning to gain populariyd it has been proposed as a treatment for the

di sruption of the <cir caAphaadelaycanlbeprodutedBy z hei n
the therapeutic use of melatonin in the morning and melatonin treatment in the evening can
be used to achieve a pleasdvance of the circadian rhytl{trewy 2007. CohenMansfield,
Garfinkel et al(2000, using nelatonin, treated 11 elderly nursing home residents suffering
from dementia. Theesults showed a significant improvement in sundowning and agitation.
There was also a decrease in time taken to fall msliéleough it did not reach statistical
significance Cardinali, Brusco et a(2002), using nelatonin, found an improvement in 45

Al zhei mer 6s disease patients with sl eep dist
improvements in sleep and sundowniBgusco, Marquez et a11998 studied monozygotic

twins with AD for 8 years. There was ajor decline in memory function. Both patients had

a similar cognitive and neuroimaging alteration as confirmed by clinical evaluation. As their
mother suffered a similar diseasieere is evidence that theresnapossible genetic origin of

the disease. @ of the twins was treated with melatonin and compared to the other twin,
indicated a reduced impairment of memory function, significant improvement of sleep quality
and a reduction in sundowninigp a doubleblind study byAsayama, Yamadera et al. (2003
melatonin was shown to improve cognition, decrease nocturnal activity and increase
nocturnal sleeplrhese studies suggest that melatonin might be a potential therapy in the
treatment of the circadian disordassociated witih | z h e idiseasehdwsever a recent
reviewby McCleery etal (2014)revealed that melatonin did not improve sleep in people

with moderate to severe AD. They searched the medical literature for studies up until 31

March 2013 and only examined findings from randomized controllald that compared a
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drug with aplacebogthey also excluded all quandomised trials antials which examined
people witha large range of neuropsychiatric disorder and sipepea from their analysis
Three studies were included in the final rratalysis and sleep in each study was measured
using actigraphy and no serious side effects were rec@baeding et al 2014; Serfaty et al
2002; Singer et al 2003A randomizedrial with 74 participantsising ramelteoifa

melatonin receptor agonisd)so tad no effect on the amountmbcturnalsleep
(NCT00325728)The authors conclude that there is much need for pragmatic trials which
examine the drugs that are commonly prescribed for sleep disorders swd&@ffects and
efficacy of such drugs must albe monitored in individuals.

In addition to its effects on sleep measuresreteionship between melatonand the
treatment of symptoms of dementia was examinedreview articldy Jansen et al (2011).
They searched the major healthcare databases for studies which orally administered
melatonin in people with any type of dememtfany severit)compared to a placebo control
group. Symptoms included in the selection criteria weegnitive, behavioural (excluding
sleep) and mood disturbancéstotal of five studies met the criter{&Asayama et al 2003;
Gehrman et al 2009; Riemersivan der Lek 2008; Serfaty et al 2002; Singer et al paad
the analysis revealed that melatongatment did not have any effect on cognitive
disturbances which was measured using the-Miantal State Examination (MMSE) and
Al z hei mer BssessBensSeaeqADAS). However, there was significant
improvement in psychopathologida¢haviours suchsadepression, anxiety, delusions,
apathy and irritabilityvhich were measured usitige Clinical Dementia Rating Scale
(CDRS), Cornell Scale for Depression in Dementia (CSDD), the Neuropsychiatric Inventory

Questionnaire (NIQ) and the Cohbtansfield Agitdion Index (CMAI).
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1315 Chronotherapy iseaseAl zhei mer 6s D

Examples of chronotherapeutic interventions that could provide more insight into the
treatment of AD include environmental (e.g. light therapy), behavioural (e.g. exercise), and
pharmacological (e.gnelatonin). Studies b$atlin, Volicer et al(1992 have revealed that
evening light therapy led to significant improvements in sleep and a saéibiiof rhythms.
Studies byyamadera, Ito et a(2000 also showed a reinforcement of circadian rhygtand

an improvement in the mimental state examination scores in the early stages of AD by
morning light therapy. It also seemed to delay the onset of the agitation rhythm by over 90
minutes(Ancoli-Israel, Martin et al. 20Q3Light has also been used to simulate dawn and
dusk. There was no effect on circadian amplitude or stability and cognitive parameters.
However, it did have an effect on improgisleep onset, shortening sleep latency and

consolidating nocturnal sleep episo@Esntana Gasio, Krauchi et al. 2003

In summary, although these drug treatmemid interventionsave been relatively effective,
they are associated with sid#ects such as sedation and confus{dtGaffigan and

Bliwise 1997 and there arao current adequate treatmefur the circadiarrelated

sympt oms of sdakezfiisésiinmpart; duestohel lack ofanunderstanding of the
undetying biomolecular mechanism of the diseaSenouse model which models the
behavioural and biomolecular mechanisms of the disease would play a major role towards

developing better treatment.
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1.4 GeneStructure and Expression

An or gani s mo wmatedahis dalleckits gerome. tt is @ncoded in DNA and RNA

and includes both the coding sequences (genes) arcbdarg sequencesf the DNA and

RNA (Ridley 200§. A gene has been defined as AA | ocat
corresponding to a unit of inheritance, which is associated with regulatory regions,
transcribed regions and or other functional sequence egBrarson 2006 Genetic

information, contained in the form twing strands oDNA polymers and which specifies
particular functions, is converted into an RNA copy which is then translated into protein.
(Walsh 2008. DNA is made up of a chain which is composed of four types of nucleotide
subunits. Each nucleotide subunit comprises adardon sugar, a phosphate group and one

of four bases; adenine, cytosine, guanine and thymine. DNA most commonly exists in a
double helix structure, i.e. two DNA strands twist around each other in a spiral. In the double
helix structure, guanine pairs with cytosine, forming three hydrogen bdritisadenine

pairs with thymine forming two hydrogen bonds.

Gene expression the process whereby information frorgeneis used in the synthesis of a
functional gene product o 0 e xamene, she BNA double helix melted and RNA
Polymerase&nzyme complexesise one strand as a template to make an RNA copy which
can then be translated into protein by ribosorivisst protein encoding genes are regulated

by RNA Polymerase IIRNA is a nucleic acid which is very similar to DNA but whose
nucleotde subunit contasthe sugar ribose, instead of deoxyribose. It also contains the base
uracil, instead of thymindzukaryotic genes contastretches of DNA which are transcribed

but not translated intprotein;theseare known as introrsndare gliced out before

translation. Only exons encode protdduring transcription, proteins that mediate

transcription; transcription factors, bind to specific short DNA sequences known as
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transcription binding sites which are2B bp in length. These binding sita® mainly located

in a region upstream of the regulated gene, called the promoter region. The promoter length

varies from 1001000 base pairs and the RNA Polymerase binds to a region on the promoter
known as the core promotg&haran 200) Butler and Kadonagg002 define the core

p r o mo tasthe mangmal$tretch of contiguous DNA sequence that is sufficient to direct

accurate initiation of transcripton by t he RNA polBnmeceraasee | | mac
classically defined asis-acting DNA sequences that can increase the transcription of genes.

They are able to function at various distances from their target promoter(s) and their locations
have beeshown to be upstream, downstream and also within introns of their target genes

(Pennachio, Bickmore et al. 2013

In eukaryotes, the stage at which DNA produces mRNA (transcription) is the level at which
gene expression is regulat@ditchman 199p There are several stages between the synthesis
of the primary RNA transcript and thgrnéhesis oimRNA. There is an addition of a cap
strudure which contains a modified guanosine residue and the addition of up to 200
adenosineresiduest t he 30 )eRNA splicipgowhighAnvalvesithe removal of
introns, which interrupt the protetoding sequence in both the DNA and prim@aayscript,
occurs. Any of these stages could be used to regulate the expression of specific genes in

particular tissuefLatchman 199p

The process whereby mature mRNA is converted into protein isrkaswranslation. There
are22 amino acids that asmmmonly used ahe building blocks for protein biosynthesis.

The global collection of proteins produced by an organism is known as its proteome and this
number in humans is increased 1@ fold compared to its genome as a result of a process
known as postranslational modification. Covalent modifications of theesitiains of amino

acid residues and occasionally at one or more of the peptide linkages constitute
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posttranslational modifications. The term reflects the timing that these changes occur after the

translation of MRNA into amino aciolsed protein sequeng®galsh 2008.

Structure of a Gene

Exon | Exon 2 Exon 3 Exon 4
Promot 1 Intron 1 B n 2 . Int 3

4 - )

ﬂ”_ — ﬁ"{'\

Gene (DNA) )

Transcription
Primary transcript (RNA) 4
8 Spiicing

Mature transcript (MRNA) L —

Protein synthesis

Protein KIS AIAID

Fig. 1-6 Simplified overview of gene structure and expression (obtained froffTwyman
2003)

Other than gene regulation at the-manscriptional (chromatin modifications), transcription
initiation and postranscriptional modifications, gene regulation can also occur at the level of

MRNA transprt, mMRNA degradation, protein degradation and translation.

The regulation of mMRNA halife plays an important role in normal development and in
disease progression. Increased stability of mMRNA means that the mRNA will be available for
translation for loger which leads to a higher increase in protein products [reviewed in

(Griseri and Pages 2014)].

RNA transport is used to target protein products to specific locations within the cell.
Mechanisms are also in place to ensure RNA is anchored at its fitiahtles and is not
prematurely transl ated. -RdNdAe d @ cpallayz aan oinmped re

linking RNA to the appropriate molecular motors [reviewed am{Bhekar &erist(2007)].
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Translation is the process by which mRNA is decodeddmsomes to produce a specific

amino acid chain or polypeptide. Translationapregramming has been shown to play an
important role during conditions of stress such as temperature shock, DNA damage or
nutrient depletion, eRe mRNAtweichimcluddsinternat he 50
ribosome entry segments, upstream open reading frames and miRNA target sites regulate the
recruitment of ribosomes to MRNAs whose protein products are crucial in the cell response

to stress [reviewed in (Spriggs et al. @Q1 Translational regulation of mMRNA encoding

proteins involved in AD has been demonstrated (Bottley et al. 2010). The RNA helicase,
eukaryotic initiation factor 4A (elF4A) is required for the binding of mMRNA to the 40S
ribosomal subunits. Using hippu@siol to achieve elF4A inhibition and thus compromise
translation initiation, their results demonstrated thastmtheses of APP and tau proteins,

but not thioredoxin proteins, wespecifically reduced. Further results confirmed that the
observed proteineduction was not due to changes in mRNA levels but was as a result of

transcriptional repression conferred by the inhibition of elF4A.
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1.4.1 Epigeneticsand Chromatin

In Eukaryotes, genomic DNA is wrapped around a histone octamer core which consists of
two molecules each of the core histones H2A, H2B, H3 and H4. This unit, the nucleosome,
is the basic repeating structure in chromatin. This compact packaging formaraicly
environment that can switch between transcriptionally inactive/structurally inaccessible
(Heterochromatinand transcriptionally active/structurally accessible st@gashromatin)
thus having a direct influence on gene expres@iager 2003. Epigenetic modifications
refer to processes that altemgeexpression without modifying the genetic cadelf. The
t e rEpigendeticérefers tomodifications that result in heritable changes in gene expression
that are independent of changes in the genetic sediieveewed in(Probst, Dunleavy et al.
2009) although it is used more looselythe literature to refer to modifications of both
(DNA) and histone proteinsThese includ®NA methylation anccovalent modifications on
histoneproteins;histone acetylation, methylation, ubiquitylation, sumoylation, ADP
ribosylation and glgosylation.The amno-terminaltails of theg histones are theajorsite
of theposttranslational modificationalthough modifications throughout the histone
sequence are observ@diger, Mader et al. 199Kouzarides 200,/Graff and Mansuy 2009
Thus, epigenetic regulation is essential to all genomic processes and there is direct evidence
for its importance in learning and memd8weatt 201]) neurodegenerative diseageardy
and Selkoe 2002nheritancgFreitasJunior, HernandeRivas et al. 2006and synaptic

plasticity(RadmanLivaja, Liu et al. 201D
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Euchromatin Heterochromatin
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Fig. 1-7 Model structure of the Nucleosome(obtained from (Turner, Russ et al. 201)).

Histone acetylation occurs on the si&in amino group of lysine residues, it results in the
neutralization of their positive chargbus decreasing the affinity between the protein tail of
the histone and theegatively charge®NA background. This is believed to ultimately relax
the chomatin structure and facilitate recruitment oRNA Pol Il transcriptional machinery
(Roth 2009. However another vital function of histone acetylation is to mark chromatin for
the recruitment of additional chromatin modifying and remodeling enzymes, and
transcriptionrelated proteins, thus mediating and regulatiagscriptional processéRoth

2009.

Acetylation on specific lysine residues have been associated with active genes, e.g. Lys 9 and
Lys 14 of H3(Roh, Cuddapah et al. 2005After histones have been modified, proteins

which recognize specific histone modifications are recruited fopuhgose of altering

chromatin structure or transcripti¢denuwein and Allis 2001An example is the
acetyltransferase, MOZ, which contatms PHD fingers which comprise the double PHD

finger (DPF) domain. The binding of MOZ to the H3 tail is stabilized by H3K14ac and
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diminished by H3K4me®Dreveny, Deeves et al. 2014 here is emerging evidence for
interaction between different modificatio®r example,d facilitate H3K9 methytion, the
histone methyltransferases, Clr4, requires deacetylation of H@¥dkhyama, Rice et al.
200]). Histone H4 is acetylated on lysines K5, K8, K12 and .Ki4K16 is associated with
upregulation of transcriptiofLucchesi 1998Roth, Denu et al. 2001H4K5 and H4K12

have been associated with transcriptional silen(@rgunstein, Sobel et al. 1996

The transfer of an acetyl gndrom acetyiCoA to theNH™ group of the lysine residues

within a histone is catalyzed by Histone acetyltransferases (HATS). HATs are grouped into
three main families: GNAT, MYST, and CBP/p3QMuzarides 200)/ Histone acetylation is

a reversible processd Histone Deacetylases (HDACs) which can be categorized into four
main classes, classeglilAbel and Zukin 2008 HDACscatalyze the reversal of histone
acetylation by removing acetyl groups from lysine/arginine groups of core histones. By so
doing, it was proposed thatleacetylation of histone proteins inactivates gene expression by
shifting the balance towards chromatin condensakionvever, such a madi may be
oversimplified as many chromatin regulatory proteins including HATs and HDACs are
themselves subject to regulation by acetylatdwdcetylatiorand other modifications.
Moreover, HATs and HDACs may be found together as components of largeroteitip
complexes that dynamically regulate histone modification, thus in some circumstances they
may function together rather than in separately recruited complexes as shown in many

models.

HDAC inhibitors work toblock the activity of HDACs. They are also categorized into four
main chemical families, the sharhain fatty acids (e.g. sodium butyrate, phenylbutyrate, and
valproic acid), the hydroxamic acids (e.qg. trichostatin A and suberoylanilide hydroxamic acid
(SAHA)), the epoxyketones (e.g. trapoxin), and the benzarfided and Zukin 2008
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There has been a great deal of interest in HDAC inhibitors and their role in cancer therapy

and potentially cancer prevention. In addition there has been interest in their role in the

nervous sgtem and particularly in neurodegenerative disorders, depression, anxiety, and the
cognitive impairments that are associated with many neurodevelopmental digabaand

Zukin 2008. Specifically, HDAC inhibitors havéeen shown to improve cognitive and

motor deficis characteristic of Huntingtonds di seas
with Parkinsonbs disease as well as i mprove
neurodegeneration by restoring histone acetylation gtabhed and Zukin 2008 Some

HDAC inhibitors are dective in their target of HDAC. For example, M35 (a predrug of

butyric acid) selectively targets HDAC1 compared with HDAC3 and does not act on HDAC6

and HDACS8. Synthetic HDAC inhibitorSK7041 and SK7068, preferentially act on HDAC1

and HDAC2. Classand class Il HDAC proteins are parhibited by Vorinostat

(Dokmanovic, Clarke et al. 207

Methylation of histones represents another mechanism that controls &yeseiption.

Histone methylation occurs on the lysine (K) and arginine (R) residues of histones H3 and
H4. Histone methylation has been associated with both transcriptional activation and
transcriptional repression. Histone methyltransferases methyl&dedssand Histone
demethylases remove the methyl groups from histfit@szarides 2007 Methylation of

lysine residues occur on Histone H3 (K4, K36, K27andK79) and H4 (K20)Each of

these lysine residues can be momld or trimethylatecand can signal eithéranscriptional
activation orsilencing depending on the methylation si8K9 methylation has been linked

to transcriptional silencing while H3K#H3K36 and H3K79 methylation habeen linked to
transcriptional activatiorH4K20 is a marker of mammalian heterochromatin and while

H3K27 is associated with homeaotene silencingX inactivation and genomic imprinting.
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Methylation of arginine residues can ocuuithin the tails of histone H3 (R2, R17, R26) and
H4 (R3).Arginineresiduesan be either monmethylated or dimethylatedhe Histone

code proposes thdtstinct histone modificationare binding sites for different proteins that
mediate downstream effects line with this hypothesis, bromodomains have been shown to
recognize acetylated lysine residues while chromodomains, tudor domains ad@ Wpeat
domains are capable of recognizing methylated lysine resfoeigswed in(Kouzarides

2002 Martin and Zhang 200

Deacetylation Acetylation

(HDAC) (HAT)
(@9

Fig. 1-8 Acetylation and deacetylation(Cellways 2012

DNA methylation occurs by the addition of a methyl group fread8nosymethionine

(SAM) to CpG units. CpG units are portions of DNA where a cytosine (C) nucleotide occurs
next to a guanine (G) nucleotide in the linear sequence of (Msbter 2008 The p stands

for the Phosphodiester bond that connects the C a(iebey, Craig et al. 2009DNA
methylation usually results in transcriptional repression. DNA methyltransferases carry out

DNA methylation.
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Fig. 1-9 DNA methylation (UCSF 2007
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1.4.2 Chromatin M odifications and Gene Expression

Significant progress has been made in recent years in understanding how chromatin
remodelling regulates gene expression. There is a lot of evidence to indicate that distinct
posttranslational modifications to residues on the histone tails are the maiis dvat
contribute to the chromatin remodelling procéSkeung, Alliset al. 2000. Specific post
translational modifications of the histone H3@tminal tail have been linked with distinct
processes. These include transcriptional modulation (Lys 9/Lys 14 acetylation, Ser 10
phosphorylation), transcriptiohsilencing (Lys 9di-methylation)and chromosome
condensation/segregation (Ser 10/Ser28 phosphorylétmngwed in(Cheung, Allis et al.

2000

A good example of a direct link between signal transduction and histone modification is the
phosphorylation on serine 10 of histone. A3apid phosphorylation of histone H3 at serine
10is induced by mitogenic stimulation. This phosphorylation has been linked with the
transcriptional activation of immediagarly genes (IEGSs). It appears that phosphorylation of
histone H3 at serine 10 has two functions. At metaphase, it serves as afarathkeymatin
condensation at mitosis and at interphase, where it is likely to play a role itrageseription

(Cheung, Allis et al. 2000

It is interesting to note that Histoaeetylation/deacetylationduced chromatin remodelling
plays a crucial role in the liglhihduced transcription of the Clock gene PeridiNaruse, Oh
hashi et al. 2004 Histone modifications can occur in unison be same histone tail
(Cheung, Tanner et al. 2006r on tails of different histong3urner, Birley et al. 19921t is
possible that there 6 h i st o0 n e scompdsedofligtifictacombinations of

modifications. These different modifications would then correspond to different chromatin
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states and thus activation of specific sets of géresuwein and Allis 2001For example

Serine 10 phosphorylation hbsen demonstrated bzinducel in parallelwith Lysine 14
acetylationfollowing EGF treatmenfCheung, Tanner et al. 200@\s a result of the ability

of neurotransmitters and neuromodulators to induce changes in gene exp(€ssisin,

Heitz et al. 200Bexamined the ability of three drugs: SKF82958 (a dopaminergic receptor
agonist), pilocarpine (a muscarinic acetylcholine recemjonigt) and kainic acid (a kaitea
glutamate receptor agonistd induce chromatin remodelling in hippocampal neurons. After

a series of experiments, their results, which they validated, using several techniques such as
immunohistochemistry, in situ hybridization, western blot analysis, immunocytochemistry
and chromatin immunoprecipitation, reveal that all three drugs stimulate rapid, transient
phosphorylation of histone H3 at serine 10. This phosphorylation is linked to acetylation at
the nearby Lys14 residue, which has been linked to the relaxation of the chrstmatiare
Methylation has also been shown to be coupled to transcriptional activation and hyper
acetylated H3 molecules so there could be a combination of several modifications involved in
regulating cellular processé@Sheung, Tanner et al. 2000t is possible that the HR, MOZ,

is involved in the acetylation of the Lys tdsiduealthough the binding of MOZ to the H3

tail is reduced byri-methylaton of histone H3 at lysine @reveny, Deeves et al. 20114

Further experiments will need to be done to establish the link between all three modifications.

Togetherthese results present more evidence of the importance of the assdo@tieen
chromatin modificationand the transcriptional response to different stimuli in neuronal

cells.
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1.4.3 Evidence for Changes inChromatin M odifications associated with

Learning

Gupta, Kim et al(2010 examined the contribution of histone md#iin to the brmation

of longterm memories in the adult hippocampus. Their results revealed that there is an
upregulation of trimethylation of histone H3 at lysine 4 (H3K4) in the hippocampus 1 hr after
contextual fear conditioning. H3K4 trimethylation is thoughbéoan active mark for
transcription(Sims, Nshioka et al. 2003 These increased trimethylation levels return to
baselindevels after 24hrs. There was also an increase in the dimethylation of histone H3 at
lysine 9 (H3K9), a molecular mark that has been linked to transcriptional sil€&@msg),

Nishioka et al. 2003Lh after fear contioning which decreased 24h after context exposure
alone and contextual fear conditioning. Additionally, treatment with the HDAC inhibitor,
NaB, resulted in an increase in H3K4 trimethylation and a decrease in H3K9 dimethylation in
the hippocampus followgncontextual fear conditioning. Together, these results suggest that

histone methylation is crucial for consolidation of contextual fear memories.

Levenson, O'Riordan et d2004 examined histone acetylation in the hippocampus during

the early stages of consolidation using a contextual fear aamdi paradigm. Their results
showed that histone H3 but not H4 is significantly acetylated after an animal undergoes
contextual fear conditioning and histone H4 but not H3 is significantly acetylated after an
animal undergoes latent inhibitioim. this gudy, levels of global acetylation was

investigated, however, using ChIP/gP@Raff, Rei et al(2012 measuredcetylation of

histone H4K12in the promoter regions of genes asated with learning & memory and
synaptic plasticity (discussed pagell0). Taken together, these results indicate that there
might be a histone code for memory formation, whereby there are specific patterns of histone

modifications associated with different types of ldagn memoy consolidation.
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1.4.4 Chromatin Modification and Memory Consolidation

Memory storage is thought to be controlled by actidépendent changes in the

hippocampus and other brain regiobsng-term potentiation (LTP) is the lasting increase in
synaptic strength and is considered to be a cellular model obrgdarmation(Bliss and
Collingridge 1993a The synthesis of RNA and proteins is a requirement in the late phase of
LTP as well as in longerm memory formation and in recdimes, there has been more
evidence showing that histone modifications are important in LTP and(L&¥enson and
Sweatt 206). Long term potentiation (LTP) has distinguishable phases; early and late and
the synthesis of new proteins and transcription is required for late L&Wnson, O'Riordan

et al. (2004 investigated the effect of the HDAC inhibitor, TSA on LTP. The results revealed
increased LTP in the hippocamparsd this TSAInduced increase in LTP required
transcription. The structurally distinct HDAC inhibitor, Sodium butyrate, produced similar

results.

Long-term memory formation requires a consolidation process in order to stabiferma
2010. New gene expression is required for the stabilization of learned information into long
term memories that can last fggars Several protein synthesis inhibitors are also able to
disrupt this consolidation pha@eavis and Squire 1934The effect of increasing histone
acetylation on memory formation was examined.byenson, O'Riordan et §2004. The

results showed that the HDAC inhibitor, sodium butyrate, enhanced LTM in the contextual
fear conditioning task. There wasiagrease in the acetylation levels of H3 after training
which was only specific to lonterm memory and not sheiérm memoryVecsey, Hawk et

al. (2007) investigated the effect, on contextual and cued fear conditioning, of injecting the
HDAC inhibitor, TSA into the hippocampus. The results reveal thatierrg memory for

contextual fear conditioning was enhanced and there was no effect efeauenhditioning,
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this is consistent with results that report that cued fear conditioning is a hippocampal
independent tas.eDoux 1992. There were increased acetylatlenels in H3 in the
hippocampus but not in the amygdala or striatum. These results confirm that the effects of

TSA were as a result of the hipamapal inhibition of HDACgVecsey, Hawk et al. 200.7

FontanLozano, Romerdgsranados et a(2008 investigated the é&cts of histone
acetylationhistone deacetylase inhibition on eye blatkssicalconditioning(EBCC)and

object recognition memorORM). The results showedahhistone H3 acetylation was
inducedin the hippocampus after training and that HDAC inhibitors improved learning and

memory in EBCC and ORM in adult mice.

1.4.5 HistonesModificationsa nd Al z hseaseer 6 s D

Clinically, the hall marks of Al zheimerds di s
plaques, intracellular neurofibrillary tangles and a loss of synapses at vario(Sealikes

2002. The accumulation of plaques is believed to occur as a result of the proteolytic cleavage

of the amyloid precursor protein (R, acell-surface proteinforming amylod betapeptide

(" A)bvhich in turn proceeds to produce amyloid of which the extracellular senile plaques are
composedAPP has a large extracellular sequence, a single transmembrane region (TMR)

and a short cytoplasic tail. APP is cleaved at specific extracellular sequences outside of the

TMR by -leandt Aases, f ol | owesdcretaseindhe mitldleefthec | e av
TMR to generate small extracellular peptides and an intracellular fragment which is

composed of half of the TMR and the cytoplasnad ¢reviewed in (Suh and Checler 202

Cao and SudhdR001) investigated a function for APP in transcription. Their results reveal

that the cytoplasmic tail of APP forms a complex with Fe65, a multimeric protein, and Tip
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60, a HAT that has a mlin chromatin remodelling and transcription. This complas
reported to strongly intensityanscription which suggests that AD is associated with an

increase in histone acetylation.

Rouaux, Jokic et a(2003 induced cell death by activating the APP signaling pathway, their

results showed that Ac H3 and CBP levels decreased during cortical neuron cell death.

1.4.6 Chromatin Modification in Mouse models of Neurodegenerative

Diseases

Transgenic mouse models have been used to ai
One such model utilizes the induction of P25, a toxin which induces neuronal loss and has

been implicated in various nexdegenerative diseas&dyclinr-dependent kinase 5 (Cdk5) is a

kinase which plays a role in cell cyakegulation;its two activators are p35 and p™der

neurotoxic conditions, such as ischemic damage aardytoidtreatment, p35 or p39 is

proteolytically cleaved by the protease calpain to produce toxic p25 or p29 activators. This, in
turn, causes Cdk5 activity to be deregulated. Cdk5 is transformed into a hyperactive kinase

which can trigger various events assodatéth neurodegeneration (as reviewed@nuz

and Tsai 200Y.

In an experiment bifischer, Sananbesi et al(2007), P25 expression was induced in two
groups of 1imonthold CK-P25 TG mice for six weekdt was under the control of the
under the CamKIl promoter and could be switched on and off with a doxycyclin©dget.
group was injected dailyith sodium butyrate for four weeks vidithe controgroup was
injected with salineThe results showed that Naieated CKP25 TG mice had significantly
improved associative and spatehrning compared to the contgrbup. They also had

increased lesls of synaptic marker proteins. Again it is important to note that NaB and
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vehicletreated CKP25 TG mice exhibited similar levels of brain atrophy and hippocampal
neuronal loss. These results suggest that increasing histone acetylation by using the HDAC

inhibitor, NaB, can improve learning ability in mice wihvere neurodegeneration

The effect of HDAC inhibition on the recovery of inaccessible {t@rgn memories was also
investigated. After being trained in the feamditioning paradigm, C#25 TG mice were
returned to their home to allow for the consolidation of [blegm memoriesP25 was then
induced for six weeks after which they were injected daily ip&iatoneally with either NaB

or vehicle. CKP25 TG mice displayed significantly reduced freezing behaviour compared to
the control mice that did not express p25, which indichi@stheir access to lortgrm

memory had been impaired. Ndjected CkP25 TG mice displayed significantly increased

freezing behaviour although they had similar extents of lataophy and neuronal lass

Housing up to 4 mice continuously in a cage tlentains toys to create tunnels and climbing
devices, two wheels for voluntary running and providing food and water ad libitum is known
as Environmental enrichment (E@jischer, Sandenesi et al. 2007Toys and wheels are
changed every day and the food is usually hidden in the bedidsotper, Sananbenesi et al.
(2007 investigated the effect of EE on leargibehaviour after the loss of neurons had

already occurred, they induced p25 irrh@nth old CKkP25 tg mice i.e. these mice

expressed p25 under the CamKIl promoter, this was then followed by EE for four weeks.
They found that as soon as 3 hours aftertk&e was an increase in hippocampal and

cortical acetylation and methylation of histones H3 and H4. Additionally, associative learning
in wild-type mice was significantly facilitated by intperitoneal and intracerebroventricular

injections of the HDAChhibitors, sodium butyrate and TSA.

Although they both had a similar extent of brain atrophyttegted CKP25 tg mice showed

significantly increased associative and spatial learning when compared to tberiohed
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CK-P25 tg mice. They therefore interpreted these results as EE having the ability to restore
learning ability in mice with severe neurodegeneration. There is also evidence that the growth

of new dendrites and synapses in-BR5tg mice is promoted by EE

The fact that EE has the ability to recover ldagn memaories supports the theory that

apparent memory loss is only a reflection of inaccessible memories, a phenomenon known as
OFl uctuating memori eso. Il n this pédntdime menon,
periods of apparent clarity. It is possible that EE recoverstemy memory by re

eshblishing the synaptic netwark

1.4.7 Chromatin Modification and Circadian Rhythms

The circadian clock generates endogenous circadian rhythms which comprise intricate
feedback loops of trangption and translation which are likely ke modilated by epigenetic
mechanismsThese rhythms have a period of approximately 24 hrs and continue in the
absence of exteal environmental cue3ranscription is also required tojast the phasesf

the circadian clockit is therefore possible that the genome undergoes daily modifications in

its epigenetic statReppert and Weaver 200faruse, Okhashi et al. 2004

Administration ofthe HDAC inhibitor, TSA, which in@ases histone acetylatigesults in

an ircrease in the expressiontbe clock geneflerlandPer2 This suggests that expression
of the molecular components of the circadian clock might be directly regulated by ¢ipigene
stategNaruse, Okhashi et al. 2004 Light is the most salient phasetting environmental
stimulus and plses of light induce increases in acetigla of histones B and H4pointing to
epigenetiaegulationof the circadian clock Furthermore, in vivo, discrete pulses of light
induce substantial increases in the phosphorylation of histone H3 in th€C3a3\b,

Cermakian et al. 20Q00Taken together, these observations sugipes the circadian clock
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uses epignetic regulation of chromatias a crucial molecular mechanism to generate
rhythmic gene expression as well as to maintain a stable relationship between the
environment, gene expr essiahaviowltexensanmandani mal 6 s

Sweatt 200h

1.4.8 The Mammalian Molecular Circadian Oscillator

Identification of neural and nemeuraltissues which contain the molecular machinery
required for the generation of endogenous rhythms has been made possible by the
identification of Clock genegGuilding and Piggins 2007 These Clock genes include

Clock, Bmall, Perl, Per2, Per3, Cryl, Cry2, Fiev b U ;E r Béby, RamdRarc Ror b
(Barnard and Nolan 2008Through binding to Ebox elementsCLOCK:BMAL1

heterodimers drive the expression of multiple Clooktrolled genes (CCGs). As tRER
andCRY protein products accumulate in the cytoplasm, they dimerize and translocate to the
nucleus to inhibit the activity dLOCK:BMALL1, thereby inhibiting their owtranscription.
REVi E R Bftrms an additional negative loop to the cycle by inhibimgalltranscription.

As a positive loopPERproteins inhibitsRevi e r trdiscription; this inhibition oRevie r b U
lifts theREV T E R B inhibition of Bmalltranscription which serves to activate the system

(Preitner, Damiola et al. 2002

There is evidence that pesanslationamodifications to the moleculatack, including
phosphorylation, can influengke function of the moleculatark (Lee, Etchegaray et al.

200).The tau mutant hamster which hasKlal mut at i
exhibits a shortened, 20dock period(Ralph and Menaker 1988As a whole, the above

processes (together with yet undiscovenaxtesses) provide a salfistaining cycle which

takes approximately 24 hours to complete one full oscillation. It is possible that the lags
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between transcription, translation and translocation of the proteins fromttiptasm to the
nucleus contralhe pecise timing of the syste(Reppert and Weaver 2002e, Weaver et

al. 2004 Guilding and Piggins 2007

There is evidence for rhythmic gene expression in memory recall functibnNavarro et

al. (2010 investigated the effect of altering the LD cycle on acquisition and recall of
contextual conditioning in mice. Mice were subjected to experimental jet lag a day pre and
post training in order to address the effect of LD cycle entrainment on contextual fea
conditioning acquisition and recall. The results revealed that there was a significant reduction
in recall performance in animals that were subjected to 12h phase advances and phase delays.
The authors hypothesize that the hippocampus displays rhytlonlcgene expression

which is independent of the SCN and that pkets#ting uncouples the tightly synchronized
network of circadian oscillators. They also suggest that memory deficits are as a result of this
interference in the coordination of clock geng@ression. They conclude that because
consolidation of memory involves gene expression, transcription and translation which are
temporally regulated by the molecular circadian clock, disruptions in the molecular clock

would in turn disrupt consolidatiorf memory.
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Fig. 1-10 The long heldcanonical model of the circadian clocKA) and the emerging
model of the molecular clock(B) (Zhao, Cho et al. 2014
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1.4.8.1 Role of CLOCK and BMALL1 in Circadian Transcription

Identification of the mouse muitan in the gengClock was the starting point for the

molecular analysis of the mammalian circadian mechanism, its phenotype exhibits both an
alteration in periodicity and persisten@étaterna, King et al. 1994Clockhomozygous

mutant mice become arrhythmic in constant darkf{gaterna, Kng et al. 1994 The
mutantClockallele encodes a protein which has aaidino acid deletion in its

transcriptional regulatory domain (CLOG#& 1 9) . Het erodi merizati on
discovered bHLHPAS proteins suggests the possibility that CLO&I$0 dimerizes with a
bHLH-PAS protein to regulate circadian rhythms, the recognition sites for HMAS

proteins are Bbox elements. Studies Bekakis, Staknis et g11998 using a yeast two

hybrid screen in situ hybridization studies, showed that CLOCK heterodimerized with

BMAL1 in mouse brain and retina. A further yeast-twyrid assay showed that CLOCK

and BMALL1 together displayed robust DNA binding to fragments comigitiie Ebox

CACGTG, a sequence known to control positive regulation oP#rgene in Drosophila.

Together, CLOCK and BMAL1 produced a significant transcriptional activation from a 54

mer in which all threenPerlE-boxes and their immediate flanking regs were linked

together.,. CLOCKe 19 i s able to heterodimerize nor mal
the Ebox normally, thusGekakis, Staknis et gl1998 conclude that the abnormal circadian
rhythms ofClockmutant mice are dominant negative because of the ability of CL@CKL 9

to form a DNADbinding heterodimer whitis deficient in transactivation activity.

CLOCKs a HAT

Histone acetylation is thought to play a critical role in the modulation of chromatin structure

which is associatedith transcriptional activatio(Grunstein 199) A central feature of
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circadian Clock function is tightly controlled transcriptional regulation. Circadian
fluctuations in abundance have been observed in approximately 10% of attaiam
transcript§ Akhtar, Reldy et al. 200p. Etchegaray, Lee et 4003 andCurtis, Seo et al.
(2009 have shown that histone acetidga at the promoter region ofock controlled genes

is coupled to activation of these genesiLOCK: mBMALL. Doi, Hirayama et al2006
set out to investigatthe mechanisms linking CLOCK to circadian histone acetylation and
thus a transcriptiopermissive chromatin structure. Their studies show that the carboxy
terminal region of CLOCK shares significant sequence similarity with the catbaxynal
domain ofACTR, adomain which has been described to have intridgi@ activity (Chen,
Lin et al. 1997. The heterodimeric partner of CLOCK, BMALL1, did not exhibit any
similarity to the HAT region of ACTR. Expressing a myagged ncLOCK in cultured
mammalian cells revealed that CLOCK has significant HAT activity inmmpnecipitates. In
contrast MyemBMAL1 was found to have little or no HAT activity. An-términally
truncated iCLOCK protein (but with an intact-@rminal region) still displays efficient
HAT activity, the relative HAT activity of I8LOCK was enhanced by aboufdld in the
presence of BMALL. Next, their study revealed that CLOCK shares significant similarity to
thesecal | ed fimotif A0 in the HAT family denomi
that the nCLOCK protein acetylated primayilH3 and H4 histones, same specificity as
observed in ACTRChen, Lin et al. 199/ Lastly, their studies strongly suggésat the HAT
function of CLOCK is necessary for circadian rhythmi¢Dpoi, Hirayama et al. 2006

Mouse embryonic fibroblast (MEF) cells derived from homozydodlask mutant (c/c) mice
are arrhythmic(Pando, Morse et a2002), their results showed that ectopic expression of
mClockwas able to restore circadian expression of the endogem@erslgene

approximately 20 hours after the serum shock.
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CLOCK-mediated Aetylation of BMAL1

Acetylation oftranscription regulatorgroteirs can haveboth stimulatory and inhibitory
effects on transcriptio(Sterner and Berger 20DMirayama, Sahar et d2007) have shown
that CLOCK acetylates its Heterodimerization partiBMAL1. BMALL1 acetylation occurs

in a circadian fashion and is involved in modulating CRivddiated repression. In order to
repress transcription, CRY1 bindsettly to the CLOCKBMAL1 complex(Griffin, Staknis

et al. 1999 and transactivation studies have suggested that BMAL1 acetylation could be a
mark for CRY recruitment. BMALL1 is acetylat®n lysine 53And activation induced by the
mutant BMAL1 (K537R) is dramatically reduced compared to that by BMAL1 (WT) in a
mammalian twehybrid assay. Thus CLOCK functions both as an activator and repressor in

the circadian transcriptional mechanism.
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1.4.8.2 Control of Bmall in Circadian Transcrip tion by Nuclear

Receptors

Nuclear receptors are proteins which have the ability to sense hormonal amormamal
signals within the cell. Because they contain a DiNkding domain, they can bind to
specific DNAsequences and regulate gene expression of adjacent genes, thus acting as
transcription factorgreviewed in(Olefsky 200)). Results from EMSAs performed by
Guillaumond, Dardente et d2009 revealed that the Buclear receptorflREV-E RB | ,
REV-E R B b, RORj , R O R)ind tAtie Bonse B ESIRORE2Byhall

promoter. In order to better characterize the molecular mechanisms imgiBriyall
transcriptional control, they fused a 1030 bp fragment of the upstream sequendgroéthe
gene to the GFP reporter gene and cotransfected &8s with the BmaKGFP construct
along with each of the RE¥RB and ROR expression vectors, resutveal that thBmall
driven GFP expression is decreased by 57% and 80YRENRE R B pr REV-E RB b
proteins respectively, whereas f | ubo,r easncde noc e
(by 2.2, 1.2 and-Bold, respectively). Together, their resudtsow that these nuclear factors
can regulat®mallgene expression through their binding to the RORE sitesREVERB
receptors both repress the transcriptional activitgrofillgene while all ROR receptors

have the opposite effect, they act as transcriptional activators.

ClockmRNA accumulation is rhythmic in wiltype animals but is nearly flat Reve r b U
deficient mice. Similarly, the amplitude of Cryl mRNA oscillation gueed from
approximately 7fold in wild-type mice to 2.5 fold ifReve r Bndckout mice. Temporal
mRNA accumulation profiles d@ry2 andPer2are not altered iReve r Inlitant mice.

(Preitner, Damiola et al. 20p2ZXCollectively, these observations suggest that the high
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expression oBmallin Reve r Imttant animals contributes to the observed alt€tedk
andCry1 transcription. Average period length was significantly short&ewe r {oldficient

animals under DD and LL conditioiBreitner, Damiola et al. 20D2

1.4.8.3 Role of Per2 in Grcadian Transcription

As a result of the observation tiRéve r IprEmRNA transcripts in the nucleus show
trough levels wheRPER2proteins attain peak leveBreitner, Damiola et a{2002
hypothesized thd&ER2stimulatesBmallmRNA accumulation indirectly by repressiiRev
e r bexpression. They recorded yaReve r IMBENA accumulation profiles in wiltype
mice, PerZ“™ mutant mice an®er1®™/ per®“™ double mutant miceln
Perl® "™ mutant mice, the 4.3 kb genomic region encompassing 15 of the 23igxons
replaced witranHpr (hypoxanthingghosphoribosyltransfergsminigene which results in
the preclusion of the translation of the&minalregion;this mutantllele only encodes a
small Nterminal fragment of PER1 that which does not contain any recognizable sequence
motif. Thereplacemenvector used in the generation of fer?“™ allele deletes two exons
encoding the most conserved regiomd?er2in comparison witlDrosophilaPer which
corresponds to 87 amino acids in the PAS dimerization dofdbhang, Larkin et al. 1999
Zheng, Albrecht et al. 2001Both thePer® ™ andPer?™“™ mutant alleles resemble null

alleles and are recessive.

Their results revealed that there was a significant advanceméet pinase oReve r b U

MRNA accumulation ilPerZ™“™ mutant mice. Furthermor&eve r MBNA levels are
relatively high throughout the day Rer1™/ per?“™ double mutant miceBmallmRNA
accumulation irPer2single mutant mice peak earlier during the day, this is to be expected as

a result of the earlier increaseRéve r lexgression.
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1.4.8.4 Role of mCryl and mCry2 in Grcadian Transcription

Thecryptochromegene/proteirwere first identified in plants where thaye involved in blue
light-dependent functionagreviewed in(Cashmore, Jarillo et al. 1999Cry1 andCry2
null-mutant mice were generated through gene targeting in embryonic stem cellsyThe
andCry 2targeting vectors delete coding sequences corresponding to base palrg 730
and 397810 of the respective cDNA sequencgargeted deletion ahCrylresults in a
shortened circadian period while a deletiom@ry2results in a lengthening of the i
and a modest alteration of photic entrainment of circadian rhy{Mas Der Horst,
Muijtjens et al. 1999 Results from luciferaseporter gene studies indicate thafRi1and
MCRY2 are potent inhibitors &ELOCK:BMAL1-mediated transcription. Co
immunoprecipitation experiments also showed the presence of heterodimeric interactions
between lCRY2 and the rRERproteins. The data alsndicates that as a result of these
interactions, the ARY proteins play a critical role in the translocation d?EBR1and
mPER2from the cytoplasm to the nucleus. Taken together, the results showGRatInand
mMCRY2 are critical components of the negative feedback (Bopne, Zylka et al. 1999
Using ludferase reporter gene assaytshegaray, Lee et d2003 demonstrated that the
CRY proteins can inhibit a p3@@duced increase i6LOCK-BMAL1 mediated
transcription in vitro. Th€ryl5 6 f ¢ regok ¢omtains a CACGTG E box at positiens
270 to-265 indicating that this is a candidate site through wBic®@CK-BMAL1
heterodimers activai€ryl transcription Etchegaray, Lee et 003 sub-cloned a fragment
of the 56 flanking region which contained th
into a promoterless luciferase reporter vector, their results showedliBa&tK andBMAL1
together caused a fourfold increase in transcriptionadigcthrough theCryl1 promoter.

CLOCK/BMALL induced luciferase activity was blocked by b@RRY1 and CRY2.
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Their results also show th@LOCK and BMAL1bind to the CACGTG E box in the

promoter rhythmically throughout the circadian cy@&OCK/BMALL1 binding is lowest

when mRNA levels, pol Il binding and H3 acetylation is highest. Ther€fb@CK/BMAL1
binding to the promoter region alone is insufficient to activate transcription. Their results also
show thaREV-E R B is arepressor o€ryl transcription m the liver. Three candidaREV-
ERB/RORDbinding sites in th€ry 1gene were identified and EMSA results show REW-

E R B pound to the radiolabelled oligacleotides surrounding siteand II. Luciferase

reporter gene assays also showedRtY-E R B is able to inhibit transcription in thery 1

gene through binding sites | and Il. The inhibition was eliminated when the binding sites

were eliminated and was also dakpendent.
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Fig. 1-11 Circadian rhythms in a) CLOCK and BMAL1 binding to the promoter E box
b) H3 acetylation and Pol Il binding (Etchegaray, Lee et al. 2003
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1485 RoleofRever bU a##dbBevn circadian Trans ¢

Theobservation thaReverb-U™ mice display an intact circadian wheahning behaviour
and that a partidREV-ERB-cbdepletionof Reverb-U” cultured cell results in modest
rhythmic phenotype suggests that instead of playing a principal core Clock fuRiEgn,
ERB proteins form an accessory feedback loop which stabiiiedock mechanism
(Preitner, Damiola et al. 200Riu, Tran et al. 2008 The term cistrome has been defined as
0 t ih wvogenomewide location of transcription factors or histone modificatéghsu,

Ortiz et al. 2011 Cho, Zhao et a[2012 found significant overlagpbetween the RENERB
cistromes54.8% of the total peaks f®EV-E R B yverecommonly bound peaks and 60.7%
of REV-E R B jpeaks were similarly commonly bounithe finding that loci encodindark
genes Clock, Bmall, Cryl, Cry2, PerandPer 2) are also enriatd in theREV-ERB-) /
cistromic overlap suggests that b&BkV-ERB isoforms are directly involved inlack

function. When th&@EV-ERB-U/ b cistrome wa s BMAbInbindinge d  wi t
sites(Rey, Cesbron et al. 20}, Xhe results show &t 28% oBMALL peaks was shared with
theREV-ERB-U/ b ci strome. Al | three transcription
(781). TheBMAL1, REV-E RB ) , -BERREBwMiple intersection was also found to be
significantly enriched for genes involved in the igoe tyrosine kinassignalingpathway as
well as those known to be involved in energy homeostasis. Taken together, these
observations indicate thREV-ERB-U/ b BBIAL#Y work together to regulatdack output
genes. Microarray analysis of gene expressidiver specific double knockut Reverb-U”
andReverb-b” mice (L-DKO mice) revealed that the expressiorseferalgenes showing
circadian expression in witype liver was perturbed in theRKO liver; more than 90% of
the ~900 genesActograns recorded for DKO mice showed reduced and markedly

fragmented activity as well as an adevad phase angle of entrainmdegtures also
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observed in Bmall mice (Bunger, Wilsbacher et al. 20pte length of the freeunning
period is also shortened by 2.5 g0, Zhao et al2012 conclude that the similarity of the
DKO circadian phenotype to cortock mutants Perl” Per2” Cry1” Cry2” ) is more

evidence of the involvement of tiREV-ERB isoforms in lock pace maker function.

1.4.9 Rhythmic Expression of Gock-controlled genes

As mentioned earlier, neurons in the SCN in the hypothalamus are responsible for the
generatiorand coordination of circadian rhythr\@elsh, Takahashi et al. 201®&s well as

being expressed in the nervous system, clock genes are widely expressed in peripheral organs
(Yamazaki, Numano et al. 20QGeeFig. 1-12. Circadianrelated genes are found in brain

regions crucial to the acquisition and memory of learned behaviour including the

hippocampugWakamatsu, Yoshinobu et al. 2Q0the amygdalglLamont, B.Robinen et al.
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In order to determine whether PER2 protein is expressed rhythmically hipfhecampus

and the SCNWang, Dragich et a{2009 performed immunohistochemistry in parallel on
sections of the hippocampus and SCN from the same animals which were perfused at
different points in the daily circadian cycle (ZT2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 23 and
24). The results revealed thatthevas PER2 immunoreactivity throughout the hippocampus.
The average number of immunopositive neurons in each hippocampal section varied with the
time of day. Peak counts occurred between ZT22 and ZT4 while low counts occurred
between ZT10 and ZT14. Thessults were also confirmed using western blot analysis. In

the SCN, the peak counts occurred in the subjective day (ZT6) and low counts occurred in the

subjective night (ZT16).

To asseswhetherPer2mRNA is expressed rhythmically ihé hippocampus, ig8tu
hybridizationreveaédthatPer2mRNA expression levels varied with the circadian cycle.

Peak expression was found between ZT23 and ZT2 wdwledt expression was at ZT10
Interestingly, the amplitude of these rhythms decreased over several dalysra dinus, it
appears that rhythms Ber2 expression in the hippocampus are produced witimputt from

the SCN or other brain regions although their input may be necessary for its persistence and
continued synchronizatiomheyproceeded to investigatiee functional role oPer2in

learning and memory. They examined the acquisition and recall performapegohutant

mice in a trace fear conditioning taskice were traineceither in the day (ZT6) or night

(ZT18), to associate a tone to a foot shock. A trace of 2.5s was put between the tone and the
onset of thdoot shockwhich increases the hippocampal dependence of théQ@amskn,

Oommen et al. 2002Recall was then tested once a day (ZT6 or ZT18) for a total of 7 days.
The results reveal th&er2 mutants did not exhibit any deficits in the aisition of trace

fear learning as well as shorttermrecadl function (2 hours post traing). However|ong-
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term recall(24hr to 7 daysin Per2 mutantmice was severely impaired. Results from ZT18
revealed thaPer2 mutant mice performed significantly worse compared to-tyijok

controls. Performance at ZWgassignificantly hidher than that at ZT1#®r both genotypes.

Per2 mutantsalsodisplayed a shorter circadian period than viyigde mice. It is possible that

this shorter endogenous period could contribute to the recall impairment; a greater disparity

with the 24h period of the LD cycle

1.4.9.1 Rhythmic Histone Acetylation and Transcription in the Heart

Curtis, Seo et a(2004 analyzd chromatin remodellingithin cardiac tissue using Real

time PCR.They examined the mRNA expression profiledNpfas2, Bnall, Clock, Per (2)
andCryl. NPASis a paralogue of CLOCK and functions garly in biochemical assays
(McNamara, Se et al. 2001 Hearts from Balb/c mice were harvested at 4h intervals over a
48h periodNpas2andBmallpeaked at approximately ZT1 and ZT29 and cycled in the same
phase. BotliPerlandPer2cycled antiphase to the genes that drive their oscillatory
expressionBmall, Npas2 and Clocklowever, they cycled rhythmically and in phase with
each other. Importantly, histone H3 was observed to be acetylated indepeedent

fashion on the proximal-Box, preceding the Perl rhythiWPAS 2 was also observed

recruit chromatin remodelling machinery in a thahependent fashion in vivo. There was also
a marked increase in the acetylation of lysine residues on histone H3 surrounding the
proximal Ebox on the Perl promoter in mouse heart homogenates as afésalincreased
association of NPAS2 with p300. This increase in histone H3 acetylation existed
simultaneously as the circadian variability in its mMRNA levElsir results demonstrate that

HAT-dependent chromatin remodeling on the promoter of clockalted genes in the
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vasculature plays a vital role in orchestrating circadian gene expression in the mammalian

clock.

1.4.9.2 Rhythmic Histone Acetylation and Transcription in the Liver

Etchegaray, Lee et 42003 hypothesizedhat circadiarinduced changes in chromatin
structure control€LOCK/BMAL1- mediated rhythmic drive iRerltranscriptionn the
mouse liver They examined oscillation of th&erlpromoter in the chromatin complexes
using formaldehyderosslinked chromatin immunoprecipitation and semiantitative
polymerase chain reaction (PCR) analysisousdiver tissue. The promoter displayed
robust circadian rhythms in H3 acetylation awdacetylation was found in H4. These results
imply that circadian rhythms in chromatin remodelling and transcriptionatteator
recruitment and assembly are linked with the rhythmic transcripti®eidfandPer2 They
alsoinvestigated the timdepenénce ofCLOCK with p300, CBP, Gcn5 and Pcaf in nuclear
extracts in liver tissue. These prothave been linked with H3 acetylation and have
intrinsic HAT activity. Their results reveal that p300 belongs taQh®CK-BMAL1 co-
activator complex family; ialso implies that decreasesGhOCK-BMAL -p300 interactions

in the nighttime and thus, HAT activity, may be a contributing factor in the decrease in H3

acetylation and transcriptional activity.

Naruse, Okhashi et al(2004) investigated the function of histone deacetylation in the
circadian feedback loop and the function of ¢n&t acetylatiordeacetylation in the light
response of clock genes. The results reveal that histone acetgatioetylation regulates
the rhythmic expression of and the light inductiomd®rl andmPer2. In their first

experiment, they investigated whether the rhythmic expressio®erflin NIH 3T3 cells
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was linked to acetylation and deadation of histone H3 or HfKuwahara, Saito et al.

200]). The results revealed that histone acetylation in thepter region omPerl

oscillated in parallel with the rhythmic expression offigerl gene. The results also
suggesthat transcription of themPerlgene is activated by histone acetylation of the
initiating region as the peak of acetylated histone Hg slightly in advance dhe peak of
expression omPerl Next, they investigated whether rhythmic histone acetylation occurs in
liver tissue; they carrgkout ChIP assays with timePerlandmPer2promoters. Their results
revealed that rhythmic histone l8d H4 acetylation occurred in parallel with the rhythmic
expression of thenPerlandmPer2genes. The peaks of histone H3 and H4 acetylation were
4hr and 8hr in advance respectively while those of bdderlandmPerlboth occurred at
CT36(Circadian time, CT, is used when experiments were carried out under conditions of
constant darknesdjlistone acetylation and deacetylation are considered to occur reciprocally
when the mPER gene is transcribed rhythmically. If HATs and HDACs are inviolkld
rhythmic expression of MPERL1, then it is possible that HDACs are involved in the-mPER

MCRY complex which forms the negative limb of the circadian feedback loop.

There is evidence that30 minute light pulsduringthe subjectivanight-time (CT 16 CT
16.5)rapidly inducesnPerlandmPerlexpressionn themouseSCN (Shigeyoshi, Taguchi

et al. 1997 Takumi, Matsubara et al. 1998

1.4.10 Expanding the Original TTO M odel

Using genetic and biochemical approaches as well as functional gevidmecreens, new
Clock componentsral modifiers have been discovered in the past decade that has expanded
the initial transcriptiortranslation oscillator loop (TTO) model. These include histone

modulators such as WD repezaintaining protein 5 (WDR5,which is a subunit of the histone
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methytransferase complexe@rown, Ripperger etl. 2005, Sirtuin 1 (a class IIl HDAC)
(Asher, Gatfield et al. 2008CK1D ( a protein kinas€Xu, Padiath et al. 2005PP1 and

PP2A (proteirphosphatasg¢gYang, He et al. 2004

Additionally, results from a genomeide small interferig RNA (SiRNA) screen suggettat
more than 200 genes have roles in clock biology; working to regulate clock amplitude and
periodlength Genes from fousignalingpathways were among the hit list of clock
regulatorsthese include those the insulin pathway, cell cycle, Hedgehsignalingand

folic acid biosynthesis. As a result of the observation that many components of these
pathways are rhythmically expressadivo, it has been suggested that all these pathways are
linked to the clock, which uncovers reciprocal regulation between ksmmalingmodules

and the circadian networks (as reviewe@hang and Kay 2030
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Fig. 1-13 New clock and clockassociated genes in amalsidentified in the last decade.

(Obtained from (Zhang and Kay 2010)
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1.4.11 Extra-SCN Oscillators

A decade ago, it was thought that mammal i an
oscillators driven by the master SCN Clock. It has now been established that each individual
cell possesses its own sslistained circadian oscillatfdagoshi, Saini et al. 2004 The
quick-damping behaviour of théack observedn cell culture is as a result of the
desynchronization of individual oscillators and not the loss of the ability to (iesh,

Yoo et al. 2001 Two major differences distinguish tissues that show intrinsic rhythmicity:
the strength and phase of their rhytthbe, Herzog et al. 2002The disovery of SCN
independent brainl@cks in a number of areas in the mammalian brain including the olfactory
bulb, hypothalamus and amygdala suggests that the mammalian circadian system involves
multiple pacemaking nucleWhile the SCN is crucial for the coordination of many rhythms,

it is important that future studies address the intrinsic ciacaegioperties of other tissues;

how these relate and feed back to one another and the(SGiNling and Piggins 2007

1.4.12 Food-Entrainable Oscillator

The presenceofanSGNndependent O0f ood entrainabl ed osc
SCN and extr&8CN neural oscillators. Under both LD and DD conditions, rhythms in

locomotor activity, body temperature and hormone secretion correlate with thetatiese

of food under a restricted feeding schedule (RF). Thesedntdipatory rhythms are also

observed in SCNesioned animal§Stephan, Swann et al. 19Mistlberger 1993 Using in

situ hybridizationWakamatsu, Yoshinobu et §2001) found significantly higher levels of
PerlandPer2mRNA at ZT15 compared to ZT7 in the cerebral cortex, hippocampus and

pyriform cortex. The expression of these genes in the SCN waglasic with expression
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higher at ZT7 than ZT15. When expression patterns of these genes were examined after 6
days on a RF schedule, the peak timP@&flandPer2had moved from ZT15 to ZT7

(change of peak from nigtitme to daytime) in all brain areasxamined except the SCN.
Currently, the mechmasms underlying expression dbck genes in the brain of Réeheduled
mice remain unknow. However, they conclude thdbck genes are also involved in extra

SCN neural oscillators.

1.4.13  Epigenetic Bockade in theNeurodegenerating Bain

Graff, Rei et al(2012), using immunohistochemistand western blot analysis, demonstrated
thatlevels ofHDAC2 weresignificantly increased in the hippocampal area CAL inpg2R&

mice (as explainedn page87) compared to control wildype littermates, levels of HDALC

and HDAC3 vere not changed. In order determine the functional consequences of this
elevated HDAC2, they examined its enrichment at genes involved in memory and synaptic
plasticity, specifically genes that were
disease. These inclutlee immediate early genésc, Bdnf exons, Il and IV, Egrl,
Homerl,andCdk5, implicated in learning and memory, and genes related tpsign

plasticity such as the glutamate receptor sub@iiRR1, GluR2, NR2A, NR2glso known
asGrial, Gria2,Grin2aandGrin2b), as well asSyp(synaptophysinandSyt1(synaptotagmin

1),

The results show that HDAC2 is significantly enriched at the @lgewnes in the Gi§25
hippocampus except the promoter regions of the actipendenBdnfexons | and LI
HDAC1 and HDACS binding were not affected. Acetylation of sevgpakifichistone
residues in the promoter regiohgenes, associated wiarning and memory was shown to

be reduced. Acelgtion of housekeeping genes waxhanged. Activated RNA Pol 1l was
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also found to be significantly reduced. There was also reduced mRNA expression for all
genes that had elevated HDABGAding and an ass@ted reduction in histone acetylation.
The buildup of HDAC2 was reversed by shdrirpinRNA-mediatecknockdown,
repression of the above genes were reversed and the neurodegenasstamted memory

impairments were eliminated. Structural and syiecggasticity were also restored.

Next, they examined HDAC2 abundance in posirtem brain sampldsom patients with
varyingd egr ees of Al zhei mer6s di sease. These ar ¢
all the stages, HDAC2 levels are markedly ated in the hippocampalea CA1. HDAC1

and HDAC3 werainaffected.

1.4.13.1 Rhythmic Expression of Clock Genes in the Hman Brain

As well asrhythmicclock gene expression having been demonstrated in human peripheral
tissues such as skin, oral mucgseripherablood mononucleacells(Bjarnason, Jordan et

al. 2001 Boivin, James et al. 2003akimoto, Hamada et al. 200beboul, BarratPetit et al.
2005 Cajochen, Jud et al. 200&rcher, Viola et al. 200&Kusanagi, Hida et al. 20P8
numerous studies have examined rhythmic clock gene expression in the human brain.
Cermakian, Lamont &tl. (2011) compared the relative expression of the clock genes

hPerl hPer2 andhBmallin the bed nucleus dlfie stria terminalis (BNST)gingulate cortex,
which are involved in decision making and motivated behaviours, as well as in the pineal
gland which secretes melatonin rhythmicallyhey carried out their experiments in the brains
of Al zhei mer 6s di s eas e obtéingd from abraindanBasplesn d age
were divided into 4 groups depending on time of death (TOD); morning1(80),

afternoon (1204.800h), evening (1862400h) and night (240600h). Significantmythmic

expression ohper2 was found in all 3 regions examingdthe AD patients but only ithe
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cingulate cortex anBNST of control subjects. There wasignificant effect of TOD of
hperl in the BNST of AD patients. There was areetfof TODin the pneal and BNST but
not in the cingulateortex in controlsThere was a significant effect of TOD in altegions

for AD patients.

Li, Bunney etal. (2013 examined 24h cyclic patterns in the dorsolateral prefrontal cortex
(DLPFC), amygdala, cerebellum, nucleus accumbens, anterior cingulated cortex (AnCg) and
hippocampus in patients with major depressive disorder (MDD) and controls. Using robust
multi-arrayanalysis, they obtained expression data for 11, 912 transcripts. In each of the 6
regions, several hundred transcripts shoa@d h cyclic patterm controls. Of these, about

100 transcripts displayed consistent rhythmicity and phase synchrony across.répe

core clock geneBmall, Perl-3, Reve r bDbp, Decl and Dec2, were among the top
rhythmicgenes. Rhythms in the brainsMDD patients were much weaker and significantly
dysregulatedTogether, these results reveal that there are multiple crcadicillators in the
human brain. It also appears that oscillatory capability in the brain of AD and MDD patients

is altered in comparison to the control subjects.
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1.4.14  Project Aims

The aim of this project vwato investigate theffect of ageand theAPPswe/PS1dEfutation

on behavioural and gene expresshistonemodification measures relevant to circadian

rhythms This was carried out with a view to establishing an animal model relevant to

abnor mal circadian r hyt hnended that Mtimatdlyesicimee r 6 s d i
model might be used to investigate the biological basis of circadian fluctuations of
behaviour al and memory sympt anmds testpoteAtialz hei mer

novel drugs.

To initially establish baseline effedtsthe background strain and sex of mice to be used, we
examined 24 houotomotor activityrhythms inC57BL/6Jand CD1 male and female mice

at 2, 4, 6, 8 and 12 months of age. We then examined locomotor actik®Piswe/PS1dE9
mice of different age<, months old (female mice), 3, 6 and 9 months old (longitudinal study
with male mice) and 16 months old (male mid@tivity was measured unddyoth 12 hour
light/dark(LD) as well as constant darkness (DD) lighting conditiarfi2 months old
C57BL/6Jard CD1 mice, 2 months oldPPswe/PS1dEfice and 16 months old

APPswe/PS1dHAice.

In the biomolecular experiments, rhythmic global histone acetylation in the hippocampus,
cortex, cerebellum amstriatumwas examined in male and fem&B7BL/6Jmice at 6 weeks
of age.We also investigated the effect of iABPswe/PS1dE&ansgene on rhythmic gene
expresion of core clock genes three brain regions; hippocampus, midbrain and the
medulla/ponsin addition, hythmicchromatinmodification wasconpared betweefl month

old APPswe/PS1dES&nd wildtypemice.
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Chapter 2: Twenty four hour Locomotor Activity in
C57BL/6J and CD1mice at 2, 4, 6, 8, 12months

2.1 Introduction

The aim ofthis study wa to investigatéhe effect of straimnd ageon 24-houractivity levels
andactivity patternsof two strains ofmale and femamice C57BL/6Jand CD1.The
C57BL/6Jbackgrounds used in the majoritgf existingtransgenic mouse models of

Al zhei mer 6s di sease. WhthelCB7Bl6d mige, tiheyarec adi an
genetically incapable of synthesizing melatofidoyle, Grace et al. 2002vhich may

potentially compromise their use in this regard. We therefore considgnedient to

investigate baseline 2dour locomotor aavity at different ages in these mice and establish

effects in a comparison strain

In additionto the study in 12 hr light/ 12 hr dark (LD) conditipastivity levels and patterns
were investigated undeéouble darkness (DD) i.eonstantdarkconditionsat 12 months of

age This was done to examine whether the effects observed under LD conditions are similar
to those observeid DD. When organisms are kept under constant conditions i.e. when they
areshielded from external zeitgebers, they tigfree unningrhythms that may persist
indefinitely. The period length is no longer equal to 24 hours and differs from species to
specieqJud, Schmutz et al. 20p5Shifts in theonsetof the active phasalso occur under
constant conditions, these can eitheabadvanceor delay in the onset of the active phase

An advance shifts thensetof the active phast® an earlier position in tha@rcadian cycle

whereas aelay moveshe onset of the actiyghaseo a later time.
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2.2 Materials/Methods

221 Animals

6 weeks old male (n=8) and fem&®&7BL/6Jmice (n=8) and 6 weeks old male (n=8) and
female CD1 mice (n=8) were used for this experiment. They were obtained from Charles
Rivers UK and were divided into two cohorts of 16 nmeeeh In each cohort were 4 mice
each of male and femaes7BL/6Jmice asvell as4 mice each ofmale and female CD1

mice. The experimental room was temperature and humidity controlled similar to the
holding room. Room temperature was kept at 2Z4°C and humidity at 565%. Al
experiments were carried out in compliancewtite Home Office regulations on animal
experimentation, and with all appropriate personal and project license authority under the
Animals (Scientific Procedures) Act, UK 1986. UK Home Office PrdjeenseNo:

40/2883.

After locomotor activity had beeecorded at 2, 4, 6, 8 and 12 months of age under LD
conditions for 6 days each, the mice were placed under constant darkness for 28 days at 12
months of age. Of the 16 male C57BL/6J and CD1 mice, 4 male mice (2 from each strain)
were eliminated from therfal analysis as eesult of faulty recording apparatus, agéated

illnessand sudden unexplained death.

6weeks 2months 4months 6menths  8months  12months 12/13 months 13 months  png of

study

e s

14 days in 6 days 6 days 6 days 6 days 6 days 28 days 14 days in

holdi
holding (D) (D) (LD) (o) (o) (°o) e
room

I

Activity Recording

Fig. 2-1 Experimental plan of study
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2.2.2 Apparatus

Activity recordng occurred in identicdloxes,size;H 16cm xD 19cm xW 26¢cm. There

were four boxes per chamber, siEe80cm xD 61cm xW 71cm (ENV 018, MED

associates inc, St Albans, YUSA). Each chamber contained a fluorescent bulb (170 lux)
and red bulb (8 lux) which supplied white light during tlag dnd red light atight

respectively. Acamera at the roof of the chamber in conjunction il Video Tracking
Interface software (Version 1, MED associates inc) maintained the current tracking location
of each individual mouse and recorded the foofema each individual box. This footage

was then converted into distance travelled (in cm), stereotypic counts and ambulatory counts
by the Activity Monitor softvare,(Version 5, MED associates in¢T, USA). Each chamber
also contained a fan, mountedla back to provide air exchange and background noise
(55dB).As we did not measure activity using a running wheel, the endogenous chronotype

remains unaltered (please refer to sec8drfor fuller discussion).

Fig. 2-2 Locomotor activity recording chamber
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2.2.3 Experimental Procedure

Mice were transported into the experimental raond given approximately 13 hours to
habituate to their new environment before the start of activity data colledtlme were
housed in individual cages which were identical to the home @adfes holdingroom. Each
cage contained beddingjzzle nestfood pellets an@ water bottle In LD experimentsthey
wereunder a 12h light: 12h dark cycle (lights on 07:00 hrs) and activity was recorded for 6
days (8640 mins In studies where locomotor activity recording in DD followed recording
in LD, the mce remained in the experimental room, the fluorescent lights were turned off
and red lights turned grermanently the chamber doors were closatbla radio was
permanently switchean which provided additional background noise (70 dB). This was
done toensure the elimination of all photic and Apimotic cues.At the end of the
experiment, the mice were-h®used with their original littermates and returned to the

holding room.

224 Data Analysis

There are a number of methodologies for measuring circadigations in behavior. We
used the method of home cage locomotor activity recording adapteddnaonée, Toura

et al. (200% because it is nemvasive and does not interfere with the daily-astvity cycle
and rhythms of the mice. Locomotor activity data was collected in 1 minute bins and the

following variables were measured

Diurnal distancewas defined as activity that occurred in the light phase (67/9000).

Nocturnal activitywas defined as activity that occurred in the dark phase (19.000).
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Percentage of nocturnal activityas measured dle percentage of total daily activity
occurring during the nocturnal period [as used\folicer, Harper et al. 200&and(Weinert

andWeinert 199§).

Percentage of the first/last 2 hours in the light/dark pex@$ measured dlse percentage

of total daily activity occurring in the first/last 2 hours of the light/dark phases [as used in

(Duncan, Smith et al. 20)]2

The number of totadtereotypic countshade by the mice wadsorecorded. Diurnal/

nocturnal stereotypic counts were obtained from this measure. Stereotypic behaviours are
abnormarepetitivebehaviouror movements without any obvious goals or functitbrag

occur in captive animals as a result of suboptimal houginditions(Mason 1991 They

can be minimised by providing environmental enrichment in the form of additional
stimulation(Cooper, Odberg et al. 1998/urbel, Chapman et al. 1998owell, Newman et

al. 1999.

The activity monitoring and video tracking software we used (Med Associates inc, VT, USA)
measured stereotypic counts using the following method; the width and depth of each cage
was dividednto equé&squares called beams. There av&6 beams by 12 beams in each

26cm by 19cm cage. stereotypidox of 4 beams by 4 beamssyalaced around the current
location of each mouse aatl movements within this box we recorded as stereotypic
movemens, such movements includlgrooming, circlirg, pacing etc. The software dbt
differentiate between different tgp of movements and only recordadvements in the X

&Y axes and not Z axis (jumping or rearing).is important to note that stereotypiount is

not a function of distance travelledthg subject can make as many stereotypic movements
within the box as it wants which increases the stereotypic count and not cover any

meaningful distance.
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Fig. 2-3 Distance Travelled Diagram(Manual, Med Associates Inc, VT, USA)

In Fig. 2-3 above, the position of the mouse is represented by the blue dot (X). The blue
square is the stereptypic box and each arrow with a corresponding number represents a
stereotypianovement. Thetsreotypic boxe-centres around the mouse each time it changes
postion (dashed blue square). In this case, the mouse has made 3 stereotypic movements

within the stereotypic box and four outsidstance travelled is the dashed purple line.

Activity Ons€& For this measure, activity data in eacmihute bin was averaged over 24

hours to generate a 2¥ur graph. Activity onsatas determined as the first tippeint from

6 h before lights off where average activity counts exceeded the 24 h mean anédemain
sustained over three of the following bins. This is dissociabie the onset of the active

phase in that if the activity at the beginning of the active phase is not sustained over three of

the following bins, it is not considered.
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Activity Offsetvasdetermined as the latest tirpeint where average activity with three of
the previous bins also above the 24 his is dissociable from the end of the active phase

(adapted fronfGorman and Yellon 203

Activity Durationis the difference betweekctivity OnsetandActivity Offset

Under 12L:12D conditions, lights on was 07.00 and lights off was 19.00. Mice are nocturnal
and onset of the active phase is always linked to lights off. However, as a result of the
changes to onset/offset of the active phase under DD conditions dadtttiet there are
individual differences in the amount and direction of these shifts, onset and offset of the
active phase can no longer be fixed to 07.00 and 19.00 respectively. This thereforthateans
measurements afiurnal activity, nocturnal actity, percentage of activity at night and
percentage of the first/last 2 hours in the light/dark peairedot reliable under DD

conditions Double plotted actograms were used to visually represent each@By in

(Refinetti 2007.

Period lengthwas calculated using the Gliperiodograrranalysis(Refinetti 2007. Period
is defined as iborelcanpleta ostdlatianloracyrle @hd distance in time

between two casecutive peaks [ortroughs o f a r e c(Refinetii 1996200a v e ) 0

Cosinor analysiss a procedure for the analysis of biological rhythms based on the fitting of a

cosine wave to the raw datss circadian rhythms are smooth rhythms with added noise, this
method is based on the reasoning that a model consisting of cosine curves with known
periods can be fitted by least squares to the data as an estimate of the pattern of the smooth
rhythm (Refinetti 19962014). This yieldsseveraproperties of the waveforiffrig. 2-4);

Mesor, Amplitude, Relative amplitude, Acrophase and Robusthiesto this analysis, the

locomotor activity data collected in 1 minute bins by the Activity Monitor software was
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further colated into éminute bins and entered into the Cosinor analysis programme which

can be found or(Refinetti 19962014).

Mesor(Midline Estimating Statistic ORhythm) central poinf the fitted cosinor curve

Amplitude height of the fitted cosine curve

Relative amplitudeamplitude/mesor

Acrophase Acrophase is the time at which the peak of a rhythm occurs. It refers to the phase
angle of the peak of a co& wave fitted to the raw data of a rhythm. The unit of

measurement is degre@3 which is then converted to a value proportional to that ofa 24

hour clock using the formula, H = (D x 24) / 360 m®ere D is the value in degrees, H is

the value in hours, and S is the start t{{fRefinetti 2007.

Robustnesss measured as tipercentage of the total variance that can bewtted for by

the cosine wave (@measure of rhythmicity)Refinetti 2007.

Period

____ Mean level
(MESOR)

Phase

A

+
Reference time

Fig. 2-4 Diagram identifying parameters of an oscillation (obtained from(Refinetti
2007)
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Rhythmicity Indexmeasures the strength of the rhythm as the height of the third peak

following an autocorrelation analysig.evine,Funes et al. 2002 An autocorrelation
analysis makes correlation between the elements of a series and others from the same series

separated from them by a given interval.

2.25 Statistics

A repeated measures ANOMWAas doneAge was -sau bkdjwa athd nvari abl e wi
strain wesweb jodcett dveveaify thasburce af a main effect of age, age x

sex and age x strain interactilfifoondtobehe Mauch
nonsignificant(x 0. 05) , t hen the 0Sphelffounditotbhyg as s umed?d
significant (p <0.05), this meant a violation of sphericity and the Greenl@&eisser

estimate of sphericity (&) wa seldocomenibprmwas . Whe
usedandwen & < 0. 75-Geissenr@rreGiorewasiusen.Bgreficant main

effects of age were further analysed by gost comparisons with a Bonferroni correction

factor applied for multiple comparisons. Significant age x strain and age x sex intexaction

were further analysed by splitting the data either by strain or sex in the repeated ANOVA

test.

For the LD vs DD analysis, a repeated measures ANOVA was done. Lighting condition was

a owsuhject variable whil-subpariabtefid strain we

All statistical analyses were performed using SPSS 19.0 (Statistical Package for Social
Sciences, Chicago, IL, USA). The Statistical probability threshold for all experiments was set

at p < 0.05P-values less than 0.055 were rounded down@6.0.
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2.3 Twenty four hour locomotor activity in C57BL/6J and CD1 mice in

12:12 light/dark (L D)

2.3.1 Effect of Age

Effect of age on general Locomotor Activity Robustness, Rhythmicity Indexand Period

length

Age had a significant effect aiotal activity[F(4,96)=12.978 p=0.000 (Fig. 2-5), general
activity levels droppedteadily as the mice aged, ajso had an effect atiurnal activity
[F(2.142, 51419)=7.159, p=0.0Q%Fig. 2-6). Diurnal activity levels declined significantly
between 8 and 12 monthBhe effect of agen nocturnal activity was also significant,
[F(4,96)=13.132, p=0.00@Fig. 2-7). Levels of nocturnal activity steadily dropped as the
mice agedand was significant between 4 and 6 moniliere was no effect of aga the
percentage of total actiyitravelled in the dark phase [F(2.341,56 54159 p=0.327

(Fig. 2-8). The effect of agen robustness was significant [F(4,92)=24.537, p=Q.(&Q.
2-9). Robustness did not change between 2 months and 4 months, however, it reduced
significantly between 4 months and 6 months, remained ugeldadretween 6 and 8 months
and significantly reduced between 8 months and 12 months. Likewise, thersigaiieant
effect of ageon thythmicity index [F(4,92)=1232, p=0.000{Fig. 2-10). It wasunchanged
between 2 months and 4 months, incrddmween 4 and 6 months, remained unchanged
between 6 and 8 months as well as between 8 and 12 mbhéns.was no effect of aga
acroplase (time of peak activity) [F(1.373,31.578)=1.034, p=(0.8ddta not shown)rhe
effect of ageon relative amplitude was significant [F(4,92)=3.939, p=0.005]. Relative
amplitude alues generally declined with a@gata not shown)rhere was neffect of geon

period length [F(2.705,62.2162.662, 0.06] (Fig. 2-11).
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Total Activity
Emm male c57
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Mean Total activity in cm (+/- s.e.m)

Fig. 2-5 Total activity in longitudinal study of C57BL/6J and CD1mice (LD). Effect of age
F(4,96)=12.98, p=0.00. Effect ofsexF(1,24)=8.179, p=0.009. Effect of strain F(1,24)=4.909,
p=0.036.Sexx strain interaction F(1,24)=5.293, p=0.08 age xsex interactionF(4,96)=1.775,
p=0.140. Naage x strainnteraction F(4,96)=0.889, p=0.474.

GE): Diurnal Activity — male c57
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Fig. 2-6 Diurnal activity in long itudinal study of C57BL/6J and CD1mice (LD). Effectof age
F(2.142,51.419)=7.159, p=0.0EHffect ofsexF(1,24)=4.731, p=0.0Klo age xsex interaction
F(4,96)=1.711, p=0.154. Nage x strainnteraction F(4,96)=0.106, p=0.980. No effect of strain
F(1,24)=2.003, p=0.17. Ngexx strain interaction F(1,24)=0.289, p=0.596
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Nocturnal Activity e c57
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Fig. 2-7 Nocturnal activity in longitudinal study of C57BL/6J and CD1mice (LD) Effectof

age F(4,96)=13.132, p=00 Effect ofsexF(1,24)=7.2, p=0.013. Effect of strain F(1,24)=4.532,
p=0.044. Sexx strain interaction F(1,24)=5.67@+0.025.No age xsex interaction

F(4,96)=1.601, p=0.180. Nage x strainnteraction F(4,96)=0.996, p=0.414.
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Fig. 2-8 Percentage of activity at night in longtudinal study of C57BL/6J and CD1mice

(LD) No effectof age F(2.341,56.174)=1.159, p=0.32Mo age xsex interaction F(4,96)=1.052,
p=0.385. Naage x strainnteraction F(4,96)=1.548 p=0.194. No effecsekF(1,24)=0.207,
p=0.653. No effect of strain E24)=0.012, p=0.914. Ngexx strain interaction F(1,24)=1.834,
p=0.188.
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Robustness
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Fig. 2-9 Robustness in longitudhal study of C57BL/6J and CD1mice (LD) Effect of age
F(4,92)=24.537, p=0.0(Bexx strain interaction F(1,23)=9.321, p=0.00& age xsex
interactionF(4,92)=1.393, p=0.242. Nage x strainnteraction F(4,92)=1.484, p=0.214. No
effect ofsexF(1,23)=2.700, p=0.114. No effect of strain F(1,23)=0.991, p=0.330
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Fig. 2-10 Rhythmicity Index in longitudinal study of C57BL/6J and CD1mice (LD) Effect
of age F(4,92)=11.232, p=0.0&ffect of sexF(1,23)=13.910, p=0.00No age xsex
interactionF(4,92)=1.268, p=0.288. Nage x strainnteractionF(4,92)=0.847, p=0.499. No
effect of strain F(1,23)=0.539, p=0.470. Bexx strain interaction F(1,23)=2.998, p=0.097.
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Fig. 2-11 Period length in longtudinal study of C57BL/6J and CD1mice (LD) No effectof
age F(2.702,8.216)=2.662, p=0.06 INo age xsex interactionF(4,92)=0.816, p=0.518. Naige
X straininteraction F(2.705%216)=2.577, p=0.06'No effect ofsexF(1,23)=2.207, p=0.151.
No effect of strain F(1,23)=0.182, p=0.674. d&xx strain interaction F(1,23)=1.353, p=0.257

Effect of age on pattern of activity over the light and dark phases

In exploring activity pattern in the first and laato hours of the light and dark phases, our

results reveadthat there wa an effect of age on activity travelled in the ficgbthours of the

light phase [F(2.443,58.622)=4.502, p=0.p@g. 2-12). Activity levels in the first two burs

of the light phaseveresignificantly reduced a2 months olccompared to 2 and 3 months

There was no effect of age on the amount of activity inasteivo hours of the light phase
[F(1.712,41.09%=1.698, p=0L99 (Fig. 2-13). The effect of age on the levels of activity in the

first two hous travelled in the dark phase svaignificant [F(4,96)=6.205, p=0.00®ig. 2-14).

Levels remained unchanged between 2 and 4 months, they inthedseen 4 and 6 months,
reducedsignificantly between 6 and 8 months and declined again between 8 and 12 months.
There was no effect of age on the percentage of activity in the last two hours in the dark phase

[F(2.807,67.368)=0.354, p=0.778Fig. 2-15).
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%First two hours in light — male c57

== female c57
= male cdl
= female cdl

Ll Il

2 months 4 months 6 months 8 months 12 months

B
»N O

[
N

=
o

O N b O

Mean %first Two hours light phase (+/- s.e.m)

Fig. 2-12 Percentage first 2 hours in light phase in lonigudinal study of C57BL/6J and
CD1 mice (LD) Effect of age [F(2.443,58.622)=4.502, p=0.pINb age xsex interaction
F(4, 96)=1.121, p=0.351. N&ge x straininteraction F(4,96)=2.360, p=0.059. No effecsek
F(1,24)=0.055, p=0.816. No Effect of strain F(1,24)=1.596 p=0.21%&¥x strain
interaction F(1,24)=1.452, p=0.240.

. . = male c57
% Last two hours in light = female c57
=== male cdl
== female cdl

1 T

2 months 4 months 6 months 8 months 12 months

s}

o

IN

N

Mean % last Two hours light phase (+/- s.e.m)
o

Fig. 2-13 Percentage last 2 hours in light phase ilongitudinal study of C57BL/6J and CD1
mice (LD) No effect of ageF(1.712,41.094)=1.698, p=0.1990 age xsex interaction k4,
96)=0.882, p=0.478. NAge x strainnteraction F(4,96)=0.915, p=0.458. No effecsek
F(1,24)=0.699, p=0.411. No Effect of strain F(1,24)=3.278 p=0.08F&¥x strain interaction
F(1,24)=2.068, p=0.163.
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Fig. 2-14 Percentage first 2 hours in dark phasén longitudinal study of C57BL/6J and
CD1mice(LD) Effect of age, F(4,96)=6.205, p=0.0@0Qe xsex interaction F(4, 96)=3.953,
p=0.005.Age x straininteraction F(4,96)=7.084 p=0.000. No effecsekF(1,24)=0.539,
p=0.470. No Effect of strain F(1,24):301 p=0.265. N&exx strain interaction F(1,24)=0.048,
p=0.829.
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Fig. 2-15 Percentage last 2 hours in dark phase in lonmdinal study of C57BL/6J and
CD1 mice (LD) No effect of ageF(2.807,67.368)=0.354, p=0.7.780 age xsex interaction
F(4, 96)=1.036, p=0.3930 age x strainnteraction F(2.807,67.368)=2.415 p=0.0R®
effect ofsexF(1,24)=0.097, p=0.758. No Effect of strain F(1,24)=1.657 p=0.21GexXa
straininteraction F(1,24)=1.495 p=0.233.
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Effect of age on Stereotypic counts, Activity Onset, Activity Offset and Activity Duration

In terms of the stereotypic cots, there wa an effect of age on diurnal stereotypic
[F(2.326,55.818)=7.068, p=0.00ata not shown)t was reduced significantly at 8 months compared
to 6 monthsNocturnal stereotypic counts was also significantly affected by age [F(4,96)=10.738,
p=0.000](data not shown) It decreased significantly at 6 months comparednw#ths Total

stereotypic counts was also significantly affected by age [6@19.654, p=0.0qQFig. 2-16), it
remainedunchanged betvem 2 & 4 months athreducel significantly at 12 months compared to 2, 4 and
6 monthsAlthough the effect of age on actiyibnset was not significant [F(2.147,40.799.996,

p=0.146] (data not shown}here wa an effect of age on activity offset [F(4,76)=2.761, p=0.034.

2-17) and activity duration [F(4,76)=2.516=0.048](Fig. 2-18). Activity offset remainedinchanged
between 2 until 8 months and becamaigantly earlier atLl2 monthsompared to 4 monthé similar

pattern was observed in Activity duration.

e .
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Fig. 2-16 Percentage total stereotypic counts in lorigudinal study of C57BL/6J and CD1
mice (LD) Effectof age H4,96)=10.598, p=0.000. Nage xsex interactionF(4, 96)=0.1.370,
p=0.250. Naage x strainnteraction F(4,96)=284, p=0.888. No effectsekF(1,24)=3.325,
p=0.081. No effect of strain F(1,24)=2.214, p=0.1509¢a&x strain interaction F(1,24)=1.624,
p=0.215
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Activity Offset
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Fig. 2-17 Activity offset in longitudinal study of C57BL/6J and CD1mice(LD) Effect of age
[F(4,76)=2.761, p=0.034No age xsex interaction 4, 76)=0.801, p=0.528. N&ge x strain
interadion F(4,76)=1.67 p=0.332. Hect of sex[F(1,19)=4.169, p=0.055No Effectof strain
[F(1,19)=0.470, p=0.501No Sexx strain interaction F(1,19)=1.267 p=0.274.
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Fig. 2-18 Activity duration in longitudinal study of C57BL/6J and CD1mice (LD) Effect of
age F(4,76)=2.516, p=0.048. Nage xsex interaction k4, 76)=0.888, p=0.475. N&ge x
straininteraction F(4,76)=1.535 p=0.201. No effecsekF(1,19)=2.380, p=0.139. No Effect of
strain F(1,19)=1.680 p=0.210. Ngexx strain interaction F(1,19)=0.230 p=0.637.
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2.3.2 Effect of Sex

Female mice hathore total activity than malds(1,24)=8.179, p=0.009Fig. 2-5) and

were more active diurnally than male mice [F(1,24)=4.731, p={F4] 2-6) as wellas
nocturnally[F(1,24)=4.532, p=0.044Fig.2-7). There wa no effect okex on the
percentage of activity travelled at night [F(1,24)=0.207, p=0.@58] 2-8) or robustness
[F(1,23)=0.991, p0.330](Fig. 2-9). However, male mice hahigher rhythmicity index
value [F(1,23=13.910, p=0.001Fig. 2-10). Acrophase wanot affected by sex
[F(1,23)=0.004, p=0.947qpata not showmorwas period length [F(1,23)=2.207, p=0.151]

(Fig. 2-11) or relative amplitude [F(1,23)=0.018, p=0.893&ta not shown)

In exploring the pattern of activity of the first and last two hours acheskght and dark
phase, there vgano effect of sex on #first two hours in the light phase [F(1,24)=0.055,
p=0.816](Fig. 2-12), on last two hours in the light phase [F(1,24)=0.699, p=0.@id]
2-13) on first two hours in the dark phase [F(1,24)=0.539, p=0.-16]2-14) and last two

hours in the dark phase [F(1,24)=0.097, p=0.71bk&j. 2-15).

In terms ofthe stereotypic counts, there swao effect of sex on diurnal stereotypic counts
[F(1,24)=0.808, p=0.37&pata not shownnocturnal stereotypic counts [F(1,24)=3.260,
p=0.08!] (data not shownyr total stereotypic counts [F(1,24)325, p=0.081{Fig. 2-16).
Female mice had significant later activity offset than mide(lL,19)=4.169, p=0.05%Fig.

2-17).

2.3.3 Effect of Strain

C57BL/6Jmice hadmore total activity than CD1 mice (E24)=4.909, p=0.034Fig. 2-5).

There wa no effect of strain on diurnal distance [F(1,24)=2.003, p=0(Fi§]2-6) but
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C57BL/6J mice were more active nocturnally than CD1 nf#¢E,24)=4.532, p=0.044]
(Fig. 2-7). There wa no effect of strain on the percentage of activity travelled at night
[F(1,24)=0.012, p=0.914Fig. 2-8), robustness [F(1,23)=0.99p=0.330](Fig. 2-9) or
rhythmicity index value [F(12)=0.539, p=0.47Q(Fig. 2-10). Acrophase wanot affected
by strain [F(1,23)=3.440, p=0.07{ata not shownYelative amplitud [F(1,23)=1.038,

p=0.319](data not showrgs wa period length [F(1,23)=0.182, p=0.67F{g. 2-11).

In exploring the pattern of activity of the first and last two hours acheskght and dark
phase, there vgano effect of strain on the first two hours in ligat phase [F(1,24)=1.596,
p=0.219](Fig. 2-12), on last two hours in the light phase [F(1,24)=3.278, p=0.0388§]
2-13) on last first two hours in the dark phase [F(1,24)=1.301, p=0(E&p]2-14) and last

two hours in the dark phase [F(1,24)=1.657, p=0.28ig] 2-15).

In terms ofthe stereotypic cas, there wa no effect of strain on diurnal stereotypic counts
[F(1,24)=0.542, p=0.469Hata not shownnocturnal stereotypic counts [F(1,24)=2.167,
p=0.154](data not shownyr total stereotypic counts (E24)=2.214, p=0.15(fFig. 2-16).
There wa no effect of strain on activity onset [F(1,19)=1.008, p=0.82&p not shown)
activity offset [F(1,19)=0.470, p=0.50@Fig.2-17) or activity duration [F(1,19)=0.230,

p=0.637](Fig. 2-19).

2.34 Sex x Strain Interaction

Female C57BL/6dnice wee more hyperactive than male C57BLf6ite whereas female
CD1 mice wee not more active than male CD1 mice [F(1,24)=5.293, pfpfR&mnale
C57BL/6Jmice wee more active nocturnalthan male C57BL/6thice whereas female CD1

mice wee not more active nocturnally than male CD1 mice [F(1,24)=5.677,
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p=0.025].Female C57BL/Gdice wee more robust than male C57BLi#idce whereas
female CD1 mice wernot more robust than male CD1 micel[2B)=9.34, p=0.006].
Male CD1 mice had higher relative amplitude than male C57BL/6J mice whereas female

CD1 mice didnot have a higher amplitude than female C57BL/6J [F(1,23)=5.580, p=0.027].

2.3.5 Age x Strain Interaction

The effect that aglkadon the frst 2 hours of the dark phase s\different in C57BL/6J mice
and CD1 mice [F(4,96)=7.084, p=0.000]. In C57BL#@ide, this activity reduced
significartly at 8 months compared fomonths. In CD1 mice, thactivity increased at2

monthscompared to 2 wnths

2.3.6 Age x Sex hteraction

The effect that aglkadon the first 2 hours of the dark phase is different in male and female
mice [F(4,96=3.953, p=0.005]In female mice, there vgam increasat 12 months

compared to 4 months.

2.3.7 Body weight as a cevariate (ANCOVA)

The extent to which body weight at the different ages tested interacts with the variables
measured was examined. There was no effeagef(1.559, 29.616)=0.31p=0.68Q nor
sexF(1,19)=0.037 p=0.849] nor strain F(1,19)=0.82p=0.37§ on global activity There
was no effect oage F(2.070, 39.334)=0.249=0.789 norsexF(1,19)=0.049 p=0.826]

nor strain F(1,19)=0.201p=0.659] on diurnal activityThere was no effect @fge F(1.603,
30.463)=0.331 p=0.674 norsexF(1,19)=0.062 p=0.806] nor strain F(1,19)=0.7,73
p=0.390] on nocturnal activitythere was no effect @fge F(2.390, 45.415)=0.43$=0.653

nor sexF(1,19)=0.087 p=0.771] nor strain F(1,19)=0.02p=0.884] on percentage of
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activity at night.There was no edict ofage F(4, 72)=0.829=0.511 norsex
F(1,18)=0.095 p=0.762] nor strain F(1,18)=0.45p=0.510] on robustnes§here was no
effect ofage F(4, 72)=0.771p=0.548 nor strain F(1,18)=0.0520=0.822] but there is of
sexF(1,18)=5.416 p=0.032 on rhythmicity indexThere was no effect @ge F(1.310,
23.587)=0.339 p=0.623 norsexF(1,18)=2.626 p=0.123] but there is of strain
F(1,18)=0.5.244 p=0.034] oracrophaseThere was no effect @ge F(7,72)=0.942
p=0.449 norsexF(1,18)=0.058 p=0.812] nor strain F(1,18)=0.13p=0.720] on relative
amplitude.There was no effect @fge F(2.446, 44.032)=0.31p=0.868 norsex
F(1,18)=0.034 p=0.855] nor strain F(1,18)=0.39p=0.540] on period lengtAhere was
no effectof age F(2.310, 43.884)=0.7,79=0.486 norsexF(1,19)=0.19 p=0.892] nor
strain F(1,19)=0.15p=0.903] on percentage of activity travelled in the first 2 hours of the
light phaseThere was no effect @fge F(1.606, 30.507)=0.206=0.767 norsex
F(1,19)=0.107 p=0.747] nor strain F(1,19)=0.75Pp=0.395] on percentage of activity
travelled in the last 2 hours of the light phaBeere was no effect @fge F(4, 76)=1.294
p=0.28Q norsexF(1,19)=0.064 p=0.803] nor strain F(1,19)=0.069=0.796] on
percentage of activity travelled in the first 2 hours of the dark pfiasee was no effect of
age F(2.630, 49.975)=1.85p=0.153 norsexF(1,19)=0.222 p=0.643] nor strain
F(1,19)=0.1931 p=0.181] on percentage of activity travelledhe tast 2 hours of the dark
phaseThere was no effect @ge F(2.302, 43.735)=0.490=0.642 norsexF(1,19)=0.687
p=0.418] nor strain F(1,19)=1.261p=0.274] on diurnal stereotypic count$iere was no
effect ofage F(1.758, 33.398)=1.149=0.326 norsexF(1,19)=0.108 p=0.746] but there
is of strain F(1,19)=4.236p=0.054] on nocturnal stereotypic courfthere was no effect of
age F(1.764, 33.513)=1.089=0.341 norsexF(1,19)=0.361 p=0.555] but there is of

strain F(1,19)=4.97 p=0.038] on total stereotypic count$here was no effect @ige
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F(1.764, 33.513)=1.08%=0.341 norsexF(1,19)=0.361 p=0.555] nor strain
F(1,19)=4.972 p=0.038] on total stereotypic countere was no effect @ge F(2.499,
34.988)=1.736 p=0.189 norsexF(1,14)=0.222 p=0.645] nor strain F(1,14)=1.623
p=0.223] on activity onseT.here was no effect @ge F(4,56)=0.833p=0.51Q norsex
F(1,14)=0.259 p=0.619] nor strain F(1,14)=0.42p=0.527] on activity offsefThere was
no efect ofage F(4,56)=0.1Q8p=0.979 norsexF(1,14)=0.057 p=0.814] nor strain

F(1,14)=0.064 p=0.950] on activity duration.

2.4Twenty four hour Locomotor Activity in C57BL/6J and CD1 mice in constant

darkness(DD)

There was no effect slexF(1,24)=2.484,p=0.128] nor strain F(1,24)=0.93p=0.343] on
global activity(data not shown)rhere was no effect aexF(1,24)=1.207,p=0.283] nor
strain F(1,24)=0.524p=0.476] on robustnegkig. 2-19) . There was no effect gkx
F(1,24)=1.472,p=0.237] nor strain F(1,24)=0.608=0.445] on rhythmicity indefdata not
shown) There wa no effect obexon acrophase F(1,24)=0.06p=0801] but the acrophase
in CD1mice was 2 hours earlier compared to tha@®7BL/6Jmice[F(1,24)=8.00,
p=0.009](Fig. 2-19). There was o effect ofsexon relative amplitudg~(1,24)=0.543,
p=0.469] but CD1 mice haalhigher relative amplitude th&57BL/6Jmice F(1,24)=6.698,
p=0.016(data not shown)There was no effect sexon the length of the freeinning period
[F(1,24)=0.073,p=0.790] nowas there an effect of strdiR(1,24)=0.755,p=0.393](Fig.
2-19). There was no effect gbxF(1,24)=2.150,p=0.156] nor strain F(1,24)=3.988,
p=0.057] on total stereotypic courftsg. 2-20). There was no effect sexF(1,24)=0.347,

p=0.561] nor strain F(1,24)=0.78p=0.386] on activityonset(Fig. 2-20). There was no
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effect ofsexF(1,24)=0.124,p=0.727] nor strain F(1,24)=0.499=0.487] on activity offset
(Fig. 2-20). There was no effect aexF(1,24)=1.152,p=0.294] nor strain F(1,24)=3.462,

p=0.075] on activity duratio(Fig. 2-20). In eat of the above measures, thereswasexx

strain interaction.
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Fig. 2-19 Robustness, acrophase, relative amplitude and period length in loigdinal

study of C57BL/6J and CD1mice (DD). Significant effect (p<0.05) of strain on acrophasnd
relative amplitudeNo effect (p>0.05) ofexon robustness, acrophase, relative amplitude and
period length.
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Fig. 2-22 Double1 plotted actograms ofC57BL/6J mice; 34 days of activity 6 days under LD conditions and28 days in DD
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Fig. 2-23 Double1 plotted actograms of CD1 mice; 34 days of activityé days under LD conditions and28 days in DD
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Fig. 2-24 Double1 plotted actograms of CD1 mice; 34lays of activity; 6 days under LD conditions and28 days in DD
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2.5 Comparison between ID and DD conditions on 24 hour Locomotor

Activity in C57BL/6J and CD1 mice

Robustness did not change in DD compared to LD condifl{is25)=1.064,p=0.32] (Fig.
2-25) nor did rhythmicity indeXF(1,25)=3.057,p=0.093](data not showmnd acrophase
(time of peak activity]F(1,25)=0.490,p=0.490](Fig. 2-25). Relative amplitude did not

differ in LD and DD[F(1,25)=0.057,p=0.813](Fig. 2-25). There wa a lengthening of the

period length by 17 minutes in DD compared to LD [F(1,25)=12.28%8.002] (Fig. 2-25).

In terms of stereotypic coust there wa no effect of lighting conditions on total stereotypic
counts[F(1,24)=0.005,p=0.944](Fig. 2-26) .In all of these measures, thereswa sexx
lighting conditions interaction or strain x lighting conditioAstivity onset occured
approximately an hour later in DD [F(1, 20)=4.798;0.04](Fig. 2-26) There wa a
significant effect of lighting condition on activity offset [F(1,20)=27.843:0.000](Fig.
2-26). Activity endedapproximately 4.5 houigater in DD. Activity Duration wa influenced
significantly by lighting condition [F(1, 20)=23.189%~=0.000] with activity lasting 3 hours

longer in DD than in LOFig. 2-26).
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2.6 Discussion

Results fron the LD studies showhatincreased agep to 12 monthsesults innumerous
baseline and circadian chassga circadian behavior. There s\ decrease ithe parameters
measuring general activityotal, diurnal and nocturnédcomotoractivity. In theparametes
measured usingroperties of the fitted cosine currbythmicity indexincreasd with age
while robustness decreasedh age Activity offset was found to beearlier at 12 months
compared to 4 monthend activity duration at 12 monthsrexduced by2 hours compared to
4 months A comparison of the strainsditates that while there are differences in activity
levels, the C57BL/6J strain being redryperactive than CD1, there weaynly minor strain
differences in the circadian parameteand ¢heir interaction with ag&kesults from the DD
studies showd that arophase occure2l hours earlier it€57BL/6Jmice. Comparing data
from LD and DD studiegat 12 months old}o establish the effect of lighting conditions on
the variables measured, our results stmthat period walengthened in DD by7lminutes,
activity onset occuredn hour lagr in DD, activity offset occured.5 hours later in DD and
activity durdion was 3 hours longer in DD. These data indicate that both strains are

comparably sensitive to changes in external lighting conditions.

Our results showed th@s7BL/6Jmice wee more active nocturnally than Cdice It is
possibé that theelativeincrease in nightime activity observed if€57BL/6Jmice is as a
result of theithigher basahocturnal activityevels whereas CD1 mice amore crepscular
in their activity levels/pattern®uncan, Smith et al. 201.2The effect of age on the first two
hous of the dark phase is also different in the two str&énghermore, undddD conditions,
acrophase occurétihours earlier it€57BL/6Jmice compared to CD1 mice. Itis possible

that the lack of melatonin synthesis in @&7BL/6Jstrain contributes tthese observed
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strain differences. Aside from these, there was no other effect of strain in all the other

variables measured.

We found adecrease in activity as miceeaj This finding agrees witbeveralprevious

studiesin rodentqWelsh, Richardson et al. 1986alentinuzzi, Scarbrough et al. 1997
Weinert 2000. An agng SCN might be the cause of this damping of actiMtginert 200).
Indeed an aged SCN which expresses an altered circadian rhythm has been shown for
rhythms of glucose utilizatiofWise, Cohen et al. 1988neuronal firing rates in rats

(Satinoff, Li et al. 199Band the level of vasoactive intestinal polypeptide (VIP) mMRNA
(Kawakami, Okamura et al. 199 Furthermore, transplanté fetal SCN grafts intoold rats
restored circadian rhythms of body temperature, locomotor activity and drifikiagd

Satinoff 1998. It has been shown that the activity rhythm is regulated by multiple oscillators
(Weinert 1997, the decrease in circadian amplitude might be as a result of a weak coupling
between such oscillatofgveinert 2000. Additionally, the ability of the SCN to transmit

timing information might worsen with ag&rajnak, Kashon et al. 1998

Percentage of total activity present in the aphase is a measure of adaptation to the LD
cycle (Weinert 2000. There wa no significant effect of agen the percentage of total

activity present in thactive @ark phasgUsing mice of their own outbred stock (Haz: ICR),
Weinert and Weineil998 found a decrease in thiercentage inged miceg(last weeks of
life); less than 50% of the total 24 h activithis was due to an advancetéonsetof the

active phasgbeginning of activity was not at lights off but earligiis possible we id not

detect an effect of ageecausat 12 monthsthe mice used in this study could be classified as
middle-aged rather thaaged mice. We recorded activity from mice aged between 2 and 12

months whereas they recorded activity from mice aged between 20 and 31 months.
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In our study, obustnes decreasewvith agewhile rhythmicity indexincreasd with age.

Although robustness and RI both measure the presence and strength of the rhythm, they
approach it differently. In robustness, a single cosine curve is fitted on to a mean of the 6
days meased (ig. 2-4) and the amount of variance that can be accounted for by this curve
is the robustness. In RI, an autocorrelation (comparison of elements within a series) is
performed on the raw data of 6yda Thus, a high value of robustness means the fitted curve
is able to account for a high amount of variawithin the mean 24h peridce. it is a smooth
rhythm with minimal noise and a high Rl value means the 6 days are highly correlated to one
another As they age, mice were shown to have a reduced robustness value but increased RI
valug thisfinding means that although the amount of variance that can be accounted for by
the fitted curve is reduced as the mice age, the autocorrelation value betevéataifs (RI)
increases as they age i.e there is a stronger consistency within the Bhikwgecrease in
robustness as mice aged is consistent with resul&obyan and Yellon (2030who used a
similar method of measuring rhythm robustniesthe Tg2576 AD mouse modélsing mice
aged3, 23 and 72 weeks olt/einert(1997) provide evidence that components of the

circadian activity rhythm, including feedback loops, undergo modifications in the course of

postnatal development. The components mature and stabilize from the juvenile to the adult.

We founda marginaincreasgp=0.078) in the amount of activity travelled in the last 2

hours of the dark phase at 12 months compared to 8 morn@a BL/6Jmice. Thiseffect of

age on the levels of activity in the last 2 hours ofd&k phase is consistent wilrevious
resultsby Bedrosian, Herring et a2011). In their study, gedC57BL/6Jmice (29 months

old) were significantly more activban adult mice (7 months old) in the last 2 hours in the
dark phaseThey also investigated behaviour on the elevated plus maze at different times of

the night and results shawat comparetb middleaged mice tested at the same tipont;
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these aged e also display an exaggerated anxiétg responsevhen testedate in the

active phaseTaken togethethesechanges occur at the time of day at whsahdowning
behaviour i n pati en wheretherdithaniAdrease mactivaladd s di s e a
end of the active phase (evening/night time) as well as other behavioural syniptems.

possible that the reduction of amount of activity in the first 2 hours of the light and the first 2

hours of the dark is a reflection of a general reductiontal &tivity as the mice agand/or

a change in the distribution of activity over the 24 hour period with aging

Our results show a gradual ageated reduction in the total stereotypic counts; this could be
as a result of a reduction in the anxiletyels in the mice due tan increasethmiliarity of

the housing conditions.

There wa no effect of agen activity onset. Data from the literature is not consistethen
effect of ageon onsetof the active phasia mice.Using their outbred stock,d2:ICR,

Weinert and Weinei1998 found anadvanced onset of the active phagtereas

Valentinuzzi, Scarbrough et 4997 found a delayed onset of the active phasé57BL/6J

mice Direct comparisons between experiments using aged animals can have
limitations.Information about the chronologi@ae is supplied but no account is taken of the
Abi ol ogi cal 0 o r(Wdinprh2009.iTrus, eveniinchighlystanaaydized
experiments with animals of the same age since birth, the biological or physiological age may
differ considerably among individuals particularly during the second half of thejMoak,
Buysse et al. 199%atinoff 1998. Chronological age is the number of calendar months a
mouse has existed while biological or physiological age focuses on changes in biological or
physiological processes as a mouse ages, this can depend ahfaet@rs which include

diet, activity levek, genetics etc
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Aside from a general hyperactivity and an increased measure of rhythmicity index, there was
no effect of sex on any of the other variables measured. This suggests that results from
experiments that have used one sex can be generalizeddppbsite sexTanaka(2010

reveal that there was a positive correlation between body weight and vertical time (a measure
of exploratwy behaviour) inyoung female mice, this might account for the-baged

hyperativity observed in these experiments.

The finding that there wemo effects of sex on the locomotor activity variables measured in
DD at 12 months old suggests that results obtained from DD experiments in future
experiments might bextendable to the @osite sexUnder constant conditions, the period
length is no longer equal to 24 hours and varies from species to JdedeSchmutz et al.
2005. The length of the freeunning period (under DD conditions) is the endogenous period
length whereas period length under LD conditions is the entrained period length. In this
study, ourresults show that the length of the fire@ning period in 123 montls old mice

under DD conditions wsaapproximately 17 minutes longer than in LD. This effect is not
different in C57BL/6J and CD1 mice. This lengthening of the period was accompanied by a
delay of one hour in the activity onset and a delay of 4.5 hours in the activity offset. Although
there was no significant effect of lighting conditions on the total amount of activity travelled,

the duration of activity is 3 hours longer in DD compared@o

In summary, we have identified a number of age related changes in the circadian control of
locomotor activity that are consistent with effects previously described in aged amimals.
addition we have identified a novel alteration ircadian function with age in C57BL/6J and
CD1 mice; robustnes$here was no main effect of strain on the majority of parameters
measured implying that lack of rhythmic melatonin secretion has not compromised circadian
control of locomotor activity. This gigests that nesecretion of melatonin has not
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compromised the use of the C57BL/6 strain as a background straunr foture studies in
genetically modified miceConsistent with our results, other circadratated studies which
have used the C57BL/@douse strain to model chronicjey (repeated shifts of the light
dark cyclewhich reduces lifespan in aged mice have shown that a-existent melatonin
rhythm is not the mechanism responsible for the adverse éieawed in (Yu and Weaver,

2011))
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Chapter 3: Twenty four hour Locomotor Activity in 2 month
old APPswe/PS1dE9micein 12:12 light/dark (LD) and 24 Hr
double darkness (DD) conditions

3.1 Introduction

A common feature in AD patients is the fragmented sleake pattern which is displayed in

a decreasedaytime activiy and disrupted nighttime sleep. In a study investigating the
characteristics of locomotor activity rhythms in a group of patients with AD compared to
those of agenatched comparison subjects, results revealed that patients with AD had less
diurnal locomotor activity and a higher percentage of nocturnal activity relative to the
comparison group. They also showed less id#gly stability (a measure of rhythmicity) and

a later acrophag&/olicer, Harper et al. 2001

Usinga variety ofdifferent genetic mouse models of AR description otransgenicAD
models can be found in thettoductionsection orpage52); several studies have
investigated the effect of genotype on the levels and distribution of activity across the light
and darkphases. Bsultsconsistentlyshow that genotype significantljters activity levels as
well as activity patterns in genetic mouse models of AD compared to cdmitdlse pattern,
age and sexspecifcity of the abnormality diffebetween modelAPP23 miceshow
hyperactivity aged 12 months but not at 3 and 6 meiftHoeberghsyan-Dam et al. 2004
Hyperactivity is also seen male APP/PS1 (TABPM) mice at 5 and 10 months of age
(Pugh et al 2007 Tg2576 miceshow hyperactivity over the lifespan measured fighto 96
weelks of aggGorman and Yellon 20)0Studies have also shown nocturnal hyperactivity in
APP23 mice at ages®weeks, 3 and 6 montkigan-Dam, D'Hooge et al. 200and PDAPP
mice at 35 months but not 286 months old mic€Huitron-Reséndiz, Sanchexlavez et al.

2002. Pugh et a(2007) have shown a diurnal hypoactivity in TASTPM miead
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Sterniczuk, Dyck et a[2010 have shown diurnal hyperactivity in 3xTg AD mide the
above studiesptomotor activity data collection ranged from 30 minutes during the light

period to over the 24hr period.

As a result of thelinical observation thadlementia patiestclassified asSundowners

become aggressive, restless and agitated and these behaviours become worse during the late
afternoon/early evening and symptoms improve during th€Bkegrosian and Nelson 20113
severalktudies haveanalyzedhe pattern of the distribution of activity in the first and last 2
hours of the light and dark phas¥an-Dam, D'Hooge et a(2003 found significantly

reduced activity in APP23 mice in the first 2 hours of light period (dusk)brée, Touma et

al. (2006 found significantly increased activity in the first 2 hours of the dark period in
TgCRND8 mice. They also report that there was an increase in stereotypic behaviour in the
transgenianice compared to controls at all ages testéey hypothesize that the stereotypic
behaviours and necognitive behavioural symptoms of AD may be caused by the same
mechanismsSeveral studies have provided evidence that dopaminergic mechanisms are
involved in the generation of stereotypies in rodents. They are induced by direct or indirect
dopamine agonists and inhibited by dopamine antagonistu§sed inAmbrée, Touma et

al. 2006). In AD patients, an increase in dopamine content has been observed in Brodmann
area 4 of the primary motor cortex which may underlie the observed increased motoric
restlessnesand wanderingréviewed in (Gsell et al 2004)Bedrosian, Herring et 2011

found that age€57BL/6J(29 months oldjnicewere significantly more active than adult

mice (7 months old) in the last 2 hours in the dark plBeseause mice are a nocturnal

species, the timing of the Sundowning symptoms in mice is reversed in comparison to
humans. This meankat the symptoms would occur close to the end of the night in mice

rather than the end of the day as observed in hu(Bausosian and Nelson 2013
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Amalgamating the findings from these studies, it is egiathat the effect of APP, PS and

tau protein mutationsn activity levels and patterns is influenced by several factorstkach

age at which the mice were tested, method of activity measurement-lageeonditns/

wheel running experiments) aptase in which the tesg occurred (light or dark)

Ramanathan, Stowie et@010 suggestthat thepresence of a wheel might influeraetivity
rhythms.Housing diurnal grass rats in cages with running wheels caused some individuals to
spontaneously adopt a night act{il¥A) phase preference while others maintained a day
active(DA) phase preference xiaressiorof the clock geneser 1andPer 2wasfound to
bealtered inthe extraSCN oscillatorof NA rodents compared to their DA counterparts

Many of the aforementioned studies have used behavioural apparatus that have included a
running wheel. Agatients with AD may not have access to intensgase, as provided by

the wheelthese conditions do not replicate their accurate daily living condi{idmscan,

Smith & al. 2013. Our experimental conditions do not include a runnriggel;therefore

the endogenous chronotype remains unalte@ckrall, hyperactivity is a common feature of

the AD transgene and tlagstributionpattern of activity at the start aedd of the light/dark
phases is alsimfluenced by the AD transgen®ne limitation of previous studies using
mouse models of Al zheimerodés disease is that
activity levels or relative activity distribution acro$etlight and dark phase. No studies to

our knowledge havextensivelyevaluated the full range of circadian parameters that have

been seen to be abnormal in human clinical studies

When organisms are kept under constant condi(ibBy i.e. withoutexterral time cues,
they display the secalledfree runningrhythms that may persist indefinitely. The period
length is no longer equal to 24 hours and differs from species to spraieSchmutz et al.

2005. Shifts in theonset of the active phasan also occur under constant conditions, these
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can eithebe an advance or a delay in theset of the active phasAn advance shiftthe

onset of the active phas®an earlier position in the circadian cycle wdes a delay moves
theonset of the active phasea later timeUsing male Tg2576 mi¢&Visor, Edgar et al.

(2005 found a significant genotype effect on the circadian period of wheel running rhythms

in DD. Whereas wiletype mice exhibited circadian periods less than 24h, Tg2576 mice
displayed circadian periods greater than Zae limitation of using the mixed baakgind

Tg2576 AD mouse model for ageing studies that involve light as a zeitgeber is that many of
these mice develop compromised vision due to retinal degenefdtiesineet al, 2013)We
therefore used the the well characterised APPswe/PS1dE9 modwd firesent studies.

Since we began these studiBanoOtalora, Popovic et a{2012 published an investigation

of a variety of circadian paramaters in the APPswe/PS1dE9 mouse model and an assessment
of the effects of melatoni They showed that there was no significant effect of genotype on
the length of the free running period under constant darkness conditions (DD) and time taken

to resynchronize after at6phase advance.

The aim of our study was to provide a comprehensaravioural investigation of the effect
of the APPswe/PSIE9transgene on activity levels and activity distribution across the
circadian phase. We examined the circadian variation in locomotor activibpying mice (2
months of age) before amyloid plaques are found in the brain which is typically around 4
months of age, [reviewed {iMalm, Koistinaho et al. 203]L Mice were tested under both

LD and DD conditions. It was hypothesized that APPswe/PS1dE9 mice would exhibit

circadian abnormalities in their levels and distribution of activity across the 24 hour period.
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3.2 Materials/Methods

3.2.1 Animals

2 month femal@PPswe/BS1dE9mice (n=8) and wiletype littermates (n=6) were used for

this experiment. They were obtained from the breeding colony.dfi&ie Pardon

(University of Nottinghamand have been describi (Bonardi, de Pulford et al. 2011

Theywere divided into two @horts; 12 mice (APPswe/PS1dES! wild-type) and 2 wild

type mice.The mice were weighed at the start and end of each experiment in order to monitor
their health. Average weight of the mice was 20.5g. The experimental room was temperature
and humidity catrolled similar to the holding room. Room temperature was kept at-20°C
24°C and humidity at 565%.After activity had been recorded under LD conditions for 6

days, the mice were placed under constant darlqmegstions(DD) for 24 daysVisual

checks vere dondortnightly to ensure continued healthll experiments were carried out in
compliance with the Home Office regulations on animal experimentation, and with all
appropriate personal and project license authority under the Animals (ScientificlResyed

Act, UK 1986. UK Home Office ProjeticenseNo: 40/2883.

Start of 2 months 2 months 3 months 3 months End of
study 1 | 1 ' > study
10 days in 6 days in LD 24 daysin 10 daysin
holding DD holding

room room

Activity Recording

Fig. 3-1 Overview of study in2 months oldAPPswe/PS1dE9nice
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3.2.2 Apparatus

As perchapter Apagell6)

3.2.3 Experimental Procedure

As perchapter 2 (pagél?)

3.2.4 Data Analysis

As perchapter qpagell?)

3.25 Statistics

In the LD and DD analyses,ocmeway ANOVA with genotype as a factor was dorféor the
LD vs DD analysis, a repeated measures ANOVA was done. Lighting condition was a

Owi tshuibij ect variabl e whislueb jgeecnt 0dt ypaer ivaabsl ea 6 b e

All statistical analyses were performed using SBS.S (Statistical Package for Social
Sciences, Chicago, IL, USA). The Statistical probability threshold for all experiments was set

at p < 0.05P-values less than 0.055 were rounded down to 0.05.
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3.3 Twenty four hour Locomotor Activity in wild -type and

APPswe/PS1dE9 mice in 12:12 lighdark (L D)

3.3.1 Descriptive analysis of Total activity

APPswe/PS1dE#ice were significantly moractive than WT mice [F(1,12)=6.369,
p=0.027](Fig. 3-2) , they were also moractive at night than WT mice [F(1,12)=8.107,
p=0.015](Fig. 3-3) andhad a greater percentage of activity travelled at night compared to
WT mice [F(1,12)=19.575, p=0.0p{Fig. 3-3). They were not significantly ore active in
the day [F(1,12)=1.529, p=0.24@]ata not shown)Robustness, was also found to be
significantly higher irAPPswe/PS1dE#fice [F(1,12)=8.5%=0.013](Fig. 3-3) although
theirrhythmicity index was unalterddF(1,12)=0.397,p=0.541](Fig. 3-4). The time of peak
activity (acrophase) occurred earlietARPswe/PS1dE#fice than in wildtype controls
[F(1,12)=7.723=0.017](Fig. 3-4). Relativeamplitude was also significantly higher in
APPswe/PS1dEfice[F(1,12)=19.723 p=0.001](Fig. 3-4). The length of the period in
APPswe/PS1dEfice didnot differ significantly from that of WT mice [F(1,12)=0.094,

p=0.764](data not shown)
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Fig. 3-2 Mean distance travelled overa 24 hour period in 2 months oldemale WT and APPswe/PS1dE9mice under LD conditions.
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3.3.2 Descriptive Analysis of Activity Patterns and Stereotypic

Behaviours

In exploring the patterns of actlyiacross the 24 hour periodPPswe/PS1dEfice were
significantly lessactivein the first 2 hours in thight period compared to Wihice
[F(1,12)=10.22%=0.008](Fig. 3-5) as well in the last 2 hosirin the light period
[F(1,12)=4.936=0.046](Fig. 3-5). In the dark phasé&PPswe/PS1dE#ice had more
activity than WT mice in the first 2 hourB([L,12)=17.97%=0.001](Fig. 3-5) and
significantly lesgshanWT micein the last 2 hours travelled in the dark phase F(1,12)=20.392
p=0.001](Fig. 3-5). In terms of stereotypic count®\PPswe/PS1dE#ice didnot have
significantly more stereotypic counts than WT mice in the day [F(1,12)=424D062], at
night [ F(112)=3.822, p=0.074] or in genef&}(1,12)=1.393,p=0.261](data not shown)
Activity onset wa not significantly different iPPswe/PS1dE&nd WT mice
[F(1,12)=3.231,p=0.097](Fig. 3-6), nor wek activity offset [F(1,12)=0.028p=0.870](Fig.

3-6) or activity duration [F(1,12)=0.159,p=0.697](Fig. 3-6).
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3.4 Twenty four hour Locomotor Activity in wild -type and

APPswePS1dE9mice in constant darknesgDD)

APPswe/PS1dE#ice wae hyperactive in DD [F(1,12)=8.68®=0.012](Fig. 3-7) as well
as morerobust than their WT counterparts [F(1,12)=5.4p%#0.038](Fig. 3-8), the same
pattern was seen foelative amplitudg¢F(1,12)=7.768,p=0.016](data not shown)
Rhythmicity index remainednalteredF(1,12)=1.397,p=0.260](Fig. 3-8). Similar to LD
conditions, the time of peak activity (acrophasejRPswe/PS1dEfice wa significantly
earlier inAPPswe/PS1dEfice[F(1,12)=16.648,p=0.002](Fig. 3-8).The leryth of the free
running period wa not altered iMPPswe/PS1dEfice [F(1,12)=1.151p=0.305](Fig.

3-8).

In terms of stereotypic count8PPswe/PS1dEfice hadsignificantly more total stereotypic
counts than their WT littermates [F(1,12)=9.85%0.009](Fig. 3-9). Activity onsetwas
significantly earlier in APPswe/PS1dE9 m|[€€1,12)=5.195,p=0.042](Fig. 3-9) as wa
Activity offset [F(1,12)=16.016 p=0.002](Fig. 3-9). Activity Duration wa not influenced

significantly by genotype [A(12)=1.317,p=0.274](Fig. 3-9).
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3.5 Comparison between ID and DD @nditions on 24 hour Locomotor

Activity in Wild-type and APPswe/PS1dE9 mice

The effect of lighting conditions on total activity did not differ in WT &Pswe/PS1dE9
mice,[F(1,12)=0.029,p=0.868](data not showngame as with relative amplitude
[F(1,12)=0.617 p=0.447 (Fig. 3-12). Compared to LD, mice we significantly less robust in
DD [F(1,12)=15.351,p=0.002] but rhythmicity index vgasignificantly inceased in DD
[F(1,12)=27.511,p=0.000](Fig. 3-12). In all of these measures, thereswep genotype x
lighting conditions interaction. The tirof peak activity (acphase) wa also significantly
earlier in DD compared to LD conditior{$;(1,12)=56.153,p=0.000] and in
APPswe/PS1dE#fice compared to WT midé&(1,12)=20.493 p=0.00] (Fig. 3-12). There
was a lengthening of the period length in DD compared to LD [F(1,12)=56240.000]
(Fig. 3-13). Therewas no effect of genotype on period lenff(l1,12)=0.229,p=0.641] and

no genotype x lighting conditions interactig#(1,12)=0.730,p=0.410]. In termsf
stereotypic counts, mice hagynificantly fewer total steregpyc counts in DD compad to
LD [F(1,12)=6.378,p=0.027](Fig. 3-13) and there wa.no genotype x lighting condition
interaction [F(1,12)=1.966p=0.186] There wa no effect of lighting condition on activity
onset [F(1,12)=2.515p=0.139 (Fig. 3-13) but genotype is significanPPswe/PS1dE9nice
began activity earlier than WTice [F(1,12)=5.227p=0.041]. In addition, there wa
genotype x light interaction [F(12)=4.603, p=0.053]. There waa significant effect of
lighting condition on activity offset [F(1,12)=7.999~0.015](Fig. 3-14) as well as a main
effect of genotype [F(1,12)=11.099=0.006] and a lighting condition x genotype interaction
[F(1,12)=6.290,p=0.028]. Activity endediaterin WT mice. Activity Duratiorwas not

influenced significantly by lighting condition [F(1,12)=3.20870.099](Fig. 3-14) or
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genotypg F(1,12)=0.428,p=0.525]and there wa no genotype x lightingondition

interaction [F(1,12)=1.425p=0.256].
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3.6 Discussion

In the LD part of this experimenbur studies reveal an increased total and nocturnal
hyperactivity inAPPswe/PS1dEfice. They also had an increased percentage of total
activity in the dark phase armah increasedobustnessThere was no effect of genotype on the
period length althougthe acrophase was earlierARPPswe/PS1dEfice. Compared to WT
mice,APPswe/PS1dE#Mice hadan altered pattern of activity distribution over the 24 hour
period as evidenced wgduced percentage of activity travelled in the first and last 2 hours in
the Ight phasean increased percentage of activity travelled in the first 2 hours of the dark
phase and a decreased percentage of activity in the last 2 hours of the darklphassults
from the DD experimentiirror those in LD except thaactivity onseé and offset wee

earlierin APPswe/PS1dEfice compared to9WT mice. Comparing the data from the LD and
DD experimentgonditions to examine the effect of light on the parameters of the circadian
measured in this studgur results reveal that there svaoeffect of the lightilg conditions on
total activity whichsuggestshat the welfare of the mice waot diminished under DD
conditions.However, here was a reduction in the total stereotypic counts in DD and a longer

period length.

The percentage of activity in the last 2 hours of dautk the first 2 hours of light wa

significantly reduced il\PPswe/PS1dEfice compared to their WT littermates. This

decrease in the activity éfPPswe/PS1dEfice during the period of transition fratime

active phase tthe inactive phase is gontrast to the increase in locomotor activity observed

in Sundowning patients during their transition from the active phase to the inactive phase i.e.
towards the end of their active phase (daytime) and thieriag of their inactive phase
(nighttime). One reason for this could be the age of the mice in this study (2 months old)

these parameters walso discussdin older APPswe/PS1dE9 mice (9 months dddigr in
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this thesiswhich revealea differentpatern of results see sectiod.4. By contrasDuncan,

Smith et al(2012, using a different genetic modaljd not find a significant effect of

genotype in the level of activity in the last 2 hours of the dark phase. However, this inability
to detect angenotyperelated differences may have been as a result of genetic background of
the mice they used in their study, which were a mixture oflGIDd 129 suistrains. The

daily rhythms in these mice differ from those of other nocturnal rodents and othebngmm
used inbred mouse strain like C57BL/6J which we used for our @udycan, Smith et al.

2012

The percentage @alctivity in the last 2 hours of light gasignificantly reduced in
APPswe/PS1dEfice and the first 2 hours of dark is significantly increased. This is the

period of transition from the inactive phase to the active phase and is equivalent to the period
betveen the end of nigiitme and beginning of datyme in Sundowning patients. These

results suggest that the reactiolA&fPswe/PS1dE#ice with regards to the anticipation of

the start of the active phase is altered compared to WT. mice

We found a general hyperactivity in 2 month old fenfefPswe/PS1dE#ice.This is
consistentvith previous reports in Abnouse modsl(Huitron-Reséndiz, SAncheXlavez et
al. 2002Vloeberghsyan-Dam et al. 2004Ambrée, Touma et al. 2006orman and Yellon
2010. Plagusd on 6t begi n imonthsadage@Valm Koistimhoiet al. 2031
so the observed hyperactivityight reflect aneffect of the APPswe/PS1dEMutation other
than plaque formationBonardi, de Pulford et af2011) revealed context extinction deficits
in 4 months old APPswe/PS1dEfice, they suggest that tAPswe/PS1dE&ansgene
might be linked to early impairments in theural circuitry involvinghe mediaprefrontal

cortex, basolateramygdala and hippocampus
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Our results showhatAPPswe/PS1dEficehad significantly higher nocturnal hyperactivity
compared to their WT counterpadsnsistent withAPP23 micgVan-Dam, D'Hooge et al.

2003 and PDAPP micéHuitron-Reséndiz, Sanchexlavez et al. 200R They dso hada

greater percentage of their total activity occurring at night. We have also observed a trend of
diurnal hypoactivity in these mice though it does not reach statistical significance. This is
similar to results byPugh et a{2007 andDuncan, Smith et a(2012 who have reported a

diurnal hypoactivity in TASTPM and APf7ONMET1p g P264UP26abyjica respectively.

Acrophase (the time of peak activity) was found to be significantly earlier in
APPswe/PS1dEfice compeed to WT mice, approximately fhinutes earlierHuitron
Reséndiz, Sanchexlavez et al(2002 did not find a main effect of genotype on acrophase
in PDAPP miceaged 35 months. The reasoorfthisis unclear.One possiblegasons that,
becaus@®DAPP mice developmyloid plagues betweer®monthg Games, Adams et al.
1995 and APPswe/PS1dE9 mice develop plagues at 4 m{vitdm, Koistinaho et al.

2011J), an alteration in locmotor activity acrophase can be detected earlier in
APPswe/PS1dE9 mictn AD patients, the acrophase of the locomotor activity and body
temperature rhythms occur approximately 4 hours later compared to cognitively normal

elderly subjectgSatlin, Volicer et al. 1995

Robustness was found to be increasetiRiPswe/PS1dEfice compared to their WT
littermateswe speculate that this is as a result of the hyperactivity caused by the
APPswe/B1dEStransgeneRegular vigorous activity has been shown to entrain the-sleep
wake and drinking circadian rhythms in mi{&gar, Kilduff et al. 1991 Rhythms in 11 out
of 15 mice became entrained to a restricted wheel running schedatilition,exercise has

been shown to increase consolidation of wakefulness during the day and can increase the
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body temperature by several degrees in rtiwkyar, Dement et al. 199&dgar, Kilduff et al.

199)).

The finding that activity onset, actiyibffset and activity duration we not significantly
altered inAPPswe/PS1dE#ice under LD conditions demonstrates that the complex
mechanism of entrainment, using photitianorphotic zeitgebers, (seattoductian chapter,
page27) is not compromised IAPPswe/PS1dE#Mice.The average time of activity onset in
APPswe/PS1dEand WT mice wa not significantly differentZT 13.25 and ZT 13.83
respectively. This is to be expected as activity is entrained by the light zeitgeber and the
vision of youngAPPswe/PS1dE#fice is not significantly different from that of their WT
littermateg(Stover and Brown 20)2The length of the period uedLD conditions

(entrainment) waialso unaltered by the transgene

We found a marginal effect of genotype on diurnal stereotypic counts with the
APPswe/PS1dEfice having less diurnal counts [F(1,12)=4.2460.062] and a marginal
effect of genotype on nocturnal stereotypic counts with the transgenic mice having more
nocturnal counts [F(1,12)=3.822, p=0.074The reason stereotypic counts did not reach
significance levels here might be as a result of the age of the mice. (See results from older
mice in sectio.3.1]) Ambrée, Touma et a{2006 showed a general increase in stereotypic
behaviour in male transgenic TJCRND8 mice aged 30, 60, 90 and 120 dagstypie
behaviours are repetitivgehaviours that occur in captive animals as a result of suboptimal
housing conditionsthey can also be elicited by an increase in activity or excitefiason
1991). It is also possible that they are related to an overexpression afLaRiRde, Dumont

et al. 2002 and may share underlying mechanisms with BR&mDbrée, Touma et al. 26).

APPswe/PS1dE#ice havean altered expression of APP and increased activity compared to
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wild-type mice which might contribute to the observed increase in stereotypic behaviour
Studies do not measure stereotypic behaviour in the same way. In this study, we have
recorded, as stereotypic behaviour, all repetitive behaviour and movements within a small
defined perimeter around the mouse. Other studies have recorded stereotypgsras j
traversing the cage lid and circling the cagdAichbrée, Touma et al. 20P6r swaying from
one sde of the cage to another, scratching and grooming movefhaiisade, Dumont et

al. 2003 . It is unlikely that environmental undstimulaton is the underlying mechanism

for the observed increase in stereotypies as qualitative observations indicate that they occur
under other housing conditions such as group housing and enricffn@mee, Touma et al.
2006. In addition, our home cage conditions areiemmentally enrichedOur results

suggest that this model of AD will be useful in the staflBPSD such as anxiety,
restlessness, wandering dtwdeed, Cheng, Logge et a{2013 reveal higher anxiety levels

in APPswe/PS1dE9 mice compared to contie as measured lay elevated plus maze

test.

Results fronour DD studies showthe length of the periodnder constant conditions (free
running) which is considered to be a direct assessment of the circadian clock did not differ in
this study between APPswe/PS1dB8d wildtype mice, consistent witBanoOtalora,

Popovic et al(2012 andGorman and Yelloi2010. By contrastWisor, Edgar et a(2005
found that the length of the freenning periodhythm(measured using wheel running
activity) was approximately 0.25h longer in Tg2576 mice. This might be as a result of the
different methodologies and AD straamployed as wheel running experiments have been

shown to alter the endogenous chronotype of req&amanathan, Stowie et al. 2010
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The increase in robustness and relative amplitude obserydtPawe/PS1dEMice under

LD conditions is also observed under DD conditions demonstrating this is an endogenous

effect of theAPPswe/PS1dE&ansgene and not merely an artefact produced by the presence

of light under LD conditiondMa s ki ng has b e e muatoa (négatieeloras O The
enhancement (positive) of a measure of the circadian master clock by an exogenous stimulus

or factor. 6 Circadian parameters that are af
body temperature. These rhythms are masked hy/digd posture/sleep respectivelge of

constant darkness protocol is a means of reducing the effects of photic masking of locomotor
activity and establishing the endogenous circadian rhythm of the locomotor attantpnt

2014).

Consistent with previous results from LD experimeABPswe/PS1dEmice wee aso
hyperactive in DD. The loss of photic and raimotic cues did not eliminate this effect of the

transgene.

We conducted an analysis comparing parameters in LD and DD conduiexamine the
effect of light on the parameters of the circadian measured in this $tuglyotal level of
activity of both strains of micevas not significantly dierent in LD and DD conditions
Comparable levels of activity under batb and DDcondtionsfurther suggestthat the

welfare of the mice was not diminished under DD conditions.

Comparing DD conditions to LD conditions, tireean activity onset remainedchanged in
APPswe/PS1dE9 mice while that of WT mice is delayed by approximately @.% hbere

was also a delay in mean activity offset (approximately 4 hours) observed in WT mice that is
not observed in APPswe/PS1dE9 midde onset and offset of the active phasaocturnal
species are closely coincided with light onset and off3ehcan, Smith et al. 201.2These

results suggest that APPswe/PS1dE9 mice are able to maintain a stronger memory of the
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former lighting conditions and that their activity patterns differ from those of WT mice under
constant conditions. We speculate that as a result of the hyperactivity caused by the
APPswe/PS1dE9 transgene and the corresponding increase in robustnagthamdity

index observed in APPswe/PS1dE9 mice, the capability to keep activity entrained to previous
LD conditions is higher in APPswe/PS1dE9 mice. The findin@yoOtalora, Popovic et

al. (2013 that time taken to resynamize to a new LD cycle after al6phase advance is
unchanged demonstrates that entrainment capability is not impaired by the APPswe/PS1dE9
transgene.To our knowledge, this is the first time that compared to WT Hittates, an AD

model has been demoraed to be less resistant to shifts in activity oasekt offsetas we

have defined jtin this case, delay in activity onsetd activity offset The earlier time of

peak activity (Acrophase) observed in DD is most likely to be as a césbkt delayn

activity onset.

Robustness vgasignificantly altered in D@ompared to LDresulting in the mice being less
robustin DD. However RI (rhythmicity index) wa increased under D&bnditions(refer to

discussion sectioR.6for more detailed explanation).

The length of the freeunning period in young 2 months old miseder DD conditions (24.2
hrs) wa approximately 30 minutes longer than in LD (235).Ahis means that photic
masking serves to shorten the period length by 30 minutes in both APPsw& 8id
wild-type mice. There wsano lighting condition x genotype interaction meaning the visual

system which mediates photic masking is unaltered in yourtegstve/PS1dE9 mice.

Both APPswe/PS1dEand wildtypemice hal fewer stereotypic counts in DD compared to
LD which suggestthat repetitive stereotypic behaviours,armst likely,as a result of
anxietyinduced groomingTlhese results might reflect teamilarity of DD conditions to the

natural habitats of mice
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In conclusion, our data demonstrate that there is a significant effect/AP®®ve/PS1dE9
transgene in 2 months old poéaque mice on the levels of activity and the circadian
distribution of &tivity across the light and dark phase, upholding our hypothésder LD
conditions, compared to witype mice APPswe/PS1dE9 mice wemore hyperactive, had
higher perentage of activity atight, their activity rhythms wermorerobust, hadn earlier
acrophase as well as display an altered pattern of activity in the first and last 2 hours of
activity in the light and dark phases. Under DD ditions, APPswe/PS1dE9 mice hadre
stereotypic counts, and had earlier activity onset and agtivoffset. In comparing LD and
DD conditions, both APPswe/PS1d&Al wild-type mice hadeduced robustness/ increased
Rl valuesas well as a lengthened period by 30 minutégseé results imply that common
with many othebehavioural deficitstheseappear before formation of amyloid plaqueghe
brain. Having established changes in a variety of circadian parameters we next investigated

how these changes in APPswe/PS1dE9 mice witenth age.

183



Chapter 4: 3,6, 9 months old APPswien

Chapter 4: Longitudinal 24 hr Locomotor Activity in WT
and APPswe/PS1dE9miceat 3, 6 and 9 months old

4.1 Introduction

Having established th&PPswe/PS1dE#fice show abnormalities in circadiparameters,

we nextinvestigated whethehese effectsf the APPswe/PS1dE&ansgenarealtered with

age Both normal aging and dementia are associated with disturbances in the biological clock
which contribute to dramatic circadian disorganization in daily patterns of hormone release,

the sleepvake cycle and body temperature rhythms.

A common feature in Apatients is the fragmented activitystpattern which is displayed in

a decreased daytime activity and disrupted riighée slee\Volicer, Harper et al. 2001

These nocturnal awakenings and daytime naps are more pronounced in AD patients, both in
frequency and duration, than they are in normal a@glagobs, Ancolisrael et al. 1989 Wu

and Swaal§2007) have hypothesized that these adi@mn disturbances are due to a disruption

of the primary mammalian circadian clock, the suprachiasmatic nucleus (SCN) or a decrease

in overall input to the SCN.

In mice, aging has sb been shown to alter the onset of the active plexsgthen periods,
reduce circadian amplitude and affect SCN electrophysioldipgard, Hill et al. 2005
Valentinuzzi, Scarbrough et al 199Using Tg2576 micezorman and Yellon2010

found a significant decrease in the robustness and total activity of transgenic and WT mice,
for both of these measures there was no genotggeixteraction. Duncan, Smith et al.

(2012 using AP P K67ONME71Lp gq P264LP264lnmice also showed a reduction in total activity in
aging which was the same in both transgenic andtyd controls. Diurnal activity

increased wh agng and again there was no aggenotype interaction. The amount of
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activity travelled in the first 2 hours of the light phase sigsificantly affected by agevild-

type and older mice were relatively more active during this period.

In this chapter, we performeallongitudinal investigation of the effect of the AD transgene
on activity levels and activity patteras agedefore and after amyloid plaquase found in
the brain We hypothesize that agad theAPPswe/PS1dE&ansgene would @t circadian
parameters and ththese changes would diffgrior to and aftethe ages at whicAD

pathologyis typically seen

4.2 Materials/Methods

4.2.1 Animals

3 month old mal&PPswe/PS1dE#mice (n=10) and wildype littermates (n=9) were used
for this experinent. They were obtained from the breeding colony ofMBrie Pardon
(Universityof Nottingham) and were testedfie cohorts of 6, 3, 2, 3, and 5 midehe five
cohorts reflect the availability of the mid@ecause the stly relates to ging and AD it was
important to very precisely ageatch the micethis meant testing them in cohorts that
coincided with breeding rather than waiting until a batch of mice reached a widemnage
as is commonly done in these studiBse two genotypes were distributethdomly across
the five cohortd.ocomotor activity was measured at 3, 6 and 9 months ofadigaice were
preciselythe same age at time of testifi@sting began at 3 months and not 2 months as in
Chapter 2 because the only mice available at the tieme & months of ag@f the 9 wild

type mice, 2 were eliminated frothe final analysis;me, as a result of faulty equipment and
the other had to be terminated as a result of a tumour. The experimental room was
temperature and humidity controlled simitarthe holding room. Room temperature was kept

at 20°C-24°C and humidity at 585%. All experiments were carried out in compliance with
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the Home Office regulations on animal experimentation, and with all appropriate personal
and project license authoritynder the Animals (Scientific Procedures) Act, UK 1986. UK

Home Office ProjeclicenseNo: 40/2883.

Start of 3 months 3 months 6 months 9 months 9 months End of
study | ' ' study
10 days in 6 daysin LD 6 daysin LD 6 days in LD 10 days in
holding holding
room room

T
Activity Recording

Fig. 4-1 Overview of longitudinal study (3, 6 and 9 months old)
4.2.2 Apparatus

As perchapter 2 (pag&l16)

4.2.3 Experimental Procedure

As perchapter 2 (pag&l?)

4.2.4 Data Analysis

As perchapter 2 (pag&l?)

425 Statistics

A repeated meases ANOVA with genotyp@s a between subject varialled ageas a

within subject variablas factors was dond.o verify the source of a main effect of age or an

age x genotype interaction,thta u c hl y 6 s t esamines.tffaunditssbenonc wa s
significant (p<0.05), then the OSgdgnficni ci ty a

(p <0.05), this mant a violation of sphericity artde Greenhous&eisser estimate of

186



Chapter 4: 3,6, 9 months old APPswien

sphericity (&)Whweas &de warmi rFeld coffebtion wiasused &d y n h
when & < 0. 7 5Geissehcerreconevasrus@ignifcant main dects of age

were further analysed by pesbc comparisons with a Bonferroni correction factor applied

for multiple comparisonsSignificant age x genotype interactions were further analysed by
splitting the dataither by genotype in the repeated ANOVAtter splitting byage by

carrying out three Univariate oveay ANOVA All statistical analyses were performed using
SPSS 19.0 (Statistical Package for Social Sciences, Chicago, IL, USA). The Statistical
probability threshold for all experiments was set atqh05.P-values less than 0.055 were

rounded down to 0.05.

4 3Results

4.3.1 Effect of Genotype

Although he APPswe/PS1dEfice were hyperactive [F(1,15)=12.704, p=0.003].4-2,
Fig. 4-3, Fig. 4-4) and had significantly more nocturnal distance than the WT controls
[F(1,15)=10.624, p=0.00%Fig. 4-5), there wa no significant main effect of genotype on
diurnal distance [F(1,15)=0.631=0.439 (data not showndnd percentage of activity
travelled at night [F(1,15)=4.21p70.058](data not shownAPPswe/PS1dE#ficehad
higher measurement of rhythmicity as measured by robustness [F(1,15)=4906Gd0]
(Fig. 4-6) and the rhythmicity index [F(1,14)=6.479~0.023 (data not shown)lhere wa
no effect of genotype on acrophdBél,15)=0.071, p=0.794Fig. 4-7) and period length
[F(1,15)=0.994, p=0.335Fig. 4-9) although relative amplitude waignificantly higher

[F(1,15)=32.802 p=0.0QqFig. 4-8).
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In exploring the patterns of activity rss the 24 hour period, theresa@o significant rain
effect of genotype on first 2 hmutravelled in the light pha$g(1, 15) = 1.490, p=0.241]
(Fig. 4-10), first 2 haurs travelled in the dark phag1, 15) = 3.951, p=0.06%Fig. 4-12)
and last 2 hours travelled ihe dark phasg-(1, 15) = 7.148%=0.683](Fig. 4-13) However,
in the last 2 hors travelled in the light phasAPPswelPS1dE9mice wee significantly less
active than WT mice (1, 15) = 8.164=0.013 (Fig. 4-11). Although there ws no effect of
genotype on stereotypic diurnal counts [F(1,15)=0.2¥3).609](data not shown)
APPswe/PS1dE#ice hadsignificantly more stereotypic nocturnal countg1[E5)=8.317,
p=0.011](Fig. 4-15) as well as more total stereotypic counts [F(1,15)=8.240.012](Fig.

4-14).

4.3.2 Effect of Age

There was aignificant main effect of agen total activity with lesels decreasing as the mice
aged[F(1.132,16.980)=4.4234, p=0.05®ata not shownhocturnal distancalsodecreased
as the mice ag€é(1.044,15.665)=5.318, p=0.0B&ig. 4-5). 9 months old mice were less
robust than at 3 monthsb[F(1.342,18.794)=6.541, p=0.003ig. 4-6), 9 months mice had

a reducedrelative amplituderalue compared to aged 6 monfR§2,30)=5.529, p=0.0Q9

(Fig. 4-8) and percentage of activity travelled at niglats reduced at 6 months old compared
to 3 months oldF(1.364,2.455)=6.279, p=0.0J4datanot shown) Time of peak activity
(acrophase) was not significaff(1.109,16.628)=4.037, p=0.85(Fig. 4-7). There wa no
significant main effect ohgeon diurnal distance [F(1.105,16.575)=2.747, p=0] 1d4ta not
shown) rhythmicity index [F(2,28)=0.145, p=0.86@]ata not showrand period length

[F(2,30)=1.043, p=0.365Fig. 4-9).
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In exploring the patterns of activity rass the 24 hour period, theresn@o significant mai
effect of ageon the first 2 hots travelled in the light pha$g(2,30)=1.496, p=0.24qFig.
4-10), first 2hours travelled in the dark phg$€1.215,18.222)=0.731, p=0.@KFig. 4-12)
and last 2 has travelled in the light pha$g(2,30)=2.456, p=0.1Q8ig. 4-11) although
there wa amain effect of agen the last 2 hors travelled in the dark phaske amount of
activity remainedinchanged betweena®d 6 months but increasbdtween 6 and 9 morgh
[F(2,30)=9.038, p=0.001Fig. 4-13). In terms of stereotypic oats, there wano effect of
ageon diurnal stereotypic counts [ER11,18.163)=1.3, p=0.264 (data not shownand
total stereotypic counts [F(1.157,17.362.681,p=0.116 (Fig. 4-14). However, the effect of
ageon nocturnaktereotypic counts vgssignificant [F(1.109,16.663)=4.786, p=0.D{big.
4-15). It decreasebteween 3 and 6 months and remainedhanged betweenahd 9

months.

It is noteworthy to mention here that activity, onset, activity offset and activity duration
could not be measured in this longitudinal stullyis is becaus®f the 7WT mice and 10
APPswe/PS1dEficein the studythese measures could obly extracted from 2 WT mice
and 8APPswe/PS1dE#fice which rendered the analysis impossiBlgtivity onset was
determined as the first tirmint from 6 h before lights off where average activity counts
exceeded the 24 h mean and remained sustainedhogerof the following bins. If the

activity at the beginning of the active phase is not sustained over three of the following bins,
it is not considered, the same applied to activity ofteétrestingly, it appears that the
APPswe/PS1dE#ice were moreresistant to the increase in fragmentation of activity across
the 24h day as both groups of animals aged. Bouts of activity became shorter in a larger
percentage of WT mice and thus, they did not meet the criteria to determine activity onset,

activity offset and activity duration.
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4.3.3 Age x Genotype hteraction

There wa a sgnificant genotype x agateraction for period length [F(2,30)=5.680,
p=0.008]. Thee is no effect of genotype at 3or 6 months but at 9 monthpetie length of
WT mice is shorteneldy appoximately 30 minutes compared to that of APPswe/PS1dE9

mice.

There wa a significant gnotype x ageteraction for mean percentage activity of last two
hours in the dark phase [F(2,30)=8.193;0.001]. Levels of activity in the last 2 hounstihe
darkphase ilAPPswe/PS1dEmcreasd consistentlyas they aggéwhile that of WT mice

relatively unchanged across all 3 ages tested

There was a significant age x genotype interaction fampercentage activity travelled in
the first twohours in theight phase[F(2,30)=3.283,p=0.051], itremainedunchanged
across 3, 6 and 9 months in WT mice but inAR®swe/PS1dE#ice is increased between 3

and 6 months and remains unchanged between 6 months and 9 months
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434 Effect of Cohort

17 mice werencluded in the final analysis, 7 WT and 10 APPswe/PS1dE9 mice. In the first
cohort, there were 4 WT mice and 2 APPswe/PS1dE9 mice (6 mice in total). In the second
cohort, there was 1 WT mouse and 2 APPswe/PS1dE9 mice (3 mice in total). In the third
cohort there was 1 APPswe/PS1dE9 mouse. In the fourth cohort, there were 1 WT mice and
2 APPswe/PS1dE9 mice (3 mice in total). In the fifth cohort, there were 1 WT mouse and 3
APPswe/PS1dE9 mice (4 mice in total). There was no main effect of cohort on pegtd le
relative amplitude, acrophase, robustness, rhythmicity index, nocturnal/total stereotypic
counts and total distance. However, there was a main effect of cohort on first 2 hours at light,
first 2 hours of the dark, diurnal distance, percentage dfaotaity travelled at night and

diurnal stereotypic counts. Further posthoc analysis revealed that the main difference in the
variables that had a main effect of cohort was between the first and fifth cohort. It is possible
that the uneven genotype dibtrtion in cohort 1 (predominantly WT mice) and cohort 5
(predominantly APPswe/PS1dE9 mice) is responsible for the difference. This difference

should even out when all the cohorts are combined in the final analysis.
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Fig. 4-2 Mean distance travelled over a 24 hour periodLD) in 3 months old male WT andAPPswe/PS1dE9nice (longitudinal study)
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Fig. 4-3 Mean distance travelled over a 24 hour periogdLD) in 6 months old male WT andAPPswe/PS1dE9mice (longitudinal study)
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Nocturnal Activity
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Fig. 4-5 Nocturnal activity in longitudinal study of 3, 6, 9 months oldAPPswe/PS1dE9ice
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Significant effect (p<0.05) of genotype and sigant effect (p<0.05) of agen mean robustness
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Fig. 4-7 Acrophase inlongitudinal study of 3, 6, 9 months oldAPPswe/PS1dE9ice (LD).
Significant effect (p<0.05) of agend ro significanteffect of genotype (p>0.0%n Acrophase
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Fig. 4-10% First 2 hours in light phasein longitudinal study of 3, 6, 9 months old

APPswe/PS1dE9ice (LD). Significant genotype x ageteraction (p=0.0519n mean
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Fig. 4-14 Total stereotypic counts inlongitudinal study of 3, 6, 9 months old
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Nocturnal Stereotypic Counts m \W/T
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Fig. 4-15 Nocturnal stereotypic counts inlongitudinal study of 3, 6, 9 months old
APPswe/PS1dE9nice (LD). Significant effect (p<0.05)f genotype and agen mean

nocturnal stereotypic counts. No significant genotygeinteraction (p>0.05)
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4.4 Discussion

In this longitudinal studypur results show that general hyperactiuitgcturnal activity,
robustness, rhythmicity index, percentage of activity indse2 hours of the light phased
total stereotypic countre increased IAPPswe/PS1dEfice compared to WT mice. There
was no effect of genotype on the acrophase. As the miak tagal andnoctumnal activity
levels declind with age,asdid robustness, percentage of activity at night and nocturnal
stereotypic counts. The percentage of activity in the lasugstof the dark phase increased
with age.Period length irAPPswe/PS1dE#fice wa unaffected by agehile the period

length of WT micewvas shortened by 30 minutes at 9 months.

Our results reveal that thewas an effect of agem APPswe/PS1dEBut not WT mice in the
percentage of activity travelled in the first 2 hours of the lightplsPPswe/PS1dEfice

had a significantly reduced percentage of activity in the first 2 hours of the light phase
compared to WT mice atrBonths;there was no significant eftt of genotype at 6 months
and9 months old.Van-Dam, D'Hooge et a[2003 found significantly reduced activity in

male APP23 mice in the first 2 hours of light period (dusk) at 6 montihsidb at 2 motins

or 3 months. Using APf70NME71LpgqP264LIP24mice at 4, 11 and 15 months of age,
Duncan, Smith edl. (2012 found an effect of genotype and age in the percentage of activity
during the first 2 hours of the light phase with wijghe and older mice relatively more

active during this period.

Our results reveal that there svao effecbf ageand a marginal effect of genotype on the
percentage of activity in tha$t 2 hours in the dark phaséhis is consistent with results by
Ambrée, Touma et a{2006, they found significantly increased activity in the first 2 hours

of the dark period in TJCRND8 mice tested at 30, 60, 90 and 120 days of age.
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The percentage of activity in the I&hours of de&k and the first 2Zvous of lightphase
increasedvith agein APPswe/PS1dEfice but remainedonstant in WT mice. This

increase in the activity dkPPswe/PS1dEfice during the period of transition from the

active phase to the inactive phase is reminiscent of the increase in locomotor activity
observed in Sundowning patients during their transition from the active phase to the inactive
phase i.e. towards the eafitheir active phase (daytime) and the beginning of their inactive
phase (nightime). Volicer, Harper et al2001) examined the effect ahe severity of
surdowning(never, rarely and usually) on the percentage of activity travelled at night in
Sundowning patients, their results showed the levels did not differ significantly. However, to
our knowledge, this is the first stytbh examine the effect of afge ADtransgene during the

period of transition from the active phase to the inactive phase.

The effect ofageon the amount of activity in the last 2 hours of the dakRPswe/PS1dE9

mice but not WT mice lends more support to the notionddidain featuresf aging are

more pronounced n Al zhei mer 6s di s e a fJacobs,Ancpliaraekeed t o
al. 1989 Bedrosian, Herring et al. 20L1Bedrosian, Herring et 82011 found that aged
C57BL/6Jmice (29 months old) were significantly more active thdmtamice (7 months

old) in the last 2 hours in the dark phase.

The effect of agen the percentage of activity travelled in the last 2 hours ofdigtitthe

first 2 hours of dark wathe same in WT mice adPPswe/PS1dEfice. This is the period
of transition from the inactive phase to the active phase and is equivalent to the period
between the end of nighime and beginning of dalyme in Sundowning patients. There sya
however, a significant main effect of genotypetiom percentage of activity travelled in the
last 2 hours of light and a marginally significant effect of genotype on the percentage of
activity travelled in the first 2 hours in the dark (p=0.065). Taken together, these results
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suggest that the reactiohAPPswe/PS1dE#fice with regards to the anticipation of the start

of the active phase ialtered compared to WT mice.

We have observed significantly increased total and nocturnal activity levels in the
APPswe/PS1dE#Mice compared to their neransgenidittermates. These results are
consistent with several other stud{eiiitron-Reséndiz, Sanchexlavez et al. 2002
VloeberghsyVan-Dam et al. 2004Ambrée, Touma et al. 2006orman and Yellon 20)@&s
well as with our previous study with 2 month &iBPswe/PS1dE#fice. Consistent with
Gorman and Yébn (2010 andDuncan, Smith et a(2012), the levels of activity reduced
significantly with age and this effect waet different inAPPswe/PS1dEfice and WT

mice.

Robustness, waincreased ilPPswe/PS1dEfice and diminishes as the mice age
consistent with the results obtained®grman and Yelloii2010 in Tg257% miceand our
earlier results with C57BL/6J and CD1mice (secdh]). Rhythmicity indexwas also
found to be increased WPPswe/PS1dEfice compared to W¢ontrols;however this was
not affectedoy aging. In contrast tbuncan, Smith et a(2012, diumal activity wa not

significantly altered ilrAPPswe/PS1dEfice or by aging.

Although the lendt of the period waunaffected by aging hPPswe/PS1dE#fice, there

was a shortening of the period lendy 30 minutes in WT mice, this is in LD conditions and
thus is a measure of how wélike circadian system cdme entrainedThis observation is
consistent with our previous findings of increaseloustness and suggesis circadia

system ofAPPswe/PS1d&mice may banore efficient and less susceptible to degradation

by aging.
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Although there wa no effect of genotype on apitase, it was marginally affected by aging
(p=0.058) Similarly, the percentage of activity travelledn&ght was not affected by
genotypebut is reduced as the mice ayelicer, Harper et ali2001) showed that AD
patients have a later acrophasel a higher percentagérmcturnal activitythan age

matcheccontrol subjects.

Consistent withAmbrée, Touma et a{2006), in this studyAPPswe/PS1dE#fice had
significantly moretotal stereotypicounts than the WT conis although the effect of age

on total stereotypic counts did not reatétisticalsignificance.

In conclusion we have shown that APPswe/PS1dE9 mm& abnormalities in the circadian
control of locomotor activity that interact with age. Increased robusémesghythmicity

index suggest that APPswe/PS1dii@e have abnormally good entrainment of period length

in LD to the environmentWe have demonsted an abnormal distribution of activity across

the 24 hr period with age which corresponds to the activity period affected in Sundowning.
These data suggest that this model shows abnormalities in circadian parameters of locomotor
activity. In the followng experiment we examined whether these effects are seen in mice at a

significantly older age than that used in the present study.
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Chapter 5: Locomotor Activity Recording in 16 months old
WT and APPswe/PS1dE9mice

5.1 Introduction

As Al z hei mpogrésses,dhers is anaceumulation of extracellular senile plaques
and intraneuronal neurofibrillary tangles in the cell bodies and apical dendrites of the brain.
These are the two characteristics that are used for thenootm verifcation of the diease
(Epis, Gardonia et al. 20R9n the previous chaptere examined the effect of aga

activity levels and activity patterns across #dehrcircadian phastom 3 months until 9
monhs old (adulthood). This experimenstill examine the dect of theAPPswe/PS1dE9
transgene in aged mice (16 monthd). Using PDAPP micd{uitron-Reséndiz, Sanchez
Alavez et al(2002 found no effect of genotype on the acrophase, diurnal and nocturnal
activity of 20-26 month old miceUsing APP23 miceVloeberghsVan-Dam et al(2004)

found a significant effect of genotype on total and nocturnal but not diurnal activity. We
hypothesize that some of the effects of AlRPswe/PS1dEBansgen®n levels of activity

and patterns of activity distribution across the 24 hour pefiserved at younger ages will

beobserved in these aged mice.

5.2 Materials/Methods

521 Animals

16 month mal&PPswe/PS1dEfice (n=5 and wildtype littermates (n=4were used in this
experiment. They were obtained from Professor Fran Ebling (UniveraNgtthgham). The
experimental room was temperature and humidity controlled similar to the holding room.

Room temperature was kept at 2023°C and humidity at 565%.After activity had been
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recorded under LD conditions for 6 days, the mice were placer wonstant darkness
conditions (DD)for 60 daysChecks were donrtnightly to ensure continued health. All
experiments were carried out in compliance with the Home Office regulations on animal
experimentation, and with all appropriate personal anggrbcense authority under the

Animals (Scientific Procedures) Act, UK 1986. UK Home Office PrdjeehseNo0:40/2883.

16 months 16 months 17months 18 months 18 months End of
study

14 daysin 6 daysinLD 36 daysin DD 24 daysin DD 14 daysin

holding (non.free— (free-running) holding

— running) room

Activity Recording
Fig. 5-1 Overview of study with male 16 months oldAPPswe/PS1dE9mice.
5.2.2 Apparatus

As perchapter Apagell6)

5.2.3 Experimental Procedure

As per chapter 2jagell?)

5.2.4 Data Analysis

As perchapter 2 (pag&l?)
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5.25 Statistics

For the LD and DD analysespaeway ANOVA with genotype as a factor was dorfeor

the LD vs DD analysis, a repeated measures ANOVA was done. Lighting condition was a
Owi tshuibp ect &6 variabl e whsukj getndliskrgsteal avlalse .a
analyses were performed using SPSS 19.0 (Statistical Package for Social Sciences, Chicago,
IL, USA). The Statistical probability threshold for all experiments was set & @5<P-

values less than 0.055 were rounded down to 0.05.

5.3 Twenty four hour Locomotor Activity in wild -type and

APPswe/F51dE9 mice in 12:12 light/dark(L D)

5.3.1 Descriptive Analysis of Total Activity

APPswe/PS1dEgice did not differ gynificantly from WT mice in total distance
[F(1,7)=1.622,p=0.244](Fig. 5-2), diurnal distance [F(1,7)=0.82=0.393](Fig. 5-3),
nocturnal distance [F(1,7)=2.40p5=0.165](Fig. 5-3) and percentage of activityatvelled at
night [F(1,7)=3.368,p=0.109](Fig. 5-3). There was also no effect of genotype on acrophase
[F(1,7)=2.435,p=0.163](Fig. 5-4) and period length [F(1,7)=0.136p=0.723](Fig. 5-4).
Although rhythmicity index was similar in bokPPswe/PS1dEGnd WT mice
[F(1,7)=0.008,p=0.932](Fig. 5-4), APPswe/PS1dE®@ere significantly more robust than

WT mice [F(1,7)=10.954p=0.013](Fig. 5-3) and had a higher relative afitude

[F(1,7)=6.145,p=0.042](Fig. 5-4).
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5.3.2 Descriptive Analysis of Activity Patterns and Stereotypic Behaviours

In exploring the patterns of activity across the 24 hour period, there was no significant effect
of genotype in the percentage of activity travelled in the first [F(1,7)=1.36Q,226](Fig.

5-5) and last 2 hours of the light phase [F(1,7)=3.9650.087](Fig. 5-5). Although there

was no effect of genotype on the percentage of activity travelled in the first 2 hours of the
dark phase [F(1,7)=0.795=0.403](Fig. 5-5), APPswe/PS1dEfice hadsignificantly more
activity than WT in the last 2 hours of the dark phase [F(1,7)=9.53R,018](Fig. 5-5). In
terms of stereotypic count®PPswe/PS1dE#fice didnot have significantly more
stereotypic counts than WT mice in the day [F(1,7)=0.4#8.527](data not shown)at

night [F(1,7)=2.546, pfH.155](data not shown)r in generalF(1,7)=0.959,p=0.360](data
not shown)Activity onset wa not significantly different iPPswe/PS1dE&nd WT mice
[F(1,6)=0.563,p=0.482](data not shownysame as activity offset [F(1,6)=0.25F+0.630]

(data not shownand activity duration [F(1,6)=0.279=0.616](data not shown)
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Period Length
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Fig. 5-4 Rhythmicity index, acrophase, relative amplitude and period lengthn study of

16 months oldAPPswe/PS1dEdmice (LD).

Significant effect of genotype (p<0.05) on

relative amplitudeNo significant effect of genotyp@>0.05) on rhythmicity index,

acrophase and period length

211



Chapter 5: 16 months APPswe mice

% Last two hours light

Genotype Genotype

1S S
() @
n 7
X g, %First two hours light F 4 — \\/T
@ — WT @ =— APPswe
@ == APPswe &
S o 5e
= =
=2 =)
G 4 a2
>
3 2

=
o 2 o1
= =
= =
) 17
= 0 Z0
=S =S
c
T T
4] ]
= =

~—~ ~—~~

E E

Q Q

) 7
\({) % First two hours dark - % Last two hours dark
+ 25, + 35, — /T
Q — WT @ === APPswe
& = APPswe Q 30| T
s % T s
< < ]

© ] S
g 15 S 20 |

3 10 3 15
<

3 S 10 |

5 4

= g s

0 %)
= 0 © 0
X X

S Genotype S Genotype
[«J] (]
= =

Fig. 5-5 % First 2 hrs in light phase, % last 2 hrs in light phase, % first two hours dark
phase and % last two hours in dark phase istudy of 16 months oldAPPswe/PS1dE9
mice (LD). Significant effect of genotype (p<0.05) on percentage of actratyelled in the
last two hours of the dark phagdo significant eféct of genotype (p>0.05) opercentage of
activity travelled in the first/ last two hours in the light phase@erdentage of activity

travelled in the first two hours of the dark paas

212



Chapter 5: 16 months APPswe mice
5.4 Twenty four hour Locomotor Activity in W ild-type and

APPswe/PS1dE9 mice in constant darknegBD)

APPswe/PS1dE#ice did not differ significantly from WT mice ithe total distance
travelled [F(1,7)=1.263p=0.298](Fig. 5-6). Although rhythmicity index was similar in both
APPswe/PS1dE&nd WT mice [F(1,7)=2.343p=0.170](Fig. 5-8), APPswe/PS1dE®@ere
significantly more robust than WT mice [F(1,7)=12.7130.009](Fig. 5-8). There was no
effect of genotype oracrophase [F(1,7)=0.804=0.40](Fig. 5-8) or period length
[F(1,7)=0.609,p=0.461](Fig. 5-8) but APPswe/PS1dEfice hada higher relative

amplitude [F(1,7)=7.321p=0.030].

In terms of stereotypic count8PPswe/PS1dE#fice didnot have significantly more total

stereotypic counts than WT mice [F(1,7)=3.1240.120](Fig. 5-9). Activity onset wa not
significantly different inAPPswe/PS1dEaGnd WT mice [F(1,7)=1.339=0.285](Fig. 5-9),

same as activity offset [F(1,7)=0.61Pp5=0.457](Fig. 5-9) and activity duration

[F(1,7)=0.231,p=0.645](Fig. 5-9).
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Fig. 5-9 Total Stereotypic counts, activity onset, activity offset and activity duration in
study of 16 months oldAPPswe/PS1dE9mice (DD)No significant effect of genope

(p>0.05) ortotal stereotypic counts, activity onset, activity offset actdsity duration.
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5.5 Comparison between ID and DD conditions on 24 hour Locomotor

Activity in Wild -type and APPswe/PS1dE9 mice

Lighting conditions (LD vs DPphad an effect on thetal amount of distance travelled, mice
travelled les distance in DD compared to UB(1,7)=11.646,p=0.011](data not shown)
andthis effect was not differenbiWT andAPPswe/PS1dE#fice. Although robustness vga
unchanged in DD [F(1,7)=1.409=0.274 (Fig. 5-10), rhythmicity index wa higher in DD
than in LD [F(1,7)=14.634p=0.006](Fig. 5-10), for both of these measures, thereswa
lighting conditions x genotype interaction [F(1,7)=0.59%0.464] and [F(1,7)=1.413,

p=0.273] respectively.

Relative Amplitude wa unchanged in DD compared to LD [F(1,7)=2.18%0.182](Fig.
5-10) and there wano lighting conditions x genotype [F(1,7)=0.3@30.601].There was
no effect on period length [F(1,7)=0.030:0.867](Fig. 5-11), there wa no effect of
genotype [F(1,7)=0.271p=0.619] as well as no lighting conditions x genotype

[F(1,7)=0.030,p=0.867].

Stereotypic ounts wa significantly decreased in DD compared to LD [F(1,7)=15.484,
p=0.006](Fig. 5-11) and wa& the same in bothPPswe/PS1dEGnd WT mice [F(1,50.005,
p=0.945] Activity onset wa not changed in DD compared to LD [F(1,6)=5.1840.063]
(Fig. 5-11) similar to activity duration [F(1,6)=1.41(=0280] (data not shown)Activity
offset, however wasignificantly later in DD compared to LD [F(1,6)=9.1(8;0.023](Fig.
5-11). For eactof these three measures, thereswa lighting conditions x genotype

interaction [F(1,6)=1.05p=0.345], [F(1,6)=0.226p=0.652] and [F(1,6)=0.202)=0.669].
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5.6 Discussion

Our results in th LD studies reveal that there svao effect of genotype on total, diurnal and
nocturnal activity. Robustness swignificantlyhigher inAPPswe/PS1dE#ice. There wal

no effect of genotype on first and last 2 hours travelled in the light phase althouagt the
hours in the dark phase gvaignificantly higher iRPPswe/PS1dE#ice. Acrophase, period
length, activity onset, activitgffset and activityduration wee unaffected by the
APPswe/PS1dEBansgene. Results in the DD studies mirror very closely those in LD
studies. In comparing data from LD and DD studiesditions to examine the effect of light
on the parameters of the circadian measurekisnstudy both APPswe/PS1dE9 mice and
WT micewere less hyperactive and héelwer total steratypic counts in DD. Acrophase wa

also later in DD.

In this study, we did not findPPswe/PS1dEfice to bemore hygractive than WT mice.
This isin contrast tdhe previous studies; there s\@so no effect of thePPswe/PS1dE9
transgene on diurnal and nocturaativity. It is difficult toconclude a true null result as, due
to availability issueghe sample sizevas low. Previous studies have however showntlieat
amount of diurnal and nocturnal activity is not affected by the APP transgene at this age.
Huitron-Reséndiz, SancheXlavez et al(2002 found no effect of genotype on diutrand
nocturnal activity in 226 months oldDAPP mice but an effect on nocturnal activity was
found byVloeberghsVan-Dam et al(2004) in 12 months oldAPP23 mice. In this study, the
acrophase was unalteredARPswe/PS1dE#fice consistent with findings yuitron
Reséndiz, Sanchexlavez et al(2002 in PDAPP miceHowever, onsistenwith our
previous studies this thesiswe found thatobustness wasignificantly higher in

APPswe/PS1dE#fice at 16 months. This suggests that this parameter seems to be
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abnormally higher in these mice acradlsof the ages tested. This parameter therefore may

show promise as a replicable behavioural index of circadian abnormality in these mice.

The amount of activity travelled in thast 2 hours of the dark phasesasagnificantly
increased iMPPswe/PS1dE#fice. This is consistent with the results in the longitudinal
studyin the previous chaptevhere the amount of activity travelled in the last 2 hours of the
dark phase baPPswe/PS1dE#ice incrased significantly as they aged. This incraase

the activty of APPswe/PS1dE#ficeduring the period of transition from the active phase to
the inactive phase is reminiscent of the increase in locomotor activity observed in
Sundowning patients during their transition from the active phase to the inactive.phase i
towards the end of their active phase (daytime) and thi@riag of their inactive phase
(nighttime). Therefore this parameter may also show some promise as a replicable

behavioural index of circadian abnormality in these mice.

It appears that thdfect of theAPPswe/PS1dE&ansgene on activity levels and activity
patterns in DD is identical to that in LEompared to wiletype littermates16 months old
APPswe/PS1dEfice wee not more hyperactive although thegre significantly more
robust.As observed in 2 months old micehy®hmicity index was significantly increased in
DD conditionscomparé to LD, activity offset wa significantly laterand there we fewer

stereoypic counts.
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Chapter 6: Investigating the Molecular Basis ofChanges in
the Circadian Behaviour of Wild -type andAPPswe/PS1dE9
mice

6.1 Introduction

The endogenous circadian clock enables organisms to anticipate daily environmental changes
and modify behavioural and physiological functions appropriately. Interlocking
transcriptiomal/translational feedback loops involving a set of clock genes produce circadian
rhythms(Reppert and Weaver 2002 hese clock genes includeer 1, Per 2, Per 3, Cry1,
Cry2,Clock, BmallRevE r b U;E r beby, R @amdRarc (BRroardkand Nolan 2008

Using in situ hybridization and immunohistochemis#fang, Dragich et a[2009

demonstrated thatHR 2 protein andPer 2mRNA expression levels in the hippocampus of
wild-type C57BL/6Jmice varied with thelaily circadian cycle with peaks of thasgthms

occurring in the Ige night or early morning (ZT 22). PreviouslyEtchegaray, Lee et al.

(2003 demonstrated that the rhythmic transcriptiofPeflandPer2in the liver is closely

linked with circadian rhythms in histone acetylation and HAT (CBP/p300) recruitment;
rhythmicPerlandPer 2transcription was accompanied by concomitant increase and
decrease in H3 acetylation at the promoter region, and transcription correlated with activated
RNA polymerase Il bindingl'here isadisruption of this normal rhythmic expression of core
clockenes i n Al z hRhytme expressiahidiBPerlad?erzandhBmallis
altered in the brains of patients with Al zhe

(Cermakian, Lamont et al. 20111

Using the CKp25 mouse model of neurodegenerati@raff, Rei et al(2012 show that

acetylation of several histone residyeK14, H2BK5 and H4K5)n the promoter region of
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genes, for which acetylatichas been shown to be important for learning and memasy

reduced. There was also a corresponding decrease in activated RNA Pol Il and mRNA

expression for all genes that had elevated HDAC2 bindingddition, HDAC2 wa

significantly enriched in theippocampus o€K-p25 micecompared to control wildype

miceeThere i s also a disruption of hi-sdrteeme acel
brain samples from patients with varying deg
are also markeglelevated in the hippocamp((Sraff, Rei et al. 2012 Taken together, these

studies reveal the vital rolgstone acetylation anthythmic expression of clock gene
MRNApr ot ein play in nor mal met abol i sease. | ear ni
Levenson, O'Riordan et §2004 demonstrated that global levels of H3 and H4 acetylation

are changeduring learning and memoryo our knowledge, no pveus study has
demonstratedlobalrhythmic histone acetylation under normal metabolic conditiotisein

brainor at the promoter region of core clock genewild-type miceand amouse model of

AD. Thus, he major aims of this part of my project were as follows:
AIM 1: Is global histone ecetylation in the mouse brain altered between day andight?

The aim is to determine if we can reliably detect day/ night changes in global histone
acetylation irregions of thenouse brain that occur due to circadian rhythms. If so, which
specific histones show day/higchanges in globacetylationlevels?Are these profiles

altered in APPswe/PS1dmESice?

AIM 2: Do core clok genes show circadian regulation oéxpression in mouse brain
regions? How doeghis correlate with changes in histone acetylation at selectetbck

gene promoters?
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The restactivity cycle is under the control of the circadian clock and locomotor activity
serves as a feedback output to aherfunction of the SCN which regulates the clock
mechanisn{Schaap and Meijer 200Reppert and Weaver 200Dur results from
locomotor activity experiments reveal that the APPswe/PS1dE9 transgene significantly
altered the normal circadiansteactivity cycle at all ages testethus, heaim is to
investigatewhether there are accompanyalterationsn day/night expression of clock
geres in selected brain regionsAPPswe/PS1dE9 mice. We will also examine histone
acetylation at selectedadlk gene promoters and examine the link between histone

acetylation at the promoter region and gene expression.

6.2 Materials and Methods

6.2.1 Techniques

6.2.1.1 Extraction of Histones

Tissue was wighed and homogenizedlysis buffer using a dounce homogeniZ&B8 ml of

lysis buffer was used for brain tissue amal Wvas used for tissue from periphkorgans.

Next, samples were spun at 4000g % 4or 1 min. The pellet, which contained the nuclear
fraction, was resuspended in 1ml of 0.2N HCI, shaken on the vortexirmaubated on the

rotating platform overnight. The sample was then dialyzed overnight in dialiéigt
(Spectra/Por, Spectrum Labsith low molecular weightut-off (3, 500 Da)gainst dialysis

buffer. The dialysed solution was placed into a mimvacenrator (Vivaspin, GE Healthcare
companiesand t he vol ume r educed Redpeforalbbbfiers can 2 ml

be found on pag240.
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6.2.1.2 Determination of protein concentration

Protein concentrations were determined using the Bradford assay method -d&tatiRige
concentrate. Typically reactionsconsist of 2 ¢ | of %swempdH®. and 1
After mixing thoroughly, the samples were left to stéard?0 minutes at room temperature.

The absorbance was read at{gand the concentration calculated relative to values of

several diluted BSA standards.

6.2.1.3 Sodium-dodecytsulphate polyacrylamide gel electrophoresis

(SDSPAGE)

Protein extracts were analyzked onedimensional polyacrylamide gel electrophoresis. SDS
PAGE gels were prepared with the appropriate percentage resolving and stacKiraplgel (
6-1). Protein extracts were first denatured by boiling for 5 minutes in 4xFA&E loading
buffer before being resolved on an SBAGE gel of concentration 15%. Gels were

electrophoresed using a migel system (Protean Il, BiRad) in 1x running buffer &t20v.

6.2.1.4  Staining of SDSpolyacrylamide gels

Gels were stained in 0.25% Brilliant blue with gentle shaking for 5 mins, followed by two
cycles of 15 minutes of incubation with destainer solution. The gels were then kept overnight
in distilled water with shakig to completely destain the gel. To record an image of the

stained gels, they were placed on filter paper, covered with Sarin wrap and scanned using the

office scanner.

6.2.1.5 Western blotting and immuno-detection

After proteins had been separated on SIX&E gés, they were transferred to nitrocellulose

membranes using the wet transfer method in 1x transfer buffer. To verify protein transfer
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efficiency, membranes containing the immobilized proteins were stained in Ponceau S
solution. An image of the membranessnaso taken (see above). To preventspecific

antibody binding, the membranes were next incubated in blocking buffar faux at room
temperaturethe membranes were incubated with primary antibndjocking buffera 4 C
overnight or for an howait room temperature. The primary antibodiese preparedsing

the dilutions indicated ifable6-2. The blots were briefly rinsed in PBST and thitg¢her
5-minutes washes in the same buffer were performed. The membranes were subsequently
incubated in secondary antibody prepared in blocking buffer for an hour at room temperature.
Horseradish peroxidase (HRP) conjugated secondary antibodies wézd dif8000 in

blocking buffer. Three #ninutes washes in PBST were again performed after incubation to

remove excess secondary antibody.

ECL chemiluminescence was used to detect the protein antibody complexes. In this

technique, 5ml of ECL developing salut was used to cover the membrane for 1 minute,

after which excess reagent was gently drained off and the membrane wrapped using Sarin

wrap. A luminescent image analyzer (Fujifilm LA®00) was used to detect the

chemiluminescent signal. Inorderteuse t he membr ane with other p
membr anes were stripp&@i nsitSesgwitadontinupusi ng buf f
agitation. The membranes were subsequently thoroughly washed under running water for an

hour, incubated in blocking solutias described abovadireprobed with the next artody.
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Table 6-1 Composition of resolving and stacking gels for SDBAGE; Stated volumes

are for the production of one 5 ml and 2 ml volume of resolvigor stacking gel

respectively.

Reagent Resolving gel (15%) Stacking gel (5%)
ddHO (ml) 11 1.4

30% acrylamide mix (ml) 2.5 0.33

1.5 M Tris pH 8.8 (ml) 1.3 -

1.0 M Tris pH 6.8 (ml) - 0.25

10% (w/v) SDS (ml) 0.05 0.02

10%  (w/v)  ammonium| 0.05 0.02
persulphatéml)

TEMED (ml) 0.002 0.002

Table 6-2 List of western blot antibodies

Primary Antibody Dilution Supplier

] n-Histone H2A 1:500 Abcam ab18255
Anti-Histone H2B 1:500 Abcam ab1790
Anti-Histone H3 1:500 Millipore 06-755
Anti-Histone H4 1:500 Abcam ab7311
Anti-acetyl H2A 1:500 Millipore 07-376
Anti-acetyl H2B 1:500 Millipore 07-373
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Anti-acetyl H3 1:500 Millipore 06-599

Anti-acetyl H4 1:500 Millipore 06-598

6.2.1.6 Chromatin Preparation

Frozen tissugvas weighed and chopped into small piecgiag a scalpellhe tissue was then
transferred into &ube with a screw cap lid 10 iBBS (plus protease inhibitors) per gram of
tissue was adde&ormaldehyde to a final concentration of 1% was added and tt#ted @t
room temperature for 15 minutes. The cflisking reaction was stopped by adding fresh
glycine to a final concentration of 0.125 M. Rotation continued at room temp for 5 minutes.
Tissue samples were centrifuged at low speed@t Zhe media waaspirated and washed
once with cold PBS (plus protease inhibitors) and centrifugee tifsue was suspended in

10 micold PBS (plus protease inhibitors) per gram of starting material and put on icel A 1
pipette tip was cut to make the orifice largene tissue was homogenized in a dounce

homogenizer for 2 minutes. Cells were centrifuged at low speetCat 4

The cell pellet was resuspended in cell lysis buffer plus protease inhibitors and incubated on

ice for 20 minutes. The cell pellet was themtrifuged at low speed af@ and the

supernatant discarded. Next, the nuclei was suspended in nuclei lysis buffer plus the same
protease inhibitors as the cell lysis buffer and incubated on ice for 20 mihlkigesuclei

were then flash frozen and theavin liquid nitrogen 2 times to aid in nuclear lysis. The

sample material was then divided into aali¢ volume for sonication (2 ml) in a 15 ml

Polystyrene Conical tube. Niexhe chromatin was sonicated; Bioruptor maximum po@&er,

seconds ON followetly 1 min OFF. Total time = 40 minutéBo confirm thesize of the

sonicated chromati, 00 €l of the chromatin was sampl ed

boiled for 15 mifmette RNaGe2was!| adase (10¢eg/ ml
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minutes at 37C. Sample was then spun at full speed. Supernatant was collected and DNA

was purified using the Macher&agel PCR purification kit or ethanol precipitation method

and eluted in 30 e¢l. To check fragment si ze
analyzed using the bioanalyzer. Sonicated chromatin should have an average length between
500-1000 bp. The rest of the samples were centrifuged at 14,000 rpm for 10 minut€s at 4

flash frozen in liquid nitrogen and stored-&® °C.

6.2.1.7 Chromatin Immunopre cipitation

We followed the ChIP protocol from the Farnham lab with slight modifica(idasmnham

2006. Chromatin was thawed in the cold room on the rotating wheel and dividatiyeigto

the different samples for IR0% of the amount of chromatin used for one IP was saved as
total input DNA. The final volume of eadample was adjusted with IP dilution buffer.
Sample volumes were between 500 and 600 ¢l
ChIP assays were also performed in the absence of antibody or the preseneElaA@nti

25 ¢l of Pr ot e iPureP@teomz qnageetici beadshMillipdre) were washed in
PBST (0.1% Tween) were also added to each sample. The samples were then incubated on

the rotating platform at 2C overnight.

The magnetic beadvere magnetizeahd washed four times with 1.4 of IP buffer on a

rotating platform (each wash was for 3 minutes). As much buffer as possible was removed

after each wash without aspirating the magnetic beads cells. The antibody/protein/DNA

compl ex was eluted by addi ng odtBeOortexerfools | P el
minutes. This elution step was repeated and both elutions were combined in the same tube.

The eluted samples were again magnetized to remove any traces of magnetic beads and the

supernatants transferred to clean tubes. To revemsalbehyde cross i n k s , 10 ¢l Na
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was added to a final concentration of 0.45 M and the samples were boiled for 15 minutes.
The DNA was purified using the MacherByagel PCR purificationik DNA from the total

input chromatirwas also purified.

6.2.1.8 PCR andQuantitative PCR analysis

A standard curve was plotted for each set of primers used; DNA promoter and gene

expression primers (see pa@24- 323 to ensure it amplifies in a linear fashion. gPCR

reactions were performed using Brilliant I| SYBR Green gPCR masterTineSYBR green

dye detects the production of double stranded DNA during the PCR relagtilmorescing

on intercalationSamples were tested in triplicates using primers specific for the gene being
investigated. A master m{¥able6-3) was produced containing the appropriate primers and

the SYBR green master mix (Agilent technologies); this mix was pipetted into the

appropriate wellsof a9%ellplat e bef ore t hBEh® NAlI avtas was etdhen
into the SOP&dg®E&KRnenaMhxi ne and subj egdhied t o t
94L& ycl|l G %5, 6 e6c®,fol | owed bYMODNE 3&yeccl e of

6 @C,3 & e9cE. AoNTC (no template control) was used to confirm that there was no DNA
contamination in the reaction mix. A positive control was also used, one that was known to

contain DNA. The fluorescent signal of the amplified signal was normalized to input (10%).

In the PCRexperiments, anaster mixcontainingdNTPs (NEB),Taq polymeraséNEB),
forward and reverse primers, buff®NEB) andddH,O was madé€Table6-4). This mix was
thenpipetted irto the appropriate wells ofveell plate before theemplatecDNA was added.
The plate was then placed into the PCR mactieRad and subjeted to the follaving
program,one cycle o80 sec a®5¢, 35cy c | 8935 ectC, P.sec 5Cca nIS e6c&, -

followed by one cyc e 1 Gnfi n6 &.tANTC (no template control) was used to confirm
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that there was no DNA contamination in the reaction mix. Atpescontrol was also used,

one that was known to contain DNA.

The relative differences among the comparison groups for ChiP and RNA expression were
cal cul at e drmetlwod. A Gvaluewas cgistilated for GAPDH eactintd
account for differences in starting material for RNA expression andral@® for the ChiIP

total input control to account for variation in the initial chromatin amount.

Table 6-3 Quantitative PCR cocktail

Reagent For 1 Reaction (each wel

SYBR Mix 10ul

Forward Primer 0.05ul

Reverse primen 0.05ul

DNA 1pl
ddH20 8.9l
Total 20ul
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Table 6-4 PCR cocktail

Reagent For 1 Reaction (each
well)
dNTPs 0.5 ul

Forward primer| 0.5ul

Reverse primer| 0.5ul

Buffer 2.5ul
ddH20 19.875ul
DNA 1l

Tag polymerasq 0.125 pl

Total 25pl

6.2.1.9 ReverseTranscription

For gene exprason analysisTotal RNA wasextractedusing Trizol(Sigma)and

concentration of RNA extract was determined using the Nanodrop spectrophotometer. 500ng
wasreversetranscribed into cDNAQiagenkit) and quantitatively amplified using SYBR

green and appropriate primef$ie Qiagerkit primermix containsan optimizd blend of

oligo-dT and random primers dissolved in wakéalues were normalised to expression

levels of eithelGAPDH or b-actin.
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6.2.1.10 RNA Extraction (Trizol)

Tissue sample was homogenized in 1 ml of Trizol rea(fgtna)per 56100mg of tissue.
Following hanogenization, the insoluble material from the homogenate was removed by
spinningat 12,0009 for 10 minutes at 2°C to 8°C. The cleared homogenate was then
transferred to a fresh tube. In the next stage (phase separation phase), the homogenized
samples werencubated for 5 minutes at 15°C to 30°C to permit the complete dissociation of
nucleoprotein complexes. Next, 0.2 ml of chloroform per 1ml of Trizol reagent was added,
the tubes capped securely and shaken vigorously by hand for 15 minutes and incubated at
15°C to 30°C for 2 to 3 minutes. The samples were then spun at 12,000g for 15 minutes at
2°C- 8°C. The mixture separates into a lower red phehtwiroform phase, an interphase

and a colourless upper aqueous phase which contained the RNA. This aqueeusgsha
transferred to a fresh 1ml tube and the RNA was precipitated by mixing with isopropyl
alcohol, 0.5ml of isopropy! alcohol per 1ml of Trizol reagent used for the initial

homogenization.

Next, the samples were incubated at 15°C to 30°C for 10 miantespun at 12,0009 for 10
minutes at 2°C to 8°C. The RNA precipitate, which was often invisible before centrifugation,
formed a gelike pellet on the side and bottom of the tube. The supernatant was removed and
the RNA pellet washed once with 75% ethaadding at least 1ml of 75% ethanol per 1ml of
Trizol reagent used for the initial homogenization. The sample was mixed by vortexing and
spinning at no more than 7,500g for 5 minutes at 2°C to 8°C. At the end of the procedure, the
RNA pellet was akdried briefly for 510 minutes and dissolved in RN&see water by

passing the solution a few times through a pipette tip and incubating for 10 minutes at 55°C

to 60°C.
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When RNA was isolated from small quantities of tissues,(be g Rrékalycegen was
adced as carrier to the aqueous phase. The glycogen remained in the aqueous phase, is co

precipitated with the RNA and did not inhibit PCR.

6.2.1.11 RNA quantification

The guantification of RNA wadetermined by optical density measurement of 260 nm using

the Nanodrop® NBELOOO U\+Vis spectrophotometer.

6.2.1.12 Oligonucleotides

Oligonucleotides were purchased from Sighddrich as lyophilized and desalted pellets.

These were rsuspended in sterilewatero 100 &€ M concen20CaSomeon and
were obtained from the literature and others were desigioedhlIP experimentshe

Transcription start site (TSS) of each gene from the UCSC genome b{tlmsesrsity of

Californig) was located anthe sequence of the promoter regvees obtainedThe promoter

region was defined as akb regia surrounding the TS$0.5 kb to +1.5 kb region

surrounding the TS8NVang, Zang et al. 2008Next,the primer blast todINCBI) was used

to design primers from thiskb sequence.
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Table 6-5 DNA Promoter primers used in quantitative PCR

Genes | Forward Primers Reverse primers

Perl p-GCTGACTGAGCGGTGTOTY p RAGGATCTCTTCCTGGCADC

Per2 p -RAGTGGACGAGCCTACHC p-QGCCCGTCGCTCTCTT FACAT,

Clock p-QCAGCCGAGTCCGTGATY p - GAGTGGGATTTCCTCGGGD

Bmall p -RATCCACAGAGCGTGCWAY p -QAACCCAAACCAATTCaCAT

Cryl p -DACACTGGCTCAGACKCQ( p -GCAGAACTATGCCTCGHAL(

Cry2 p-GATCGCCTCTGTGATTEGY p -GAGATCCGAGGTCCCT@CA

RevS NJ p DGCCCCAGTGACACAGI T p -DTCAGAAAACCCCACCRCA(
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Table 6-6 DNA promoter primers used inPCR

Genes Forward primes Reverse primes
Per 1 p-Q p-Q
CAGATGCCAGGAAGAGATCCTTAGELY GACTAACCCTAGGATTGCAGCAGGG
0Q

Per 2 p AGCAGCATCTTCATTGAGGAACKCG| p Q
CTCCGCTGTCACATAGTGGAAAACKT

CrylE | p-GCACGCGGGGGTCTGABQTA p -QCGGTCCCGAGGCTGOATG

box

Exon 1 off p QTGCAACCAGCTCGGGCE@TC p -GATGAATGGGAGGCTGCCGAGEC
Cryl

Cry 2 p -QCATTATGAAGATGGCCAAGGA p-OQTGCCCATTCAGTTCGATGATT

Cre p-QAGCTGCCTCGCCCCGELQTC p -QCCAAGCAGCCATTGCGBABC
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Table 6-7 mMRNA expression primers

Gene Forward primer Reverse primer

Perl p -DCGAAACCAGGACACCTICTILT | p-GGGCACCCCGAAAGACA

Per2 p (GCTCGCCATCCACAAGARNG p -GCGGAATCGAATGGGAGAADA
Clock p -QGGCGAGAACTTGGEATT p -AGGAGTTGGGCTGTGAI CA

Bmall p -DGACCCTCATGGAAGGTTAAAA | p-GGACATTGCATTGCATGIIQG

Cryl p-ATCGTGCGCATTTCACATAC p -DCCGCCATTGAGTTCTADQA

Cry2 p -QCATTATGAAGATGGCCAAGGA | pCTGCCCATTCAGTTCGATGATT

RevS NDB | p-DGGCATGGTGCTACTGTGTAAGG| p ATATTCTGTTGGATGCTCCBGL(

RevS NDB | p-GGAGTTCATGCTTGTGAAGGETG| p -QAGACACTTCTTAAAGCGGGEACI
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6.2.1.13 Ethanol precipitation of DNA

DNA in aqueous solutions was precipitated using 2 volumes of 100% ethanol and 0.1

volumes of0. 3M NaOAc (pH5.2).The preci pitate was r@Bédcovered
mi n u t-&® and tentrifugation for 10 minutes at 13,000 rgr@, To remove excess

salts the pellet was washed with 70% ethanol and the centrifugation repeated. The pellet was
dried under vacuum in a heated spgad (Savant DNA120 speadc) for 10 minutes before

resuspending in ddiD.

6.2.1.14 Agarose gel electrophoresis

DNA was resolved accding to size on agarose gels of 1% agarose. Gels containing 0.5
eg/ ml ethidium bromide were set and run in O
6x gel | oading dye, along with standard 1 kb
using an ultraiolet transilluminator (BieRad, Gel Doc 2000) and photographed using Bio

Rad Quantity One software.

6.2.2 Laboratory chemicals and equipment

General laboratory chemicals were of analytical grade and purchased from Fisher Chemicals
or SigmaAldrich, unless othavise stated. Phosphate buffered saline (1 X PBS) was prepared
using PBS tablets (1 tablet/100 ml distilled water) purchased from OXOID Ltd. Double
deionised water was used to make all solutions. The pH of solutions was measured using a

Jenway 3510 pH mate

6.2.2.1 Western blotting reagents and equipment

30% (w/v) acrylamide mix was purchased from National Diagnostics:FASE

electrophoresis apparatus, Precision Plus Protein Standards, wet transfer apparatus and
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nitrocellulose transfer membrane were supplie@ioyRad Laboratories. Complete Protease
Inhibitor cocktail tablets were acquired from Roche.gkimary and secondary antibodies
were purchased from Abcam, Roche and UpsTdte.host for all primary antibodies was
rabbit The secondary antibodies we@s$eradish peroxidasmnjugated goantirabbit.

Bovine serum albumin (BSA) for protein standards was purchased from First Link (UK) Ltd.

6.2.2.2 Composition of solutions used in biochemical methods

Lysis buffer (Histone Extraction 10 m0:9 mM sodium butyratesO mM Tris HCI (PH 7.5),
1.0 mM sodium orthovanadate, 1% Sigma Protease inhibitor cocktail, 250 mM sucrose, 25
mM KCI, 0.5 mM PMSF.

Cell Lysis buffer (ChIP)S mM PIPESpH 8.0, 0.5% NP0, 85 mM KCI,Protease Inhibitors.

Nuclei Lysis buffer (ChlP)50 mM Tris-HCI pH 8.1, 1% SDS, 10 mM EDTA, Protease

Inhibitors.

IP Dilution buffer 16.7 mM TrisHCI pH 8.1, 0.01% SDS, 1.2 mM EDTA, 167 mM NacCl.
Dialysis Buffer2 . 5% Ac OH, -mercgpéthariolde b

IP Wash buffer100 mM TrisHCI pH 9.0, 1% Igepal, 500 mM Ci, 1% deoxycholic acid.
Elution buffer:1% SDS, 50 mM NaHC®

SDSPAGE loading buffer (4x)62.5 mM TrisHCI pH 6.8, 40% glycerol, 2% SDS, 14.5
mM-b-mercaptoethanol and a trace of bromophenol blue.

Tris-glycineSDSPAGE running buffer (10x)250 mM Tris bae, 2 M glycine, 0.037%
(w/v) SDS pH 8.3.

Tris-glycineSDS transfer buffer (standardt8 mM Tris base, 39 mM glycine, 0.037%
(w/v), SDS 20% (v/v) methanol.

Brilliant Blue® staining solution0.25% brilliant blue® (w/v) in 45% methanol, 10% acetic
acid.

Destaining solution45% methanol, 10% acetic acid.

240



Chapter 6: Molecular basis 8Pswe model

Enhanced chemiluminescence (ECL) developing solutiont TrisH C | pH 8205, 6 ¢l
22 ul SolutionA(0OmMMgCoumaric acid in DMSO), 50 ¢l So
DMSO) to a final volume of 10 nwith ddH,O

Blocking solution (for western blottingd% (w/v) milk powder in 1x PBS.

Stripping buffer (for western blotting2.5 mM TrisHCI pH6.8, 2% SDS, 100 mM-&-

mercaptoethanol.
PBST 1x PBS containing 0.1% (v/\M)ween 20

6.2.3 Data Analysis

In the geneexpression studies with two factors, a 2x2 ANOVA with time of day (ZT2 &

ZT14) and genotype (WT & APPswe/PS1dE9) as factors was performed. In experiments with
only one factor (either timef @ay or genotype), a ongay ANOVA or t-tests were

performed. Al statistical analyses were performed using SPSS 19.0 (Statistical Package for
Social Sciences, Chicago, IL, USA). The Statistical probability threshold for all experiments

was set at p < 0.05.
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6.3 Results

6.3.1 Detection of Rhythmic GlobalHistone Acetylation in Mouse Brain

At the outset of this project, a previowport on the detection distone acetylation used
pooled samples of the CAL region of the hippocanffmm up to 4 animal§Levenson,
O'Riordan et al. 2004 To attempt to match information from behavioral studies with histone
modification proiling in individual animals, pilot experiments were performed to ascertain
whether it was possible to retrieve sufficient histone material for western blot experiments
from the brairtissue of single animals. Thusseries of pilot experiments were perfeed to

try to optimize technical protocols to extrdustones from small amounts miouse brain

tissue, whth we had not previously workeah in our laboratory. These experiments
revealed that histone extractions from a single mouse hippocampusgobratin tissue
samples weighing less than 25mg, yielded insufficient histone protein to be reliably
detectable in western blots (data not shown). However, using both hippocampi from a single
animal (approximately 50mg tissue), it was possible to ot#ficient protein for 2 SDS

PAGE gels. Although TCA precipitation achieved enrichment of histone extract in smaller
volumes, this method proved problematic as the final pellet was not completely soluble in
Tris pH 8.8, resulting in variability of treample concentrationrig. 6-1, right panel).
Moreover, the typical histone profile was not reliably observed. We themggeckovernight
dialysis méhod (page225) as standardalthough the yields of protein wel@ver;the

resolution of the histone bands on the gel seproducibility was improve(Fig. 6-1, left

panel).
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1 5 10 20 1 5 10 20 pg/ul 1 5 1020 1 5 10 20 we/ul

15kDa

Dialysis TCA precipitation

Fig. 6-1 Improved histone protein resolution using the dialysis method for histom
extraction. Histone proteins werdialyzed overnight in dialysis tubing with low moldar
weightcut-off against dialysi®uffer.

To maximize the number of histone modifications that could be assessed for any individual
sample, it was investigatedhether stripping of used blots could facilitate theiuse with a
second set of antibodies. However, stripping of blots was found to deplete the signal
produced by the next primary antibody (data not shopnesumably through loss of a

substantial amou of proteins on the membrane. Thus membrane stripping was avoided.

The optimal concentration of aftistone primary antibodies was det@red as 1:500 for the
antibodiesused throughout these experimeftable6-2) and £condary antibody was used
at a concentratioaf 1:3000.Western bbts were performed as described (p2g6 and
relative signals qudified by using the ImageJ densitometry t(IH). Some of the
limitations of densitometry includ#fficulties in isolating for aalysis only the band of
interest from other bands which are close in size;spatificbackgroundands and

problematic analysis due to angle at which the protein/band transferred onto the membrane.
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It was also ascertained whether the amount of histones used for Western blots were within
the linear dynamic range in which the signal intensity is proportional to the quantity of

protein. This was verified fdhe antithistone H3 and dirhistone H4 anbodies Fig. 6-2)

2 4 6 8 10 12 14 16 18 20 pg 2 4 6 8 10 12 14 16 18 20 pg

- g e W
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Fig. 6-2 Histone detection using western blottings within linear range. Core histone

proteins of increasing concentration (in pg) were loaded onteBASE gels. Thentensity

Concentration (in pg)

of thesignal of each band directy proportioral to its densitometry values.

The apparent yield of acieixtracted historeeper mg of tissue was variable dependent on the
tissue type and the extent of-ertracted norhistone proteingt was also found to be

variable fordifferent brain regions. Thus normalization could not be based solely on protein
concentration of the sate. Therefore normalization of the amounts of histones used per

sample was optimized based on Coomataming. As shown ifrig. 6-3, different amounts

of protein were required to equalize the amounts of histone protein extracted from 3 different

brain regions of individual mice in these experiments. Commercial core histone proteins

(Sigmg were used as a positive control.
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5 10 10 10 pg

15kDa Cerebellum

5 20 20 20 pg

Striatum

5 25 25 25 pg

15kDa Cortex

Fig. 6-3 Coomasiestaining of acid extracted histones from different brain regions
separated by SDS PAGEDifferent protein concentrations for each extract were requo

equalize the amount bistones for the 8ifferent brain regions of individual mice.
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Having normalized histone extracts for different brain regions, (as far aslppsithistone
content Fig. 6-3), western blots were performed to optimize detection of kasédnesas

well as specific podtranslational modifications on the core histones. To do lthised

cerebdum tissue deriveffom wild-type mice As shown irFig. 6-4, comparable amounts of
histones were obtained for each sample, as confirmed by Ponceau S staining of the
nitrocellulose membrane. Total levels of core histones (H3, H4, H2A and &$2BgIl as

levels ofpan acetylated levels of core histones were detelceelswere quantified using
ImageJ énsitometryVariations due to extraction, loadirtgansfer efficiencytc.were
accounted for by expressing the densitometric quantitation of the modified histone level
relative to that of theotal histonelevels measured on the same bk observed good
agreement between the Ponceau S stained memlflanelted Ativ), the western blots

(labelled Btiv) and densitometry measureme(@3, and the results confirmed that similar
amounts of total H3, H2B, H2A and H4 were present in the majority of samples. In addition,
| was able to detect acetylated forms of all four ¢oseones. This showed a little more
variation between samples, although this generally correlated with the total histone content,
i.e. the acetylated histone level was highest in samples showing the highest level of total
histone Within each Ponceau Sagted membrane, the individual bands were considerably
similar confirming the reproducibility of the experimeniberefore, it was decided that an

experimental assessment of global histone acetylation changes was feasible.
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Fig. 6-4 Detection ofglobal histone acetylation leves. 3 months old mice were sacrificed under
LD conditions. Brain region dissections were performed immediately and the cerebellum of each
individual mouse were used for acid extraction of histones as described in §e2tion
Approximately 10ug protein of the histone extract (as determined by the Bradford assay) was
loaded in each lane and separated by -BBSE using a 15%acrylamide gel and 5ug core
histonegSigma)as a control. Proteins were transferred to nitrocellulose filter by wet transfer and
confirmed by Ponceau S staini( -iv). Western blots were performed with antibodies to detect
panacetyl H2A, H2B, H3 and H4 antibodieBable6-2). Total H2A, H2B, H3 and H4 in the

extracts was also determined as a control for equal lo@BiAg). To quantify these data,
densitometry measurementsre@erformed using Imag€dIH). The signal obtained from control
(core histones) was set aafd band intensities relative to these are indicated for each sample. The

bar graph shws thelevels of global histone acetylation relativeatal histone levels
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Having established the feasibility of measuring relative levels of global histone modifications
in specific brain regions for individual animals, | next endeavoured to compare gktbakh
acetylation levels in the cerebellum, cortex, striatum and hippocampus of APPswe/PS1dE9
mice (n=4) and their wildype litter mates (n=3). Mice were sacrificed at ZT4. Histones were

extracted and westerns blots penfed as described in secti6rR.1

Due to the limitation of having sufficient hippocampal histone extract for only 2 gels, we
attempted to maximize the number of histone modibeatto be assessdebr the
hippocampal samplesplfowing western blot with one antibody, a second and third western
was performed to detect a histoneadfifferent size. Thus one membrane was sequentially
blotted wih antibodies to detect AcH2BytalH3 and AcH4 The other membrane was
sequentially blottedor AcH2A, AcH3 and total H4ln both cases, levels of total H3 and H4
were used as controFor the cerebellum, cortex and striatum samples, 4 gelsrurerghich
produced4 membranesEachmembrae was blotted twicejrkt using a test antibody (anti
acetyl histone) and then usiagcontrol antibody (antnistone). The secondary antibody for
all primary antibodies was the same. Densitometrg used to quantify the data, ImageJ

(NIH).
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Fig. 6-5 Global histone acetylation in the @rebelum of APPswe/PS1dE9 mice and wild

type littermates.3 months old mice were sacrificed under LD conditions at ZT 4. Brain region
dissections were performed immediately and the cerebelfweach individual mouseere used

for acid extraction of histones as debed in sectior.2.1 Approximately 10ug protein of the
histone extract (as determined by the Bradford assay) was loaded in each lane and ggparated
SDSPAGE using a 15%acrylamide gel and 5ug core histfiggna)as a control. Proteins

were transferred to nitrocellulose filter by wet transfer and confirmed by Ponceau S gwining
iv). Western blots were performed with antibodies to detecapaty H2A, H2B, H3 and H4
levels(Bi-iv, Table6-2). Total H2A, H2B, H3 and H#evelson blots Btiv was also determined

as a control for equal loadirf@i-iv). To quantify these data, densitometry measurements were
performed using Imag€BlIH). The signal obtainefilom core histones was set aadd bad
intensities relative to this are indicated for each sample. The bar graps thteneanlevels of
global hisbne acetylatiomelative to total histone levels (CH2B acetylation is significantly
increased iMPPswe/PS1dE9 mice compared to control nfjpee0.05).
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Fig. 6-6 Global histone acetylation in the Cortexof APPswe/PS1dE9 mice and wildype
litterma tes.3 months oldnice were sacrificed under LD conditionsZit 4. Brain region
dissections were performed immediately &mel cortical regiomf each individual mouseas
usedfor acid extraction of histones as described in se&i@rl. Approximately25ug protein of
the histone extragas determined by the Bradford assay) was loaded in each lane and separated
by SDSPAGE using a 15%acrylamide gel and 5ug core hist@@iggna)as acontrol. Proteins
weretransferred to nitrocellulose filter by wet transfer and confirmed by Ponceau S s{éiring
iv). Sample for mouse 3 was lost on AVestern blots were performed with antibodies to
detect paracetylH2A, H2B, H3and H4 level{Bi-iv, Table6-2). TotalH2A, H2B,H3 and H4
levelson blots Btiv was also determined as a control for equal loafliiigv). To quantify

these data, densitometry measuremesat® performed using ImagéNIH). The signal

obtained from core histones was set ahdl band intensities relative to this are indicated for
each samplelhe bar graph shavhemeanlevels of global tstone acetylatiomelative to total

histone level¢D).
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Fig. 6-7 Global histone acetylation in theStriatum of APPswe/PS1dE9 mice and wildype
littermates. 3 months oldnice were sacrificed under LD conditionsZdt 4. Brain region
dissections were performed immediately &melstriatal regiof each individual mouseas
usedfor acid extraction of histones as described in se&i@rl. Approximatelyl7ug protein of

the histone extragas determined by the Bradford assay) was loaded in each lane and separated
by SDSPAGE using a 15%acrylamide gel and 5ug costdmeg Sigma)as a control. Proteins
were transferred to nitrocellulose filter by wet transfer and confirmed by Ponceau S gwining
iv). Western blots were performed with antibodies to detecapatylH2A, H2B, H3and H4
levels(Bi-iv, Table6-2). TotalH2A, H2B,H3 and H4levelson blots Btiv was also determined

as a control for equal loadirf@i-iv). To quantify these data, densitometry measurements were
performed using ImagéBlIH). The signal obtained from core histomess set at And band
intensities relative to this are indicated for each sanipile bar graph shassthemeanlevels of

global hstone acetylation rative to the total histone levglB).
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Fig. 6-8 Global histoneacetylation in the Hippocampus of APPswe/PS1dE9 an¥T mice.

3 month oldmice were sacrificed under LD cotidns atZT4. Brain region dissections were
performed immediately and both hippocampal regions of each individual mouse were combined
for acid extraction of histones as described in se@&idrl Approximately20ug protein of the

histone extractas determined by the Bradford assay) was loaded in each lane and separated by
SDSPAGE using a 15%acrylaae gel and 5ug core histongigma)as acontrol. Proteins

were transferred to nitrocellulose filter by wet transfer andicoed by Ponceau S staining

(Aiv and Biv). Western blots were performed with antibodies to deteciagatylH2A, H2B,

H3 and H4 évels(Ai-ii, Bi-ii Table6-2). TotalH2A, H2B, H3 and H4levelsin the extracts was

also determined as a control for equal loadiig, Biii) . To quantify these data, densitometry
measurements were performed using Imgyd). The signal obtained from core histones was

set at Jand band intensities relative to this are indicate@émh sam. The bar graph shaw

themeanlevels of global lBtone acetylation relative the totahistone level£C).
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Visual analysis of the blots indicated that global levels of acetylated H2B in the cerebellum
appeared to be increased in ahRPswe/PS1dE9 mice compared to the 3 wild type mice
tested(Fig. 6-5). Data for the other acetylation marks did not show a clear difference between
wild type and APPswe/PS1dE9 animalssual analys suggested similar trend in the

cortex and striatunFg. 6-6 andFig. 6-7) in that AcHB seemedo be elevated in the
APPswe/P$dE9 mice compared to controls, althoulgis tvas not confirmed by the
densitometric analysis. This is likely due to the difficulties in obtaining accurate densitometry
data due to imperfections in the blot background, uneven signals, etc as discussed earlier.
Double bands may be due to cross tieacof the test antibody with other histones in the

prep, othermodified forms of the histone oon-specificbackgroundands. As a caveat to

this, upon review of the dissection methods, it was realized that the cerebellum sections also
includedadjacenbr ai n stem tissue. Several studies
and dementia may have origins in the brainsg®mmic, Stanic et al. 200%rinberg, Rueb et

al. 2011}, thus the brainstemg®n (midbrain and medulla/pons) was dissected separately in
subsequent experiments. We conclude ttait our preliminary data indicates that H2B
acetylation isncreased in APPswe/PS1dE9 mice in cerebellum/ brain stem tissue. However
due to difficultiesn breeding mice homozygous for the transgene, and thus difficulties in
obtaining sufficient numbers for comparison, we were unable to repeat these experiment with
APPswe/PS1dE9 mice. Thus we decided to assess whether we could detect day night

changes irglobal histone acetylation in wiltype animals.
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Evidencefor Circadian Variation in Global Histone A cetylation in the mouse brain

3 months old male and female wildtype C57BL/6J mice (n=6 per gender) were used in this
experiment. For botmale and female mice, 3 mice were sacrificed at ZT2 (day) and 3 mice

were sacrificed at ZT 14 (night). The hippocampus, striatum, cortex and

cerebellunforainstemwere harvested, sndmzen on dry ice and stored-80e C pri or t «
analysis. Thus, there were 4 comparison groups; male day, male night, female day and female
night. Using the acid extraction/overnight dialysis method, histones were extracted from

thesebrain regions, run on SBBAGE gels and blotted with pan aatetyl H2A, H2B, H3

and H4 antibodiesds described in sectidh2.1). Quantificaton of protein bands was

determined usingensitometry ImageJ
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Hippocampus (male mice)
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Fig. 6-9 Day/night variation in global histone acetylation in the Hppocampus of male WT
mice. 6 weeks old C57BL/6J miogere sacrificed under LD corittins at the indicated ZT
times. Brain region dissections were performed immediatelpatithippocampal regianof
each individual mouseere @mbined for acid extraction diistones as described in section
6.2.1 Approximately25ugprotein of the histone extra@sdetermined by the Bradford as$ay
was loaded in each lane and separated by-BBGE using a 15%acrylaide gel andug core
histonegSigma)as a controlProteins were transferred to nitrocellulose filter by wet transfer
and cafirmed by Ponceau S stainif@iv and Biv). Western blots were performed with
antibodies to detect paacetylH2A, H2B, H3 andH4 levels(Ai-ii, Bi-ii Table6-2). Total H2A,
H2B, H3 and H4levelsin the extracts was also determined as a control for equal logiling
Biii) . To quantify these data, densitometry measurements were performed using(NieigeJ
The signal obtained from core histornveas set at And band intensities relative to this are
indicated foreach samplelhe bar graph shaswthe mearevels of global stone acetylation
relative to the otal histone leveléC). In the above setlata expressed as Mouse 3 was
eliminated from the final analysis due to reduced level of total H3 protewels of H2B and

H4 acetylation are significantly increased at ZT14 (p<0.05).
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Fig. 6-10 Day/night variation in global histone acetylation in the Hppocampus offemale

WT mice. 6 weeks old C57BL/6J mice were sacrificed under LD conditions at the indicated ZT
times. Brain region dissections were performed immediately and both hippocampal regions of
each individual mouse were combined for acid extraction of histones as descsbetian

6.2.1 Approximately 25ugprotein of the histone extra(ds determined by the Bradford assay)
was loaded in each lane and separated b$-BAGE using a 15%acrylamide gel and 5ug core
histonegSigma)as a controlProteins were transferred to nitrocellulose filter by wet transfer
and cafirmed by Ponceau S stainif@iv and Biv). Western blots were performed with
antibodies to deteganacetylH2A, H2B, H3 and H4 levelgAi-ii, Bi-ii Table6-2). TotalH2A,

H2B, H3 and H4levels in the extracts was also determined as a contra@daal loadindAiii,

Biii). To quantify these data, densitometry measurements were performed using(MigyeJ

The signal obtained from core histones was setaaidlband intensities relative to thig ar
indicaed for each sampl@he bar graph shaswthe meaievels of global lstone acetylation
relative to thedtal histone level§C). Levels of H2B and H4 acetylation are significantly
increased at ZT14 (p<0.05).

256



Chapter 6: Molecular basis of APPswe model

Cerebellunfbrainstem(male mice)
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Fig. 6-11 Day/night variation in global histone acetylation in the Cerebellunibrainstem of

male WT mice.6 weeks old C57BL/6J mice were sacrificed under LD conditions at the

indicated ZT times. Brain region dissetts were performed immediateind the

cerebellum/brainstemegions of each individual mouse were combined for acid extraction of

histones as described in secth.1 Approximately 1Qig protein of the histone extras

determined by the Bradford assay) was loaded in each lane and separated-BAGDS&INg

a 15%acrylamide gel and i core histonegSigma)as a controlProteins werdéransferred to

nitrocellulose filter by wet transfer andrdoemed by Ponceau S stainif@iv and Biv). Western
blots were performed with antibodies to detect-paetylH2A, H2B, H3 and H4 levelgBi-ii,
Ci-ii Table6-2). TotalH2A, H2B,H3 and H4levelsin the extracts was also determined as a

control for equal loadin@Aiii -Biii) . To quantify these data, densitometry measurements were

performed usig ImageJNIH). The signal obtailed from core histones was set antl band

intensities relative to this are indicated for each sanije.bar graph shassthe meatevels of

global hstone acetylation rative to the total histone levels (C)
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Cerebellunfbrainstem(female mice)
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Fig. 6-12 Day/night variation in global histone acetylation in the cerebellum/brainstenmof
female WT mice.6 weeks old C57BL/6J miogere sacrificed under LD conditions at the
indicated ZT times. Brain region dissections weeeformed immediately and the
cerebellum/brainstemegions of each individual mouse were combined for acid extraction of
histones as described in sect®.1 Approximately 1Qig protein of the histone extrads
determined by the Bradford assay) was loaded in each lane and separated-BAGEDEsing a
15%acrylamide gel and 5ug core histor{f€sgma)as a controlProteins were transferred to
nitrocellulose filter by wet transfer andrdomed by Ponceau S stainif@iv and Biv). Western
blots were performed with antibodies to detect-paetylH2A, H2B, H3 and H4 levelgAi-ii, Bi-ii
Table6-2). TotalH2A, H2B, H3 and H4levelsin the extracts was also determined as a control for
equal loadindAiii, Biii) . To quantify these data, densitometry measurements were performed
using ImagedNIH). The signal obtained from core histones was setaadlband intensities
relative to this are indicatedifeach sampléhe bar graph shasthe meatevels of global

histone acetylation rative to the ¢tal histone level§C)
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Cortex (male mice)
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Fig. 6-13 Day/night variation in global histone H2B and H4 acetylation in the Cortexof male

WT mice. 6 weeks old C57BL/6J mice were sacrificed under LD conditions at the indicated ZT
times. Brain region dissections were performed immegiated the cortical regioaf each

individual mouse was uddor acid extraction of histones as described in se@&idril

Approximately 28ig protein of the histone extra(@s determined by the Bradford assagps

loaded in each lane and separated by -BBSE using a 15%acrylamide gel and 5ug core
histonegSigma)as a control. Proteins were transferred to nitrocellulose filter by wet transfer and
confirmed by Ponceau S stainif@v). Western blots were germed with antibodies to detect
panacetyl H2B and H4 level@\i-ii Table6-2). Total H3levelsin the extracts was also determined
as a control foequal loadindAiii) . To quantify these data, densitometry measurements were
performed using ImagdBlIH). The signal obtained from core histones was setaaidlband
intensities relative to this are indicated for each saniie.bar graph shaswthe meatevels of

global hstone acetylation rative to the total H3 levels (B)
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Cortex (female mice)
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Fig. 6-14 Day/night variation in global histone acetylation in the Cortexof female WT mice.6
weeks old C57BL/6J mice were sacrificed under LD conditions at the indicated ZT times. Brain
region dissections were performatmediately and the cortical regiah eachindividual mouse

was ugd for acid extraction of histones as described in se6tiha Approximately 28g protein

of the histone extrag¢as detemined by the Bradford assay) was loaded in each lane and separated
by SDSPAGE using a 15%acrylamide gel and 5ug core hist@@iggna)as a controlProteins

were transferred to nitrocellulose filter by wet transfer andicoed by Ponceau S stainif@iv

and Biv) Western blots were performed with antibodies to detectpatylH2A, H2B, H3 and

H4 levels(Ai-ii Bi-ii Table6-2). TotalH2A, H2B, H3 and H4levelsin the extracts was also
determined as a control for equal load{Agi, Biii) . To quantify these data, densitometry
measurements were performed using Imgyd). The signal obtaineddm core histones was set
at 1and band intensities relative to this are indicated for each sahim@daar graph shaswthe

meanlevels of global rstone acetylation rative to the dtal histone level§C)
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Comparable amounts of control total histone vwected for all hippocampal histone
extract samplesFjg. 6-9 (with the exception of mouse 3) aRd). 6-10]. In general, the
globallevels of acetylateti2B and H4histones detected were higher for the ZT14 group as
compared to the ZT@roup(Fig. 6-9), although the levels were found to be quite variable
among individualsHowe\er, this effect was less convincing in the hippocampal extracts
from female micealthough in that experiment cwal H3 levels were more variab{€ig.

6-10). Thereasons for this poor reproducibility are uncl@ag may indicate sex differences,
However, varidility in the datamay be exacerbated by any number of factors, including
human error/ poor technique, variability in the tissue dissections, sample deterioration after
freezing, variabiliy in the yield of histones peigof protein, interference from background
signals/ double bands of unknown origin, uneven migration of proteins in the gel, uneven
transfer to nitroellulose, nodinear detectiomue to e of ECL reagent®dditionally, it

may simply réect natural variallity amongindividual animalsThere did not appear to be
clear differences iglobal levels of core histoneatylationin thecortex and cerebellum

(Fig. 6-11; Fig. 6-12; Fig. 6-13 Fig. 6-14).

However, subsequent to the completion of this study, another report successfully detected
changes in global histone acetylations due to circadian variation using a moreatjuantit

approah; flow cytometry(Nesbitt et al, 2014).

On balancethe results presented here indicate an increase in global acetylation of histones
H2B and H4 at ZT14 in the hippocampafsnalewild-type C57BL/6Jdnice compared to

ZT2. Although an ncrease in H2Bind H} acetylation in th@ippocamps has been shown to
play a vital role durin@cquisition anatonsolidation of spatial memo(ousiges,

Vasconcelos et al. 201Bousiges, Neidl et al. 20),3our findings demorigatea role for
rhythmic global H2B and H4 acetylatiam the hippocampusnder normal metabolic
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conditions 24 hour locomotor awtity recorded from these mice show that ZT14 is the time
of peak activity while ZT2 is one of the times with the lowest activity (Appendices section
Fig. 8-1). As mice are nocturnareatureslocomotor activity and feeding are primarily
limited to the dark/active phadéis possible that there isliak betweerrhythmicglobal

histone acetylatioandthe circadian regulation of the resttivity and feeding rhythms.

Depolarization haseen shown to regulate the activity of proteins in cortical neurons
(Baldassa, Zippel et #2003 and Maharana, Sharma et €010 have shown that

acetylation of histone H2B in the CA1 region of the loiggmpus is enhanced by
depolarizationThere is a possibility that the observed increased acetylation of H2B at ZT14
in the hippocampus is as a result of prot@ind pathwayghat are uder the control of the

circadian mechanism

Rhythmic protein acetylain has been demonstrated in the peripheral clock mechanism.
Using mass spectroscopyasri, Patel et al2013 investigated the contribution of the
circadian mechanism tbe acetyldon state of protem (acetylome) in the liver of wiltype
and clockdeficient mice. A total of 179 prdtes were found to be acetylatel® and 15 of

the acetylation sites were rhythmic in wilgbe and clocldeficient mice respectively.o

gain furtherinsight into the relevance of rhythmic protein acetylation, they correlated their
acetylome database with previous transcriptome datasets obtained from the same mice.
Results revealed a link between metabolic pathways sy&e&snehomocysteine
methylransferase /ATP synthase subunit beta, and the circadian acetylome. Circadian
acetylation profiles of these enzymes were altered in the @efikient mice indicating a

crucial role of the circadian system in regulating metabolism.

Although studies by bbtLevenson, O'Riordan et §2004 andBousiges, Vasconcelos et al.

(2010 werealsoable to detect global changes in histagetylationin mouse brain regions
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they had pooled the tissue samples within each group investigated. We were successful at
extracting histae protein from tissusamplebtained from individual mice althoughe
variability in this technique made it untable for use by it$e More importantly, we have
demonstratedhythmic global histoa acetylation in the hippocampus of wiighbe mice

under normal metabolic conditions which leads usxdamine rhythmi@cetylation

enrichment at the promoter regiontbé core clock controlled genes as well as rhythmic
expression of clock gen@s APPswe/PS1dE9 mice and witghe mice Thus, we also

carried out gene expression analysis and Chromatin Immunoprecipitation experiments.

6.3.2 Altered Expression of Core Clock G&nes inthe Brain of Wild-type and

APPswe/PS1dE9ice.
Detection of mMRNA transcripts: RT- PCR and gPCR(Optimization and pilot studies)

Studies have shown that expression levels of clwek genes such &er 1, Rer 2 show

circadian cycling both in thierain and in peripheral tissugeviewed in(Guilding and

Piggins 2007Bass and Takahashi 2010Nang, Dragich et a{2009 used
immunohistochemistrgtaining of protein and in situ hybridization detection of mMRNA to
demonstrate rhythmic Per2 expression in C57BL/6J mouse hippocampus, which was
localized to pyramidal layers of the CA1,CA2,CA3 and DG. The study showed a close
corrdation between Per2 tngcriptand protein levels, with expression lowest at ZI#0and
peaking at ZT22. In the earliecchapters of this thesis,endentified alterations in the

circadian behaviour of the APPswe/PS1dE9 mice eratpto wild type Based on previous
studies ad our activity data, we set out to explore whether this might be linked to changes in

the expression levels of core clock components. To limit the number of animals used for
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ethical reasons, we chose ZT2 and ZT14 as representativpdints of circadiarmctivity.
These two timgoints correspond to the time of mean lowest and highest activity

respectivey in the 24 hour activity profile

The method of choice to determine quantitative expression of geRealitme

(quantitative) polymerase chain raaat(gPCR) The production of double stranded DNA
during the PCR reaction is detectegithe SYBR green dye, which faresces on

intercalation with double strand&NA. The samples wermeasured in triplicates addta

was collected on a Stratagene Mx3008Pattime PCR system using a 96 well plate format,
and analysed using MxPro software to quantify the cycle number at which the intensity of
fluorescence reached a critical threshold (Ct valDa)a is generally presented as normalized
to areference genand manystdi es ¢ ommo n | jActiner EIPRGIAPIO®OH, D
assumed that such housekeeping genes show little circadian variation, although their
expression can vary substantially dependent on mouse genetic backgtosinét al2010)

In this studywec h 0 s e G A-A®&iMas cefererfze genes, and designed a series of
primers to detect expression of core clock gevi@sh includePer, Per2, Cryl, Cry2, Clock,

Bmall, ReverbAndReverbB The primer sequences are shownTable6-7.

Serialdilution assay$1:1, 1:10, 1:100, 1:1000f the cDNA templateyvere generated for

each primer pair usdd ensure successful PCR amplification, pipetting accuaadyabsence

of contamination. A standard curve was then generated from the amplificatven asing

the Ct valueKig. 6-15) and a RsquaredRSq) value calculated. The RSq value is a statistical
measurement of the correlation of a regression line. An examgf®wn for th&SAPDH

primers, the others can be foundheappendicesection Chapter ).
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Standard Curve
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Fig. 6-15 Standard curve generatedn serial dilution experiment using GAPDH gene

expression primers. Thevalue of the calculatedRsqvalueis 0.999.

In this series, the firgxperiment was the extraction otal RNA from theliver and
hippocampusissues of mice sacrificed at ZT2 an@il4 using the Trizolextraction method
followed by reverse transcriptido generate cDNAQiagen kit). These samples were then
slbjected to 35 cyclesf PCR using primers to amplifgAPDHtranscriptsThe PCR
products were run on a 1% agarose gel toioorthe size of the productds shown inFig.
6-16, positive and negative controls worked weldldhe products were single bands of the

correct estimatedize of 104 bp.

200 . E N
Too -—-—‘
Ve Yue <I> 2qu <7 2714

Hippocampus Liver

Fig. 6-16 Successful RM extraction and reversetranscription into cDNA. Total RNA
was extracted from the liver and hippocampus tissues of mice sacrificed at ZT2 and ZT14
using the Trizolextraction method, followed by reverse transcription to generate cDNA
(Qiagen kit).
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In orcer toconfirm the absence of contamination by @aic DNA, RNA wasextracted and
reversetranscribedrom two samples of liver tissue; G and H. Each sample was further into 2
groups respectively; a and b with and without reverse transcriptase (RT) redpecthese

4 sampes were subjected to 35 cyclgsPCR using primers to amplifglock, GAPDH, Cry

2, Cyclophilin Bandb-actin transcripts As shown irFig. 6-17, positive and negative

controls worked as expected for all primer pairs. Moreover, the samples which had been
mock reverse transcribed without enzymikethto show products, confirming thésence of

genomic DNA.

Fig. 6-17 Control experiment to verify the absence of genomic DNA contamination in

RNA samples RNA from liver tissue were subjected to 35 cycles PCR using primers to
amplify Clock, GAPDH, Cry 2, Cyclophilin Bndb-actin transcript. All Ga samples

contained the reverse transcriptase enzyme and showed PCR products. Gb samples were
mock samples and did not contain reverse transcriptase, they failed to show products

confirming he absence of genomic DNA.
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