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Abstract

Circadian rhythms are recurring patterns (~284hr behaviour and physiolgg
that are driven primarily by an endogenous biological timekeeping system, with the
master pacemaker located in the suprachiasmatic nucleus. Studies have indicated
bidirectional relationships between the circadian and the immune systems, however
while thee is much evidence regarding the regulation of immune function by the
circadian systeminformation regardinghe impact of immune processes on the
timekeeping system is nmrlimited, including thatregarding the longerm
modulation of the circadian sgsh following immune challenge. The current set of
studies address this gap in the literature by examining thetéomgimpact of sepsis,
a substantial immune challenge, on circadian timekeeping processes, following
sepsis induction by peripheral tresnt with lipopolysaccharide ¢Bg/kg).
Following recovery, posseptic circadian behavioUlBCN molecular oscillations and
SCNresponsiveness were assessed. SCN neurochemistry was also assessed both in
the acute phasand in the longerm post LPS treatment

LPS induced sepsis did not affect core circadian locomotor rhythmicity
parametersput did result in longerm attenuations in peseptic resetting in
response tphase advancinghotic stimulationand alterations in rentrainment to
advances of the pioperiod. Perturbations were observed in SCN neurochemistry in
the acute phase following septic LPS treatment, and chronic attenuations were also
found in postseptic SCN clock gene protein product expression. LPS induced sepsis
caused attenuations inC8l functional activation in response to both photic and
immune stimulation, as well as alterations in circadian resetting in response to phase
resetting immune stimuli.

Overall, these data provide further insight into immune circadian
communication, and & longterm impact of immune challenge on timekeeping
processes, and describe a previously unknown impact of the chronic effects of

experimental sepsis on the circadian timekeeping system.
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Chapter One

General Introduction

The term Chronobiology, derived from Greadhi(onosmeaning timepios
meaning life,logos meaning study) refers to the study of biological rhythms and
timekeeping mechanisms. The term circadiamexb by Franz Halberg in 1959,
comes from the two bgaboua nworods eGdi rnoeaadn i
literally translatedcircadianthenmeas G about a dtlegniiggenausd des
~24hr recurring rhythms in behavioural, endocrine and phggioal parameters
(Levi and Schibler, 2007) whickerve to syngronize the internal stat@ith the
external environment, and ensure that internal processes do not occur all at once, but
at specific times Circadian rhythms have been conserved througbeaiution and
are seen to occur in all eukaryotic organisms including plants and animals, along
with certain fungi andyandacteria. These biological rhythms enable organisms to
react to and not merely adapt to changes in their surroundiogferringadvantages
onto organisns and increasing fitnessMlammalian circadian rhythms are generated
by endogenous oscillators and entrained daily by environmental time cues or
AZei t ga whech engironmental light is the most poteint,order to keep the
rhythm in phase with the environmef@@olombek and Rosenstein, 2010h order
for a rhythm to be circadian, thereeathree properties that mhust exhibit. The
rhythm must be selfustaining and persist in the absence of externat@mmental
cues,be capable of being reset or synchronizbg external cues, anchust be
temperature compensated.

While there are many early domented observations of circadiatterns in
physiologyin both plants and animalis,was not until the 17 century that much of
the investigationsinto chronobiologybegan, anddman circadian rhythm studiegd
not begin unt inl1938 Nathaniel Kleitnardn® Bricé Richardson
utilised theMammoth Cavs in Kentucky, isolated from the external environment
and maintaned under constant environmental conditions of temperature, humidity
and dar kness. At this ti me, artificial
stimulus or NRZei tgebero for circadian r
accesdo artificial lighting. Studies bylurgen Aschof{Aschoff, 1960) utilizingan

underground bunker in Germany, similarly shielded from external environmental
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cues and maintained under ctamg environmental conditiongoncluded that
circadian rhythms regulate varioumammalian behavioural and physiological
parameters (Aschqgfl960). These studies and those that followed in the proceeding
20 years were key in the development of chronobiological studies.

1.1 The Master pacemaker

It was first reported byRichter (967 that anterior hypothalamic lesions
disrupted behavioural circadian rhythm expressiothe rat and t was then found
that loss of the Suprachiasmatic NucleSCN) specifically, impaired
neuroendocrine and behavioural circadian rhythmicity in the harfi®tesak, 1979)
and in the rat (Moore and Eichler, 1972; Moore and Kl&®@74; Stephan and
Zucker, 1972 The SCN is bilaterally distributed in the anterior hypothalamus at the
base of the third ventriclepove the ojic chiasm (Klein et. al, 1991) (Figeil.1).

(A) (B)

Figure 1.1: The location of the mammalian circadian clockA) Coronal section
through a rodent brain showing the location of the SCN. The SCN of the anterior
hypothalamus sits directly above the optic chiasm (OC) andwuding the third
ventricle Bv) (Kriegsfeld and Silver, 2006Dashed line outlines the SCNThe
approximate rostracaudal location depicted in the coronal section is depicted by
the sagittal schematic in the upper right corner. (B) Pictomicrogaph of the SCN
immunostained for the clock gene protein CLOG&ale bar approx 100um).

A biological timekeeping role of the SCN weeenindicatedby a variety of
studies. WienSCN connections were severed to the rest of the ,#8&N neurons
retained their rhythmic lectrical activity but those outside of the SCN were
abolidhed (Inouye and Kawamura, 1979), highlightthgt SCN projections convey

rhythmicity to neurons outside of the SCNrurther, foetal SCN transplants from



wild-type hamsters téau mutant hamstersvhich showshortened circadian free
running period4FRP) showed the donor phenotype toderessed by the mutant

host (Ralph etal 1990). Therestoration of drinking, eating and motor activity
circadian rhythmsvas also showiollowing transplantatiorof foetal SCN tissue to

SCN lesioned ahrrythmic roden(AguilarRoblero et. al 1992Aguilar-Roblero et.

al 1994; DeCoursey and Buggy, 198Griffioen et. al., 1993; Lehman et. al 1987).
These studies and those that followed establishedSCN asthe location of the
principal circadian oscillator in the bodyThe SCNis now known to servas the
master oscillator, coordinating peripheral circadian clocks in individual cells and
organs throughout the body and orchestrating coherent circadian rhyitm@s$sSCN

IS positioned so as to receive both direct and indirect fetipat serving to convey
photicinput for entrainment to thenvironmental photoperid&®eppert and Weaver,
2001). The SCN contain about 20,000 neurons, 10,000 neurons in each nucleus
(Reppert and Weaver, 2001), which generate coherent circadian rhythms of neuronal
firing (Meijer and Schwartz, 2003)SCN neurons haveell body diameters of-7

12pum areof high density and show a broad phenotypic heterogeneity, expressing a
wide and diferential variety of neuroactive compounds, howev&ABA is
expressed by almost all neurof@kamura et al., 1989; Moore & Speh, 1993;
Shirakawa et al., 200 Guilding and Piggins, 2007

1.1.1. Subdivisions of the SCN

The SCN can be subdivided into two distinct anatomical regions, the
dor somedi al SCN (dmSCN) or fishell 6 and t
(Van den Pol, 1980), with each subregion containing neurons expressing different
populations of neuropeptidesThe core contributes 43% to the total neuronal
population of the SCN, with the shell contributing 57% (Moore et al., 2002). The
different neuropeptide and neuronal compositions of the subdivisions of the SCN
indicate regional differences in circadidrythm generation and regulation.

The dorsomedi al s hel |-dsualr corticali ancee s i n|
subcortical regions, receiving projections from the limbic forebrain #rel
hypothalamus, and the neurons in the shell express argiasopressin (AVPr
somatostatin expressing neuroas,well aggamma amino butyric acid’GABA) and
calretinin (CAR)(Moore et. al., 2002). Furthehd SCN shell also contains neurons



that synthesize angiotensin Il (All) anthetenkephalin (mMENK) and the shell
receivesinput from Vasoactive Intestinal Polypeptid®IP) immunoreactive fibres
and galanin (GAL) (Abrahamson and Moore, 2001).

The retinorecipient finpud from dhe reteha and v e s
from the intergeniculate leaflet and midbrain raphe afftsr@nd ontains neurons
synthesizing VIP,calbindin CalB), Gastrin Releasing Peptide (GRP) (Card and
Moore, 1984) colocalized with GABA and neuromedin S (Miyazato et. al., 2008;
Mori et. al., 2005) and neurotensiand receive input from fibres contaigirb-
hydroxytryptamine (5HT) and neuropeptid&’ (NPY) (Abrahamson and Moore,
2001). (Figure 1.2). RHT fibres are seen throughout the SCid the RHT
projections terminate upon all Viend GRP neurons, as well as the AVP, CalRr,
CalB and mENK neurons, except those that are most medial (Morin et al., 2006).

The different subregionalso show variation in clock gene and immediate
early gene(lEG) expressionThe SCN core is retinorecipigrand in response to
photic stimulation the VIP, GRP and CalB neurons of the core are thought to display
robust short latency electrical responses, and the induofiorarious IEGsand
photically sensitive clock genescursin the SCN core, but not ilhé shell (Hamada
et al., 2001Kornhauser et al., 1990; Rea, 19920)eTAVP neurons of the SCN shell
are thought to show robust spontaneous rhythmicity in gene expression,
neurotransmitter release and electrical activity (Antle and Silver, 2005; Lee, et. al

2003). The cells of the core show relatively low amplitude expressioolack

genes which magllow environmental signato more easily reset thesells (Lakin-
Thomas et al., 1991; Pulivarthy et al., 20@djwell, 2011.
(A) (B)

3v

Core/NL Shel/DM

Light-induced
expression of
clock genes

VL SCN (VIP)
Other
hypothalamic
nuclei

Brain stem

RHT (glutamate, PACAP)
Raphe (5-HT)
IGL (NPY, GABA)
Pretectal area

Rhythmic
expression of
clock genes

Figure 1.2 SCN functional andneurochemical subdivisiong/A) Neurochemicals
of the SCN core are illustrated in the left SCN while those of the SCN shell are



illustrated in the right SCN. The SCN core is directly innervated by the RHT, the
raphe nuclei, and the IGLThe SCN shell is innervated by ventrolateral SCN and
other hypothalamic areas. RHT, retinohypothalamic tract; 3V, third ventricle; OC,
optic chiasm; IGL, intergeniculate leaflet; VL, ventrolateral; DM, dorsomedial;
other abbreviations as in texadapted fom Golombek and Rosenstein, 201B).
Immunofluorescent staining in the mo@&eN with the SCN shell region delineated
by immunofluorescent labeling for A\(ied) and the SCNore region delineated by
green fluorescent protein (GFP) expressed GRP expessing neurons (green)
(Welsh et al., 2010)

1.1.2. SCN Couplingand Electrical Activity

A core to shell signalling model exist8l¢ore, 1996; Speh et al., 2002), and
studies have showiné SCN coreo shownumerous efferents to the SGNell while
there are fewer projections innervating tlegecfrom the sheltegion(Moore et al.,
2002). Thelight sensitive neurons within the core convey light information to the
SCN shell which in turn jects to efferent regionand t is thought hatprojectiors
from the SCN tather brain regions are the initial steps involvetheregulation of
rhythmicity bothin the CNS andthe periphery (Bartness et al., 2001; Asfames et
al., 2001; Kalsbeek and Buijs, 2002; Buijs et al., 2003; Deurvedinel Semba,
2005).

The two SCN nuclei also appear to be coupled, since unilateral SCN lesions
disrupt behavioural circadian rhythmadfering the FRRPickard and Turek, 1982,
1983) and projections between the two nuclei have been identified (Abrahamso
and Moore, 2001; Kabeek et al., 1993), witbach core and shell of amdividual
SCN nucleus projectingontralaterally to the core or shell of the other nucleus (Leak
et al.,, 1999). Rhythmic electrical activity of similar period witsmall phase
differences isfound in each nuelus (Inouye and Kawamura, 1982hd @ch can
produce rhythmic circadian behavioural activity (Pickard and Turek, ,19823;
Davis and Gorski, 1984).

The presence of multiple circadian oscillators is supported by thevaliser
of locomotor activity rhyt hmdrighsapdlDaant i ng o6
197&) and in the ground squirrel (Pittendrigh 1966)jowing prolonged housing
under constant conditionand it is suggested that each nucleus may be oscillating
independently, each oscillation producing a behavioural rhythm (Pittendrigh and
Daan, 1976). In animals with split behavioural activity theft and right SCN



display antiphasec-Fosand clock gene expssion(de la Iglesia et al., 2000, 2003;
Mendoza € al., 2004; Ohta et al., 2005).Furthermore, rodent housing under
constant light(LL) resuls in lengttening of the FRRand can result in circadian
arrhythmicity, which is probably due to the decoupling of neurons resulting in
oscillator desynchronwithin the SCN(Aschoff, 1960; Pittendrigh and Dadf76g;
Ohta et. al., 2005).

The circadian timing mechanism is expressed autonomously within
i ndividual SCN neurons, and these indepel
creating a network of oslators, enabling the generation of coherent, robust
circadian outputs when they oscillate sgnchrony(Welsh, 2009). The SCN has
been shown to display a circadian pattern of electrical activity which is high during
the light phase and low during therkiphase, and is in antiphase to neuronal activity
patterns outside of the SCN (Inouye and Kawamura, 1979; Inouye and Kawamura,
1982), and is seen to persist in constant lighting conditions. The electrical activity
pattern has been shown to be an endogepooperty of the pacemaker (Inouye and
Kawamura, 1979), and to be maintained and peisistitro, and the day night
rhythm in electrical SCN firing has been demonstrateid witro slice preparations,
confirming peak electrical firing in the middle of the subjective day, and a nadir
approximately 12 hours later in the subjective night (Green and Gillette, 1982;
Shibata et al., 1982; Groos and Hendricks, 1982; Brown and Piggins). 2007
Individual SCN neurons dissociated in culture have been shown to display
independent circadian rhythms in firinghowing a range of phases (Welsh et al.,
1995). Communication between individual SCN cells is essential for accurate
pacemaker functionand individual neurons adapt their amplitude in response to
feedback from other SCN cells. The individual oscillators must then be synchronized
together, resulting in rhythmic electrical activity and the generation of rhythmic,
coherent circadian output ythms such as behavioural outputs (Schwartz et al.,
1987).

lonic currents drive spontaneous electrical firing rhythms of SCN neurons. A
number of voltage sensitive currents play roles in the electrical firing rate of neurons
within the SCN, including those that supply the excitatory drive necessary for
spontaneasly active neurons, currents that convert the excitatory drive into a regular
pattern of action potentials, and those that hyperpolarize the membrane and underlie

the silencing of electrical firing at night (Colwell, 2011). Studies by Wheal and
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Thompson 1984) and Kim and Dudek (1991, 1992, 1993), have shown GABA
receptors to be involved in modulating inhibitory input on rodent SCN neurons,
while the major excitatory inputs to SCN neurons are from glutamatergic sources.
Optic nerve stimulation was seea induce an excitatory postsynaptic potential
(EPSP) from rodent SCN neurons which was mediated viaNbotlethylD-aspartic
acid(NMDA) and noANMDA receptors.

SCN neuronal firing rhythms are crucial in transmitting circadian timing
information to the bria and periphery (Schwartz et. al., 1987). Qtock mutant
mice, individual oscillators do not show rhythmic electrical activity, correlating with
the arrhythmic locomotor behaviour exhibited by these animals (Herzog et al., 1998),
while in tau mutant haraters exhibiting shortened circadian free running periods, the
period of the electrical activity rhythm is seen to reflect this imitro recordings 6
SCN neurons (Liu et al., 1997

Neural activity may be required for the generation of circadian asoilis in
the core clock genes in the SCN, since various studies have shown that perturbations
in these lead to alterations in molecular oscillations. In transgenic mice and
Drosophila models where clock cells are hyperpolarized, perturbations have been
observed in behavioural and molecular rhythms (Nitabach et al., 2002; Pakhotin et
al., 2006), and further, molecular rhythms have been shown to be attenuated by
hyperpolarizing C& neurons in culture or by blocking €achannels (Lundkvist et
al., 2005). Other studies by Yamaguchi and colleagues (2003) have shown electrical
firing rhythms to be involved in the generation of robust rhythmic clock gene
expression in indidual neurons in SCN cultureStudies by Belle andolleagues
(2009) have shown alissaiation between clock gene expression and action
potential generation. These authors show that in the middle of the day, at the
supposed peak of electrical firingerl expressing SCN neurons show depolarized
membrane states but do not generate action potentials, while at thisPemie,
MRNA expression as measdrby GFPfluorescence signal iRerl:GFP mice was
shown to be high.

There are a number of ways in which S@&urons are coupled. Synaptic
transmission between cells is the principal mechanism involved in couplbGMf
cells(Welsh, 2009)Both calcium depende®@ABA release (Shirakawa at., 2000)
and sodiurrdependent action potentials (Honma et. al., 20@@)¢ been shown to

play roles in synchronization of circadian and spike to spike firing patterns, and
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GABA transmits information between the core and shell regions of the SCN (Albus
et al.,, 2005). @&trodotoxin (TTX) has been used to block neuronal firaigs in
cutured SCN neurons causirgglls to loserhythm synchrony (Yamaguchi .eal
2003;Honma etfal., 2000).Gap junctions play a role in intercellulasramunication
within the SCN, as shown bgpplication of the gap junction blocker halothane
(Colwell, 2000), and further in mice lacking the gap junction protein Connexin36
electrical synapses were blocked apdrturbations in circadian locomotor activity
rhythmswere observeflL.ong et al., 2005).

This coupled system is synchronized to #@mvironmental light dark cycle
via signalling from light sensitive retinal ganglion cells allowing environmental
entrainment (Morin and Aller2006;Berson 2003)Theretinorecipient corg@lays a
crucial rolein SCN coupling (Welsh, 2009), and@aadian rtythms have been shown
to be abolished at the entire animal level as a result of SCN core lesions, consistent
with loss of SCN output ghals (LeSauter and Silver 1999In rostral SCN slices
lacking a core, SCN coupling has been shown talibrupted (Yanret al., 2007),
while separation ofhe SCNsubregions hashownloss of coupling in shell neurons
and those in the comemain coupled (Yamaguchi et. al 2003). In knockout mice
lacking VIP orits receptor, coordination between SCN neurons has been dbown
be severely disrupted\{on et. al. 2005Ciarlegio et. al 209; Maywood et. al 2006),
and thesenimalsshowaltered circadian locomotor actiyithythms (Colwell et al.,
2003;Harmar et al., 2002).

1.2 Afferent input to the SCN

Input to the SCN isia three main projections, the Retinohypothalamic Tract

(RHT), the Geniculohypothalamic Tract (GHT) and the raphe nuclei.
1.2.1 TheRetinohypothalamic Tract

The importancef the RHTfor circadian rhythm regulation was established
through ablation studies whichighlighted that the RHT is both sufficient and
necessary for the photic entrainment of the master pacemaker in the SCN (Johnson et
al., 1988a).The retina transmits information to the brain via the optic nerve formed
by the axons of retinal gangliotels (Foster and Hankins, 2002 The RHT s

formedfrom a small number of retinal ganglion cells dispersed throughout the, retina
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distinct from those involved in primary visual pathways (Moore et al., 199%)
these cellssenda random projection to theCBl and contain the photosensitive
protein melanopsiwhich functionsas the circadian photoreceptor (Berson et al.,
2002;Gooleyet al., 2001; Hannibal et akP02;Hattar et al., 2002; Provencio et al.,
2000)and is involved in photic entrainment (Freedman et al., 199®@nosynaptic
RHT projections terminaten the SCN (Moore and Lenn, 1972nd are seen to
project to the vast majority of the SCN in both the rat and the mouse, with
approximately equal cordlateral and ipsilateral retinal projections seen to the
mouse SCN, while in the rat, these projections are seen to be predominantly
contralateral (Morin et al., 2006). Bilateral RHT innervation is received by the entire
SCN in the hamster (Muscat et &#003). These projections are coextensive with
GRP and VIP immunoreactive perikarya in the SCN.

The RHT terminates in other brain regions including the subparaventricular
zone (sPVZ), the anterolateral hypothalamus and the supraoptic region (Abrahamson
and Moore, 2001Johnson et al., 1988b; Levine et al., 199Ihe RHT alsqrojects
to specific regions athe thalamusincluding the intergeniculate leaflet (IGL) which
subsequently projects to the SCN (Morin, 1994; Moore and Card,.1994)

The main neureansmitters involved in the RHT athe excitatory amino
acid neurotransmitterglutamate and pituitary adenylate cyclasetivating
polypeptide (PACAP). Glutamate is released by RHT terminals in respaiase
photic stimulatiorinto the VIP ontaining SCNcore Mikkelsen et al., 1999ing et
al., 1994;De Vries et al., 1994 In vivo andin vitro studies indicate that glutamate
acts through NMDA and neNMDA receptors, activating various intracellular
signalling molecules including, among others, nitngde (NO), protein kinase G
(PKG), protein kinase C (PKC), calmodulin, cAM&sponsive element binding
protein (CREB) and calciur(Gillette 1996; Gillette and Mitchel, 20D2as well as
inducing the expression aimmediate early genes (Kornhauser et al.96bY
subsequently leading to increased transcription of certain clock genes (Shigeyoshi et
al., 1997; Moriya et al., 2000)Application of glutamate receptor (GIuR) antagonists
in vivo has been shown to irtht both photically induced Fos in the SCN adlas
photic phase responsesilfe et al., 1992; Colwell and Menaker, 199%vhile
applicaton of glutamate receptoagonistscauss excitation of SCN neurongBos
and Mirmiran, 1993; Scott and Rusdl®9§. PACAP colocalizes extensively with
glutamate ananelanopsin in the RHT and the retina (Hannibal, 20883 may be
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involved in mediating photic infonation, as well agpotentiating the effects of
glutamate release on the SCNafrington et al., 1999; Minami et al., 2002The
effects of PACAP on the @adian gene expression gpldlaseshifting areboth dose
andphasedependent, with PACAP administration blocking the effects of glutamate
at high dosesas well asinducing nonrphotic like phase advances during the
subjective day and at low does, potentiaty and or mimicking the effects of
glutamate omhythmicphaseshifting (Hannibal et al., 1997, 2001; Chen et al., 1999;
Harrington et al., 1999; Nielsen et al., 2001; Piggins et al., 2001; Bergstrom et al.,
2003).

Substancéd® (SP) isalso thought tdereleased via RHT terminals, apthys
a role in RHT transmissigrand its administration mimics photic phase shiéisd
appears to bdependenbn SP induced glutamate releasiace administration dhe
NMDA channel blocker MK-801, blocks phaseshifting effects (Hamada et al.
1999; Piggins and Rusak, 199Kim et al., 2001) Light and glutamate induced
phaseshifting and gene expressiare blocked by selective SP agtaists bothin
vitro andin vivo (Abe etal., 1996; Challet et al., 1998001; Kim et al., 2001).

1.2.2 The Intergeniculate Leaflet

The IGL located between the dorsal lateral and ventral lateral geniculate
complex (LGN) isa retinorecipientregion (Harrington, 1997 Moore and Card,
1994; Morin, 1994Rosenwasser, 20pBvolved inthe indirect integration of photic
information to the SCN. The IGL consists of geniculate neurons that cdah&in
inhibitory neurotransmittersSSABA and NPY that projectto the SCN viathe
geniculohypothalamic tragMorin and Allen, 2006)Terminal fieds of the GHT are
seen in the SCN core (Moga and Moore, 199Mese IGL neurons are sensitive to
alterations in overall radiance ldgeand receive direct binocular input from the
retina (Harrington and Rusak, 1989; Pickhard, 1982

The IGL has widespread connections, extending from the optic chiasm
through the lateroanterior hypothalamus to the midline, the SCN included, amrd to th
subparaventricular zorend adjacent perifornical anterior hypothalamus (Morin and
Allen, 2006). The IGLis involved in the integration of both photic and Aamotic
phaseshifting events (Harrington et all985; Pickard et al., 1987; Morin and Pace,
2002). The IGL has been shown tmodulatephotic phaseshifting effectsby lesion
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studies altering photicphaseshifting responsesand contributingto the dfects of
constant lightingconditions on the circadian system, with IGL lesions attenuating
the period lengthening respond&delstein and Amir, 199%arrington and Rusak,
1986 1988 Morin and Pace, 2002pPickard et al., 1987; Pickard, 1989
Rosenwasser, 2009

The IGL is thought to be involveth mediatingthe effects of noiphotic
stimuli on the circadian systenand NPY and GABA release from the GHT in the
SCN may play a rolesince nomphotic phaseshifting effects have been mimicked by
NPY and GABAergic drugs, as well as serotonergic driR@senwasser2009.
Under constant darfDD) conditions,lesions ofthe IGL havebeen showro either
shorten (Harrington and Rusak, 1986; Harrington Bndak, 1988; Pickard et al.,
1987) or lengthen (Lewandowski and Usarek, 2002; Pickard, 1884RP Lesion
studies targeting th@onphotic phaseshifting responsg such as induced wheel
runningactivity, and the benzodiazem@ntriazolam, have furthdrighlightedthat the
GHT is necessary to communicate fmhotic information to the SCN (Janik and
Mrosovsky, 1994; Wickland and Turek, 1994; Johnson e1@88¢ Marchant et al.,
1997). Further, IGL lesions have been shown to compromise phasic effects
following saline injection (Maywood et al., 199NPY antiserum infused onto the
SCNin vivo hasalsobeen shown to block thghaseshifting effects ofnovel wheel
running (Biello et. al., 1994)Additionally, the IGL is thought to play a role in sleep
and arousal since it projects #reasbelieved to modulate sleepnd arousal
processes (Saperait, 2001; Morin and Blanchard 2005).

1.2.3. Midbrain raphe nuclei projection

Serotorrgic projection to the SCN via éhmidbran raphe nuclei, provides
another source of major input to the SCN core (Moga and Moore, ,188&)e the
projection is seen to extensivelyr@nate upon core VIReurons Reghunandanan
and Reghunandanan, 2Q0& projection is also seen from tI&CN to the raphe
nuclei (Bons et al., 1983 The IGL is also innervated by serotonergic projections
extending from the dorsal raphe nuclewhich may serve as anotheute by which
the SCN receives serotonergic input (Rosenwasse®)20&rotonergiqrojections
to the SCN and the IGIplay arole in the subjective day ngrhotic effects on
circadian timing, and subjective night photic effects (Mistlberger et al., 2000; Morin
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and Allen, 2006; Rea and Pickard, 200@erotonin HT) receptor agonists aae
phase shifts in the SCN during the fmm of the PRC where photjghaseshifting

does not occu(Medanic and Gillette 1992; Edgar et al., 1p9&urther nonphotic
phase shifts in the subjective day are seen in response to stimulation of thermidbrai
raphe nucle(MeyerBernstain and Morin, 1999).

Serotonergic projections maynodulate SCN photic responsgsand
serotonergic mechanismsave been suggested tpositivdy modulate RHT
glutamate release amhaseshifting effects (Graff et al., 2005;raff et al.,2007;
Kennaway and Moyer, 1998; Kennaway et al.,, 208Dhhler et al., 1999
Rosenwasser, 2009 Photic phaseshifting and gene expression in the SCN have
alsobeen shown to é negatively regulately mechanisms increasirsgrotonergic
tone sich as inhibition of serotonin reuptak&annon and Millan, 2007and the
application of serotoniagonistqGlass et al., 1995; Pickard et al., 1996; Pickard and
Rea, 1997; Reat al., 1994). 5HT antagonists enhance picatly induced phase
shifts (Rea eal., 1995 and photically induced increasesSCN electrical activity
(Ying et al., 1994

PERIPHERAL /:vyp DIFFUSIBLE

IGL

Figure 1.3: Afferent inputs and efferent pathways of the SCfReghunandanan
and Reghunandanan, 2006

1.3 Neurotransmitters of the SCN

A large number oheurotransmitters have been shown to be present in the
SCN (Card and Moore, 1984; Van den Pol, 1986, Rusak and Bina, 1990;
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Reghunandanan et al., 1991; Abrahamson and Moore),280d areémplicated in

the functioning of the pacemakaewith individual neuotransmitters plapg various

roles intimekeeping processes, and may be involved in afferent projections to the
SCN and in entrainment of the pacemaker, within the pacemaker itself for
integration and synchronized output, or in efferentguipns of theSCN andn the
regulation of overt rhythmicity (Reghunandanan and Reghunandanan, 2006).
Additional neurotransmitters in the SCN include neuromedin S, neurotensin,
histamine, acetylcholine, somatostateptide histidine isoleucine (PHtplretinin,
galanin, angiotensin Il, MeEnkephalin and prokineticin 2 (Reghunandanan and
Reghunandanan, 2006)

The neurotransitier GABA plays important roles in the regulation of SCN
function (Reghunandanan and Reghunandanan, 2006). GABA is synthesized from
glutamic acid decarboxylase (GAD), and both GAD and GABA are known to be
present in the majority of SCN neurongldore and Speh, 199%3ard the SCN
expresses GABA receptors and receptor subuMit®(e and Speh, 1993; Castel and
Morris, 2000;Naum et al., 2001 GABA has been shown to have both inhibitory
and excitatory effects on SCN neurolgagner et al., 1997), anday play roles in
syrchronization ofSCN cells(Shirakawa et al., 200Qiu and Reppert, 20Q0Direct
application of GABA to SCN slices in culture prom®ietercellular synchrongnd
phase shift electrical activity rhythmsof neurons(Liu and Reppert, 2000).
Application of a GABA receptor antagonist continuously inlSil®CN neuronal
resynchronization following a phase shift of the photoperiod (Albus et al., 2005).
GABA has been suggested to modulate photic input to the SCN, simogistdation
of GABA receptor agonsists and antagonists impapts1l5CN photically induced
c-Fos (Gillespie et al., 1999) anphotically induced phase shifts (Gillespie et al.,
1996; Gillespie et al., 1997).GABAergic neurotransmission in the SCN hagrbe
shown to exert difrentialmodulation during theubjective day anadight, which
may serve to provide a time dependent gating mechanism, promoting the
potentiation of excitatory signals throughout the SCN at night and inhiliéiggme
excitation(deJeu and Pennartz, 2002

Vasoadtve intestinal polypeptidés another major neurotransmitter involved
in the function of the SCN, and is expressed 4% of SCN neurons and shows
circadian expression (Shirakawa et al., 2001; Herzog et al., 2004; maglanan
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and Reghunandanan, 2006). This polypeptide in retinorecipient and activated by
photic stimulation and found in the core of the SCN. Exogenous application of VIP
both in vivo and in vitro resets the circadian clock in a manner similar to photic
stimulation (Piggins and Cutler, 2003), and VIP indueesl andPer2 expression in
the SCN in a phase dependent manner (Nielsen et al., 2002). The action of VIP with
its receptor VPAC2, which is present in approximately 60% of SCN neurons and
responsive to alterations in the firing rate of the polypeptide (Reed et @R; 20
Cutler et al., 2003), is seen to be involved in photic resetting and in the maintenance
of SCN rhythmicity(Piggins and Cutler, 2003; Reghunandanan and Reghunandanan,
2006). VIP plays important roles in behaviour and physiology. Alterations in VIP
signalling cause a significant reduction in rhythmic neuronal populations, and those
that continue to show rhythmicity display a decrease in rhythm amplitude (Aton et
al., 2006; Brown et al., 2007). Coherent clock gene expression rhythms, wheel
running and S neuronal activity are not observed Vfipr2” mice, lacking the
VPAC2 receptor gene (Harmar et al., 2002; Cutler et al., 2003). FurtherVipege
" mice show perturbations in gating of photic input to$&N (Hughes et al., 2004).
Additionaly, perturbations are seen in sleep parameters (Hu et al.,, 2011) and
cardiovascular and body temperature rhythm¥ipr2”" or VIP deficientmice (Hu
et al., 2011; Sheward et al.,, 2010; Hannibal let 2011, as well as disrupted
metabolic and endocrine rhytlsnfAsnicar et al., 2002; Bechtold et al., 2008; Loh et
al., 2008; Fahrenkrug et al., 201B)ghlighting the importance of VIP signalling in
physiological function

The ventrolateralegion of the hamsterSCN is seen to be dexlg packed
with CalB containng cellsin its caudal aspedSilver etal., 199& Hamada et al.,
2001). CalB cellsreceive direct retinal input (Bryant et al., 2000) and show photic
induced eFos expression (Silver et al., 1296°erlandPer2mRNA are induced in
response to phie stimulation in the CalBubregion (Hamada et al., 2001¢alB
cells colocalize with GRP, SP and VIReGauter et al., 2002anddo not show
rhythmic expression of clock genes (Hamada et al., 2001; Hamada et al., 2004), or
rhythmic electrical actity (Jabust and Allen, 2002), but mgylay roles in the
maintenance of locomotor rhythmicity, since K&EN transplants thaontain cells
of the CalBsubregion restorghythmic locomotor behaviour in SCN lesioned hosts,
while transplantation of SC tissue lackag these cells does not restore rhythmic

behaviour (LeSauter and Silver, 199B0rther, CalBcells have been suggested to be
14



involved in the gating of photic input to the SCN, since administration of CalB
antisense oligodeoxynuclotides blockabjective mght photically inducedphase
shifts and Per expression normal] and these are instead enhanced during the
subjective day (Hamada et al., 2003CalB deficient mice show altered photic
induced locomotor phase delays &2 expression in the SChhdicating a role in
resetting(Stadler et al., 2010).

Rodent SCN neurons synthesize G&itfd the GRP receptor BBBattey and
Wada 1991;Ladenheim et al., 1992nd GRP has been suggested to plajes in
photic entrainment (Tanaka et al., 1997; Aiodrak, 1983. GRP applicationn
vitro phase shift rhythmic electrical activity, causingarly subjective nighphase
delays and a phase advance in the late subjective regiat further, application of a
GRP receptor antagonist inhiphaseshifting effects (MArthur et al., 2000

Reghunandanan and Reghunandanan, 2006)

Arginine vasopressiis expressed in cells of tf8&CN shell co-localized with
somatostatin and GABA, and is thought to be one of the nigosmitters of the
SCN (ngram et al., 198), and mayplay roles in SCN output.The synthesis and
release ofAVP shows circadian variatioand approximately one third of SCN
neurons are seen to synthesize AVP in rats (Reghunandanan and Reghunandanan,
2006) AVP has been shown fgay an excitairy role throughts activation of Vla
receptors (Ingram et al., 1998nd to be involvedh electrical firing acitivity in the
SCN (Mihai et al., 199) A reduction in SCN AVP content and AVP neurons has
been shown to accompany perturbationghmsleep wake cycle, a reduction in the
amplitude of rhythmic activity and an increase in rhythm fragmentakiofngan et
al., 1994; Hfman et al., 1995; Lucassen et al., 199&VP deficient rats show
reduced amplitude of circadian sleep rhythms (Brown aghez, 1989),
highlighting the roles this neuropeptide plays in output rhythms.

Prokineticin 2 (PK2) is involved in output from the SCN, and may play roles
in the timing of locomotor behaviour in nocturnal animals (Cheng et al., 2002), and
PK2 SCN expresion is regulated by the circadian clock and by light (Cheng et al.,
2005).
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1.4  Other sources of input to the SCN

Other SCN afferent systems provide ibplie circadian system, including
noradrenergic input from the brainstem (Cagampang et al., 1994; Moga and Moore,
1997, Rosenwasser, 2009¢holinergic projections arising fromhe pontine
tegmentum and basabrebrain (Bina et al., 1993; Rosenwasser, 2088) input
from the posterior hypothalamus via histaminergic projections (Panula et al., 1989;
Wada et al., 1991; Rosenwasser et al., 200%)ese afferentsarget the SCN shell
and may be involved in the regulation of the circadian clock (Moga and Moore,
1997; Moore, 1996; Rosenwasser, 200Burther, he IGL also projectsvia
noradrenergic and cholinergic inputstudies have suggested that histamine may
play roles in photic effects on the circadian system (Cote and Harrigton, 1993;
Harrington et al., @00; Eaton et al., 1995Meyer et al., 1998) or possibly be
involved in entrainment downstream from glutamate release (Jacobs et al., 2000;
Rosenwasser et al., 2009). Variouslatergic effects on the circah system have
been described. Application tife cholinergic agonist cabechol hasmicked both
photic and nosphotic phaseshifting effects (Bina and Rusak, 1996&Yhile thefree
running periodis perturbed upon near SCN implantation of a cabechol secreting
pellet (Furukawa et al., 1987) Sudies inhibiting cholinergic transmission have
shown SCN gene expression and photic induced phase shifts to be attenuated (Keefe
et al., 1987; Zhangt al., 1993; Beaule and Amir, 2002; Erhardt et al., 2004
noradrenergic system may play roles in the mdahriaof photic inputand has been
shown toalter the FRRunder onstant conditiongDwyer and Rosenwasr, 2000;

Rosewasser, 1996; Rosenwasser et al., 1995; Rosenwasser et al., 2009).

1.5. The Molecular Circadian Clock

The circadian clock system is composed of three integral components, input
pathways receiving and subsequently conveying environmental information to the
pacemaker and adjusting the time, a central pacemaker which generates the circadian
rhythm and outputpathways affecting circadian physiology and behaviour
(Balsalobre et. al 1998).

The molecular mechanisms governing the clock were unknown until the early
19706s, when the first <circpedodmutantsimyt hm
Drosophila, fuitfly (Konopka and Benzer, 1971) arflequencyin Neurospora,
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fungi, (Feldman and Hoyle, 1973), with the isolation of the period and frequency
genes occurring later. In the years that followed several other clock genes involved
in the molecular clockwdes were identified in both flies and mammals, and there is

a general conservation in the molecular clock mechanism between the organisms
(Reppert and Weaver, 2001) . ACl ock gene
the generation and maintenance ofcatlian rhythms and must display certain
properties in order to be considered a core clock gene. Clock genes are usually
rhythmically transcribed and if this gene is deleted or mutated circadian rhythms are
disturbed. Further, clock proteins feedback eegllate their own transcription and

in order to generate circadian oscillations of expression, there must be a delay
between when a gene is activated and when it is inhibited or a steady state will result
(Allada et al., 2001). Clock genes are expreds®t in the SCN, in oscillators in
other regions of the brain and in peripheral tissues, and the molecular clock
mechanism is similar for the master circadian pacemaker in the SCN and in
peripheral oscillators (Balsalobre et al., 2608lagoshi et al., 260 Welsh et al.,

2004; Brown et al., 2005; Ko and Takahashi, 2006).

At a molecular level, the set of clock genes and proteins are interconnected to
form complex transcriptiotranslation autoregulatory loops that produce accurate
and robust circadian rklyns. These transcription translation feedback loops that
underpin the molecular circadian clock drive expression of the core clock genes
(Lowrey and Takahashi 200&Reppert and Weaver, 2002nd the oscillations of
clock gene protein products are reeqdirfor the generation and regulation of

circadian rhythms in single cells throughout the organism (Takahashi, 2004).
1.5.1 Transcription/Translation Feedback loop in mammals

The Transcription/translation clock feedback loop is comprised of both
positive and agative limbs. Three basic heleop-helix (bHLH)-PERARNT-SIM
(PAS) proteisc ont ai ning transcription factors,
kaputo (GtEO&€iKKoloaog NPAS2nuscleamd i Rbr gpirmt ei n
(BMAL1) comprise the positive elemes limb of the transcription/translation
feedback loop. CLOCK and BMAL1 bind to each other forming heterodimers, and
initiate transcription of target genes containingodx cis-regulatory enhancer
sequences (CACGTG) which comprise the negative feedbapk thePeriod genes
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(Per 1, Per2 and Pe)3and theCryptochromegenes Cryl andCry2) (Gekakis etl.,
1998;Zheng etal 2001; Bunger et al., 2000; Kume et al., 1999nce transcribed,
PER and CRY bind each other forming PER:CR¥terodimers which then
translocate back to the nucleus and act on the CLOCK:BMAL1 complex, repressing
their own transcription, comprising the negative component off@bdback loop

(Lee et. al 2001Kume et. al 1999; Okamura et al.,1999; Shearman ,e2@0D0;

Sato et al., 2006). While th€éRY proteins turn off CLOCK:BMALimediated
transcription, PER2 may contribute tdBmall transcription, promoting
CLOCK:BMAL1 heterodimerization, restarting the transcriptional cycle (Reppert
and Weaver, 2001).

Another regulatory loop is induced by CLOCK:BMAL1 heterodimers
activating the retinoic acitelated orphan nuclear receptors transcriptioRefe r b U
and R o r (Preitner et. al 2002; Sato et. al 2004kashi et. al 2005; Ko and
Takahashi, 2006), the protein preets of which then compete to bind retinoic acid
related orphan receptor response elements (RORES) locatedBm#igpromoter,
and form an auxillary or stabilizing feedback loop regulaf8rgall transcription
levels (Preitner et al., 2002; Sato et @004; Son et al.,, 2011). The circadian
oscillation of Bmall is regulated by RORs and REBRBs, with REVERB U/ b
repressing the transcription Bimall(Guillamound efal., 2005; Ko and Takahashi,
2006) and R @Raltransctiption Guillamayindteal 2005, Akashi et.
al 2005). As previously stated, CLOCK:BMAL1 heterodimers activate the gene
encoding REVERB U, whi c h iBmalttransoniption.eTherinbiion efs
CLOCK:BMAL1 heterodimers by the action of PER:CRY in the nucleus indirectly
activatesBmall through inhibition ofReve r gé&he expression (Cermakian and
Boivin, 2003;Preitner et. al., 2002). The renewal of BMAL1 levels at the end of the
night may increase CLOCK:BMALL1 heterodimers at the appropriate circadian time
driving Per/Cry transcription and restarting the oscillation, therefore BMALL
availability is required at the start of a new circadian day (CT 0) to renew the

transcription/translation feedback loops (Reppert and Weaver, 26@fyre 1.4).
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Figure 1.4.: A network of transcriptional translational feedback loops constitutes
the mammalian circadian clockko and Takahashi, 2006).

The majority of the components of the molecular clock show rhythmic
circadian expression in the SCN both under constant conslitind in LD (Guilding
and Piggins, 2007)Per1 mRNA shows peak expression in the SCN between ZT/CT
4 and 6 (where ZTO is the time at lights on under a 12:12 LD cycle and where CTO is
the start of the subjéee day in constant conditiorf$hresher eal., 1998 Shearman
et al., 1997; Zheng et al., 1999; Bunger et al., 2000; Guilding and Piggins, 2007).
Both Cryl mRNA (Miyamoto and Sancar, 1998; Thresher et al., 1998)Rmd
MRNA expressiompeak at approximately ZT/CT10 (Albrecht et al., 1997; Shaarm
et al., 1997; Bunger et al., 2000; Bae et al., 2001; Oster et al., 2003).Baik
MRNA expression is seen in the SCN at approximately ZT/CT18 (Abe et al., 1998;
Honma et al., 1998; Reppert and Weaver, 200Rgve r tmBNA shows peak
expression atgproximately ZT/CT4 (Onishi et al., 2002ry2 is not expressed in
rhythmic fashion in the SCN, whil&lockis expressed constitutively across the 24hr
circadian cycle (Oster et al.,, 2003; Gekakis et al., 1998). With regard to mRNA
levels, the expressionf protein products is seen to be delayed b§ HKours
(Guilding and Piggins, 2007).

19



1.5.2. Posttranslational modifications and clock control

The precise ~24hour period of the molecular clock is governed by
posttranslational modifications of the clock gen@asripts involved in the feedback
loops, creating time lags between transcription, translation and translocation of
proteins from the cytoplasm to the nucleus (Lee et al.,, 2001; Refapéfeaver,

2002 Ko and Takahashi, 2006; Guilding and Piggins, 200Ppsttranslational
modifications involved in the localization, degradation and activity of the core
circadian clock components include phosphorylation, ubiquitination, methylation,
sumoylation and histone acetylation (reviewed in Gallego and Vishrup, .2007)
Evidence of posttranscriptional/posttranslational control in the molecular clock is
seen in Drosophila, where peak levels of PER proteins are sgéoudrs following
peakPer RNA levels Harms et al., 2004

Various key processes are tuned generatea 24hr cycle includinghe
transcription rate oPER and CRYproteins andprotein stability (Hasting et al.,
2007; Gallego and Virshup, 2007)Casein kinase 1 epsilofCKIJ and Casein
kinase 1 delta(C K J) @re accepted as components of the core molecidak
(Akashi et al., 2002) and are essential in regulation of mammalheadian protein
turnover (Koand Takahashi, 2006; Lowrey et al., 2000; Eide et al., 2002; Akashi et
al., 2002). Casein Kinase 1 (CK1) plays roles in regulating the nuclearéBR
in mammals, and CKla nd  Cpkdsphorylate PER1 and PER2 to modulate
nuclear translocation times and target proteins for degradatic®KIU is
constitutively expressed in the SCN, and has been shown to bind and phosphorylate
PER regulating its subcellular localization, impacting on its ability to repress
transcription and targeting it for ubiquitination and subsequent degradation through a
proteasomal pathway involving the -0 x pr oftreChils -@dERR b
(Etchegaray et al ., 2009; Vielhaber et
seen tgphosphorylate PER proteins, reducing their stahitityitro (Camacho et al.,
2001; Xu et al.2005).

CKIU and C K 1 mautations highlight the importance of post translational
modifications in the molecular clock mechanism. A mutatio€i1Uin hamsters
known as théau mutation is seen to cause a 20% decreatigirRPandanaltered
phase anglef entrainment (Ralph and Menaker, 1988). Furtherptbre mutation

results in decreased PER stability and their accelerated proteasomal degradation
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(Lowrey et al., 2000) and enhanced clearance from the nucleus suft@iexplain

the shortened FRPhenotype (Dey et al., 2005)Mutations inCK1UandC K 1aie

implicated in Familial Advanced Sleep Phas@m@ome (FASPS) in humans (Xu et

al., 2005). Currently a model basedtbadoubletimgDbt) mutation in Drosophila,

for the tau mutant and FASPS, suggests that reduced efficatyPER
phosphorylation results in prevention of PER degradation, allowing PER to rapidly
enter the nucleus, leading to acceleration of the clock (Lowrey et al.,.200@)
absence of CK1U retueesPER moteim tusdver,vamd this possibly
underlies the increase in peri-deficent engt h
fibr obl as-defciert livel ex@lahtinivitro (Etchegaray et. al, 2009)

In vitro studies have shown CLOCK and BMALb be subject to post
transl ational modi fications. Casein Kina
BMAL1 and is important in the entry of BMALL to the nucleus and disruption of
this phosphorylation attenuates clock gene expression in cultured filisoblagro
(Tamaru et al., 2009). In cells in culture, PKC mediated phosphorylation of CLOCK
followed by the recruitment of efactors of the CLOCK:BMALL1 heterodimer have
been shown to be important in resetting clock gene mRNA oscillations (Jung et al.,
2003; Shim et al., 2007; Lee et al., 2010; Son et al., 2011).

Following phosphorylation, proteins to be degraded by the proteasomal
pathway are poly ubiquitinlyated (Hastings et al., 200PER proteins are thought
to betargeted for ubiquitination angslibsequent degradation through a proteasomal
pathway nvolving the Fb o x p r ot e(Hastmgs ktTal, QE®07). TheRY
proteins are also regulated by phosphorylation and degradation events to impact
upon circadian period length, and CRY1 stability hasrbshown to be regulated by
the Fbox proteinFBXL3, (Busino et al., 2007; S&a et al., 2007). The-Box
proteinds interaction with theachuepeatqui t i n
region (LRR) of its targets reduces affinity fGRY proteins,slowing down their
clearance from the cells, prolonging the negative feedback phase, reducing the
expression ofPer mRNA required, thereby lengthening the period of circadian
oscillations (Hastings et al., 2007)

A selfsustaining cycle of the core clockormaponents which takes
approximately 24hrs to complete one oscillation is produced as a result of the

processes outlined above (Guilding and Piggins, 2007).
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1.5.3. Mutations or deletions of the core clock genes

Mice with targeted disruptions or deletions in thecadian clock genes
exhibit attenuations in circadian behaviour and altered expression profiles of
circadian genes (Lowrey and Takahashi, 2004).

1.5.3.1. Cry mutations

In mammals, cryptochromes are involved in photoreception for circadian
entrainment, and are essential components of the nedegdback loop of the
circadian timekeeping mechanism and are crucial for the maintenance dfiairca
rhythmicity. Deletion ofCry2 lengthens the circéah period (Thresher et.al 1998;
Van der Horst et. al 1999)vhile deletion ofCryl shortenghecircadian griod (Van
der Horst et.al 1999%itaterna et al. 1999). While rhythmicity can be maintdine
through the presence of either CRY1GRY2, double knockout mice fa€ryl and
Cry2 show complete arrhythicity in DD (Van der Horst et.al 199%itaterna et al.
1999) necessitatinghe functional importance of the proteins for circadian

timekeeping proesses.
1.5.3.2. Permutations

Mice with a null mutation in thBerl gene show a shorter circadian period
along with an attenuation in the precision and stahdftthe period, indicating that
PERL1 plays a role in functionally regulating the circadian clockimmdaintenance
of the circadian griod. The circadian clock iRerl mutant mice still appears to be
partially functional with no perisistant loss of circadian rhythmicity (Zheng et al.,
2001). During proloryed housing iDD, Perl deficient mice andnPe'% mutant
mice display perturbed locomotor activity rhythms (Bae et al., 2001). Locomotor
activity rhythms ofPerl1Per3 doublemutant mice resemble activity rhythms of
mice with disruption ofPerl, while Per2Per3 doublemutant mice have a
phenotype idetical to Per2 knockout mice indicating thatPer3 functions outside
the molecular clock mechanism (Cermakian and Boivin, 200&x1/Per2 double
mutant mice have been shown to exhibit immediate ammgtl{Bae et al., 2001),
andPer1Per2 mutants displagxomplete loss of a functional cadian clock in DD
(Zheng et al., 2001).
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PER2 is thought to play a critical role in mammals in the maintenance of
circadian behavioural rhythiity in both mice and human®er2 mutant miceshow
delayed loss of circadian rhythmicity in mice and unstable circatdighms (Zheng
et al., 1999), anéxposure to a light pulse during arrhythmia in DBestabishes
circadian rhythmicityZheng et al., 2001)Per2 mutant mice show reduced levels of
SCN gene expression (Bae et al., 2001; Shearman et al., 2000b; Zheng et al., 1999).
A Per2mutation in humans affecting the phosphorylation of hPER2 by caseiaeki
lepsilon is implicated in Familial Advanced Sleep Phaged®me (Toh et al.,
2001). Per3 knockout mice display only subtle circadian locomotor activity
alterations, with slight shtening of theFRPunder constant conditiofShearman et
al., 2000a).

1.5.3.3.ClockandNpag mutations

CLOCK has been shown to be necessary for rhythm maintenance in
pelipheral tissues sinc€lock” mice show loss of functional peripheral oscillators
(DeBruyne et al., 2007b). Heterozygo@ock mutant mice, in DD display
abnormally long free running periods (~24.5 hours) while homozygotesk®* °/ ®* °
show free running periods of ~28 hours initially, followby degeneration into
arrhyhmia (Vitaterna et al., 1994). Clock” mutants display altered photic
behaviouraphaseshifting, with decreased phase delays and exaggerated tondegmi
of phase advares, and an alterggzhase angle of entrainment under LD (DeBruyne
et al.,2006), indicating that CLOCHKlays roles in conveying photic information to
the SCN or in regulating SCN sensitivity to photic stimulati@®ock” mice also
def y As c hwithfstatss th& mdctarnal rodents lengthen their &fider LL
(Dallman et al., 2011).

NPAS2 (also known as MOP4) is a CLOCK related protein, both being
paralogs of Drosophila CLOCK, and shares sequence homology withirHHe-ld
PAS domain (King et al 19973 and heterodimerizes with BMAL1 to drive gene
expression (Kume et al., 1999; Hogenesch et al., 1998). NPAS2 deficient mice show
strong circadian rhythms and slight shoneniof circadian periodDudley et al.,
2003; DeBruyne et al., 2007a, Dallmat al., 2011). Mice missing both CLOCK
and NPAS2 show arrhythmia, indicating functional redundancy of NPAS2 in the
SCN (DeBruyne et al., 2007a). M2 deficient mice show attenuations iRer2
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(Reick et al., 2001) and accelerateeergrainment to a 4dur phase advance of the
photoperiod,and therefore show altergahotic responsessimilar to Clock mutant
mice (Dudey et al., 2003), howeveNpa2™™mice show normal phase angles of
entrainment uder LD (Dallman et al., 2011).

The expression of severabre clock genes and clock controlled genes are
downregulated in Clock mutant mice, implicating CLOCKas a critical
transcriptional activator in the core clock mechanism (Kume et al., Bi853rman
et al., 2000b, Zylka et al., 1998eBruyne et al., 2006 Npas2mRNA levels and
nuclear protein levels are elevated in the livers of CLOCK deficient, iameever
bioluminescence recordings of liver and lung rhythms exhibit arrhythmicy,
indicating that NPAS2 is unable to maintain rhytbity in peripheral tissues in
Clock”™ animals, highlighting the necessity of CLOCK in peripheral oscillations
(DeBruyne et al., 2006).

1.5.3.4 Bmallmutations

BMAL1 (MOP3) plays roles in both the master circadian pacemaker and in
peripheral clocks and is ink@d in the generation and maintenance of behavioural
rhythms and is suggested to function in behavioural outMap3” mutant mice,
show arrhythmicity in DD, attenuations in activity distribution in LD and DD,
altered entrainment to the LD cycle, apdrturbations in peripheral expsisn of
Dbp, and impairedPerl and Per2 rhythmicity in the SCN (Bunger et al., 2000).
BmalI” mice also show signs of premature aging and reduced lifespan (Kondratov
et al.,, 2006), impaired glucose homeostasis (Rudic et al., 2004), progressive

arthropathy (Bunger et al., 2005) and infertility (Kennaway et al., 2005).
1.5.3.5.0ther components of the moidar clock mechanism and their mutations

Decl and Dec2 are two basic helikoop-helix factors that have also been
shown to be involved in the regulation of the molecular clock (Honma et al., 2002).
DeclandDec2are expressed in the SCN in a circadian meanandDeclis induced
in a phase dependent manner in the SCN in response to photic stimulation (Honma et
al., 2002). These factomppress the activity of CLOCBMALL1 dimers through
association with them and or competition with thebdx elements in arget

promoters, and have been shown to suppress the transactivation of thePaduse
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promotor (Honma et al., 2002). Recent studies have suggested DEC1 and DEC2 to
be involved in the finer regulation and robustness of the molecular clock (Nakashima
et al, 2008). In vitro, alterations irDeclaffect the oscillations of clock genes, and
Dec2knock down is seen to affect the phase of expression of certain clock genes,
while double knockout oDecl and Dec2 was seen to decrease the amplitude of
circadian epression of several clock genes (Nakashima et al., 2008). Further, mice
deficient in Decl show longer free running periods in DD as well as accelerated
reentrainemnt to an LD phase advance (Nakashima et al., 20R083sner et al
(2008) have also shownatDec mutant mice display attenuans in the FRRand in

photic entrainment. More recently, studies have shown interactiddesodf2genes

with Perlto be important for accurate entraiem of activity to the LOcycle (Bode

et al., 2011).

Dbpis a clock controlled gene (Ripperger et al., 2000), imdroduct, the
basic leucine zipper (bZip) transcription factor, albumin sit@ilding Protein
(DBP) is shown to oscillate in peripheral tissues (Wuarin et al., 1992; Fonjallaz e
al., 1996 in the SCN (LopeaMolina, 1997), and regulates a number of genes
(Mueller et al., 1990; Lopeilolina, 1997). The Thyroid Embryonic Factor (TEF)
and the Hepatocyte Leukemia Factor (HLF) which share extensive sequence
similarity with DBP also show circadian exgssion in several tissues (Falvey et al.,
1995; Fonjallaz et al., 1996; Lop&tolina et al., 1997). Micdromozygous for a
Dbp-null allele show perturbations in locomotor activity, with reduced levels of
activity and a shortened free running period (Leptxina et al., 1997).

Reve r ldéficient miceshow perturbations iphaseshifting of locomotor
behaviour and a reduction in the free running period in constant conditions (Preitner
et al., 2002), however these studies show that BEVB U i s ndar requi
circadian rhythm generation. As previously mentioned, mutationSkitU (tau
mutation) also causes a shortened free running period and altered phase angle of
entrainment (Ralph and Menaker, 1988).

Together, these studies highlight the impacpeiturbations in components

of the molecular clock mechanison circadian output rhythms.
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1.6 Entrainment
1.6.1 Phase Response Curs@RC)

PRGs outline the time across the circadian cyclensiich a stimulus will
impactupon circadian rhythmicity, resulting inhase shifts of circadian locomotor
activity, thereby resetting the phase of the oscillafine PRC is an intrinsispecies
specific propertywith species variation seen in the shape and amplitude of the PRC
(Golombek and Rosenstein, 2010). Two geneatdgories oPRCsexist, those to
photic stimuli and those to ngshotic stimuli and he sensitivity of the clocko

phase resetting stimulariesacross theircadian gcle.
1.6.1.1. Non-photicstimuli and the noiphotic PRC

A variety of nonphotic Zeitgelers have been showo cause phase advances
during the subjective day when the clock does not show responses to photic
stimulation (Hastings et al., 1998). In rodents, locomotor activity rhythms can be
entrained by scheduled feeding (Mistlberger, 1994;t&vand Timberlake, 1995;

Abe et al., 1989; Mistlberger, 1993) and restricted exercise (Edgar and Dement,
1991; Marchant and Mistlberger, 1996; Hastings et al., J19%®8ite exposure to
sexual odours andosial interaction(Mrovosky et al., 1989).Phase dvances are
seenin response to behavioural arousal or saline injedtiothe subjective day
(Hastings et al., 1992)as well assingle exposure to novel running wheels
(Mrovosky et al., 1996; Turek, 1989; Wickland and Turek, }99%he IGL and

NPY neurdransmission in the SCNindserotonergic projection from median raphe

to the SCNareinvolved in nonphotic phaseshifting (Van Esseveldt et al., 2000;
Meyer-Bernstein and Man, 1996; Mintz et al., 1997). (Figure 1.5).

1.6.1.2. The Photic PRC

The photic PRC describesvhere photic stimulatiorat different circadian
phasewill induce a phase delay, a phase advance or no alteration in circadian phase.
I n nocturnal ani mal s, photic PRCO6s disp
during the subjective night whi |l e the subjective day
whereby light falling on this phase of the circadian cycle causes no alterations in

behaviour (Daan and Pittendrigh, 1976l response to photic stimuli, the internal
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oscillator resets rapidly within encycle, however overt behaviour exhibits transient
cycles until steady state entrainment is achievetir{son et al., 2003 Pittendrigh

and Daan (197§ modelled the circadian oscillator of rodents as an intricate
timekeeper comprised of two mutually upded oscillators, a morning oscillator
which is accelerated by light and synchronized to daama an evening oscillator
decelerated by light and synchronized to dusk (Pittghdaind Daan, 1926 Meijer

and Schwartz2003. Phase advancing photic stimulation applied during the late
subjective night advances the morning oscillator with a later shift of the evening
oscillator and the morning peak of SCN electrical activity and the offset of
locomotor behaviour would also laelvanced(Pittendrigh and Daan, 19&6Meijer

and Schwartz2003. At the behavioural level, these phase advances following light
application in the late portion of the subjective night cause locomotor activity to
begin earlier on the next cycle (DaandaRittendrigh, 1976; Rusak and Boulos,
1981). Phase delaying photic stimulation would delay the evening oscillator with a
later shift of the morning oscillatorP{ttendrigh and Daan, 19&6Meijer and
Schwartz 2003. These phase delays occur in respaskght in the early part of

the subjective night, delaying the phase of locomotion, causing activity onset of the
subsequent cycle to occur later (Daan and Pittendrigh, 1976; Rusak and Boulos,
1981). Coupled with the delay in the evening oscillator Wdé a delay in SCN
electrical activity and the offset of locomotor activity offseitendrigh and Daan,
1976; Meijer and Schwart2003. (Figure 1.5).
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Q == Photic PRC
Q == = Non-photic PRC

Figure 1.5 Phase response curves of circadian rhythmki thetop panel,
actograms represent behavioural responses to photic stimulation ddjindpe
subjective day?2) the early subjective night (inducing a phase delay of the rhythm),
and3) the late subjective night (inducing a phase advance). The bottom
panelrepresents th phaseshifting effects of noiphotic stimuli (e.g. novel running
wheel) presented) in the middle of the subjeatiday (inducing a phase advapce

or 5) during the subjective night (no response). The central graphs illustrate both the
photic PRC (solid ihe), and the noiphotic PRC (dashed line), with number
corresponding to acrogram respresentations (Golombek and Rosenstein, 2010).

1.6.2 Photic Entrainment

Environmental light is the principal Zeitgeber, entraining or synchronizing an
or gani s md s e @4 sdlav day. Yhe tinear mddel of entrainment of the
circadian system starts with environmental light stimulating specialized retinal
ganglian cells (Rollag et al., 2003) whidh turn causes synaptic transmission and
i nnervation of kteliseresdtiddNio the activatiom of the prateins
involved in the resetting of the transcriptitanslation feedback loop underpinning

circadan oscillations (Meijer and Schwar2(03).
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1.6.2.1. Intracellular Signalling Pathways underlying phaidrainment

The molecular mechanisms that underpin entrainment of the circadian clock
are thought to begin with glutamate activating SCN NMDA receptors, which
subsequently leads to an influx of®anto SCN neurongDing et al. 1997Schurov
et al. 1999,Gau et al., 2002) Theexcitatory glutamatergic input activatearious
intracellular signalling moleculeand their signalling pathways includingmong
others,the activation oNO, PKG, PKC, calmodulin, CREB and calcium (Gillette
1996; Gillette and Mchel, 2002) These signalling pathways underlyimdnotic
entrainment converge on CREBhich, following its phosphorylation becomes
activated, resulting in its translocation to the nucleus and bincSMP-responsive
elements (CREpPn promotor regions ophotically inducible gene¢Ding et al.,
1997; Gau et al.,, 200%inty et al, 1993; Obrietan et al., 1999 ;ravnckova
Bendova et al., 2002) and IEGs (Rusak et al., 20B2y1 andPer2areknown to be
induced in response to photic stimulation and tinkelved in photicphaseshifting
(Yan and Silver, 2002)as area variety of immediate early genéRusak et al.,
2002).

The extracellular signal related kinag&RKSs) are membexrof the mitogen
activated protein kinase (MARinase superfamily. The ERpathway is implicated
in the phaseshifting response following photic stimulatiorActive, phosporylated
ERK (p-ERK) shows variation across the circadiaycle (Obrietan et al., 1998) and
phase dependent photic inductidoeing rapidly upregulated in the SCdpon
exposure to light duringhe subjective night, but naturing the subjectivalay
(Obrietan et al. 1998; Butcher et al. 2003; Coogan and Piggins 2003; Nakaya et al.
2003) This photic regulation of-ERK mirrorsthe pattern of photic phashifting
of circadian locomotor behaviouiPittendrigh and Daan, 19@6 Schwartz and
Zimmerman, 1990).

Activation of ERK results in the phosphorylation of the cAMP response
element binding protein (CREBRKornhauser et al., 1986 Obrietan et al 1998;
Coogan & Piggins, 200 oogan and Piggins, 2004; Dziema et al., 2003; Le¢ et
2003; Antle et al., 2005), subsequently leadinghe transcription ofphotically
inducible genes(Grewal et al., 1999; West et al.,, 2001). Thernphorylation of
CREB in the SCN is regulated by photic and circadian stimuli (Ginty et al. 1993;
Obrietan et al. 1999; Gau et al. 20@2d further, CRE mediaddranscription shows
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both photic and circadian regulation (Obrietan et al., 199%).well as containing
CRE in their promotor regions, both tRerl andPer2 gene promotor regions also
contain Serum response element (SRE) consensus seesi@Vilsbacher et al.
2002), and these are known to be targets for phosphorylated, Elkich is a
substrate for ERK (Gmgan and Piggs, 2004), and iphosphorylated in response to
photic stimulation in the hamster (Coogan and Piggins, 2003). Photiudligible

IEGs contain both CREs and SREs in their promotor regions (Coogan and Piggins,
2003) al thesancludeEgr-1 junB, cFos and fosB (Greenberg et al., 1992; Perez
Albuerne et al., 1993pand are induced in response &ubjective nightphotic
stimulation(Rusak et al., 2002).

The activation of ERK has been shown to be necessary for photic
entmainment of the circadian timekeeper (Obrietan et al.,, 1998; Wang and Sehgal,
2002; Coogan and Piggins, 2004) and ERK plays roles in the molecular events that
underlie photicphaseshifting. In NIH3T3 fibroblast cells in culturéen vitro, the
oscilations of both Perl and Per2 are perturbed following blockade of the ERK
cascade (Akashi and Nishida 2000;-Bashi et al. 2002)Administration ofthe
MEK (MAP kinase kinase) inhibitotJ0126 attenuatethe induction of photichf
induced IEG3sn the SCN in mice during the delay portion of the PRC (Dziema et al.
2003). Inhibition of ERK signalling attenuates the phosphorylation of CREB by
glutamate (Obrietan et al., 1999). Further, mice lacking the CREB phosphorylation
site show perturbations photic inducedphase shifts of locomotor behaviour, as
well as attenuations ifPerl in the SCN and €os (Gau et al., 2002).MEK
inhibitors also impact upon photically induced behaviouedponsegCoogan and
Piggins, 2003Butcher et al., 2002)

Additionally, other members of the MAP kinase superfamily have been
shown to be under circadian and photic control, including P38 -qunat ld-terminal
kinase (JNK) (Pizzio et al., 2003; Coogan and Piggins, 20QMpre recently,
MAPK has been shown to betanomously activated in the SCBInd its inhibition
attenuates SCN autonomous neuronal firing rhythms and further, impacts upon
circadian clock gene oscillations in individual neurons in culture, suggesting that
MAPK signalling contributes to the robustsesf the SCN autonomous circadian
system(Akashi et al., 2008and highlighting the importance of these signalling

cascades in the circadian timekeeping system.

30



1.6.3 Photically induced Per genes

Photic esetting of the circadian clock in mammals involves the acute
induction of the clock gend3erl andPer2 (Dunlap, 199; Lowrey and Takahashi,
2000), by a mechanism indegnt of the CLOCK:BMALL controlled E-box
activation (TravnickovaBendova et al., 2002; Guildingnd Piggins, 2007)The
protein products of these genes then function in the core molecular feedback loop to
reset the circadianscillator (Yan and Silver2004). The protein products of these
genes show phase dependent photic induction across the airaadile induced
upon exposureluring subjective nightbut notin response tsubjective dayhotic
stimulation,and their pattern of photic induction is similarttee pattern of photic
phaseshifting of circadian locomotor behawir (Pittendrigh and Cen, 1976;
Schwartz and Zimmerman, 1990) as well as the patterrERRK photic induction
(Obrietan et al. 1998; Butcher et al. 2003; Coogan and Piggins 2003; Nakaya et al.
2003). Phaseshifting of the molecular clock is seen to result in photically iretlc
Perl gene expression in the SCshell following a phase advancing light pulse,
while Per2 gene expression is seen to be induced in the SCN shell in association
with phase delays (Yan and Silver, 2002). The PER proteins have been shown to be
differentidly increased in the different SCN subregions in response to phase
resetting photic stimulation depending on the portion of the PRC at vphiotic
stimulation occurs, andER2 induction has been suggested to bertapt for phase
delays, whilePERL1 induction is important for phase advances (Yan and Silver,
2004). Therefore, the induction of PER1 and PER2 in response to light may play
roles in photic entrainment (Yan and Silver, 2004)

1.6.4 Photically induced immediate early genes

Light induced phase shiftare marked by the induction of photically
inducible IEGs,including egr-1 junB, cfos and fosB which contain cAMP
responsive elements (CRE) in their promotor regiamsl as previously described
bind CREB and are subsequently transcribed in respor@eotic stimulation in the
subjective night (Greenberg et al., 1992; P&bmierne et al., 1993; Rusak et al.,
2002). Inhibition of ERK signalling attenuatephotic IEG inductionn the SCN
(Dziema et al. 2003highlighting the importance of this sigtiay pathway in IEG
induction. eFos is the most extensively studied IEG in response to photic
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stimulation, and a pattern ofkfbs mMRNA and immunoreactive Fos protein are
photically elevated in response to a light pulse during the subjective night and in
response to lights on at dawn in the light:dark cyddotic stimulation during the
subjective night causes rapid induction eFas in the SCN within an hour of
exposure and is associated with photic induced phase shifts of free running
locomotor activy (Kornhauser et al., 1990; Rusak et al., 1990; Ebling et al.,; 1991
Mead et al., 1992 Light pulses as short as 5 minutes have been shown to cause c
Fos induction, while a saturating light pulse in mice shows an upper limiEogc
photically inducede | | s t o be approxi matey 20% of
(Castel et. al., 1997). -Feos expression is observed in the SCN core in response to
photic stimulation (Cai et al., 1997; Guido et al., 1999b; Schwart4.,el295;
Schwartz et al., 2000;akéhashi, 1993) and is suggested to be involvedricadian
function andphotic entrainment (Aronin and Schit 1991;Schwartz et al., 2000
Kornhauser et al., 1990

1.7 SCN Pacemaker Connectivity

Both humoral and neuronal SCN signalling are involvedutput from SCN
to target sites (Kalsbeek et al., 2006).

1.7.1 SCN Efferent Projections

SCN efferentprojections travel short distances, and it is mainly other
hypothalamic regions that receive output information from the SCN (Abrahamson
and Moore, 2001). Thesegions serve as relay stations, projecting SCN timing
information throughout the nervous and endocrine systems, thereby allowing SCN
communication to the CNS and the periphery (Dibner et al., 2010; Deurveilher and
Semba, 2005; Kalsbeek et al., 2006).eThSCNOGs principal effere
to the subparaventricular zone (SPZ) and dorsomedial hypotha(@id) which
then extends to the hypothalenparaventricular nucleus (PVN) (Watts, 1991). The
SPZ and DMH receive input from the dorsomedial sheddion of the SCN, while
efferents from the SCN core terminate in the Et8FPZ (Leak et al., 1999). These
SCN outputs must communicate SCN timing information to regions of the CNS
involved in the regulation of various behavioural and physiological npetexrs

including neuroendocrine and autonomic systems, body temperature, sleep wake
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behaviour, locomotor activity and feeding behaviour (Rosenwasser et al., 2009).
The dorsal SPZ (dSPZ) regulates body temperature (Lu et al., 2001), while the
ventral SPZ\SPZ) is involved in the regulation of locomotor activity and circadian
rhythms of sleep and wakefulness (Saper et al., 2005). The DMH is involved in the
regulation of circadian rhythms of sleep and wakefulness, locomotor activity,
feeding and corticostene secretion (Chou et al., 2003). Additionally, independent
of the DMH and SPZ relay stations, the SCN is also seen to show direct but sparse
projections to target areas of the DMH and SPZ involved in the circadian regulation
of behaviour and physiologycluding, sleep and wakefulness rhythm regulation via
the ventrolateral preoptic nucleus (VLPO), rhythmic hormonal release via the PVN
and feeding rhythms via projections to orexin neurons (reviewed in Saper et al.,
2005).

1.7.2 Humoral SCN Outputs

Signalling irdependent of neural projections hatso been shown to convey
circadian timing information. It has been shown that locomotor rhythmicity can be
restored within SCN lesioned hamsters upon transplantation of viable SCN tissue
encapsulated within a membrane and therefore preventing neurabwiltgand
therefore neural communication with the adjacent hypothalamus (Silver et al.,
1996b), indicating the presence of a secretory sif@mious neurochemical outputs
from the SCN have been proposed, and these include signalling via AVP, VIP, PK2,
cardiotrophin like cytokine (CLC) and TGHJ which act upon their targets both
synaptically and humorally (Cheng et al., 2002; Gerhold.e2@05; Kalsbeek et al.,
1992 Kramer et al., 2001; Kriegsfeld et al., 2002; Kraves and Weitz, 2806;et
al., 201). Further glucocorticoid (GC) signalling may serve to communicate
i nformation between the SCN and the peri
seen to impact upon clock gene expression in peripheral tissue® (Koyanagi et
al., 2006; Son et al2008) and in mammalian celis vitro (Balsalobre et al., 206D
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1.8 Non-SCN oscillatorsand Pacemaker Hierarchy
1.8.1 Non-SCN neural oscillators

While many brain regions display S@kpendent rhythms, fewer regions
within the CNS have been shown to display SCN independent rhythms
(Rosenwasser et al., 2009; Guilding and Piggins, 2007). The olfactory bulb shows
persisting rhythmicityin vivo in the absence of the SCN and further, individual
olfactory bulb neurons show autonomous rhythmicity in the expression of clock
genes and in electrical activity in culturevitro (Abraham et al., 2005; Granados
Fuentes et al.,, 2004a; Granadagntes et al., ZBb). These oscillators are
involved in the regulation of the free running period of SCN dependent locomotor
activity behaviour and in the regulation of olfactory sensitivity with time of day
(Granadod~uentes et al., 2006). The lateral habenula ancitteate nucleus have
shown rhythms independent from the SCN (Guilding and Piggins, 2007;
Rosenwasser et al., 2009). The retina also displays autonomous oscillators that
function in the regulation of retinal function and visual sensitivity with time gf da
(Tosini and Menaker, 1996; Tosini et al., 2008). These oscillators then signal to the
SCN regulating behaviour (Yamazakiatt, 2002; Tosini et al., 200.7

1.8.2 Oscillators in the periphery

Peripheral clocks are now known to be located in most tissuesrgarb.o
The peripheral clocks require synchronization from the SCN in order to display
robust circadian oscillations among the oscillator populations, since ¥8@Gbh
cells, dampening of circadian molecular oscillations occurs readily as a result of
gradwal phasing out of individual rhythms between the cells (Guo et al., 2006;
Nagoshi et al., 2004; Son et al., 2011). SCN communication to peripheral tissues
ensures that peripheral oscillators are entrained to the environmental cycle via
circadian regulatio of gene transcription, enabling peripheral tissues to execute
appropriate functions at the appropriate phase (Desai et al., 2004; Yamamoto et al.,
2004 Kita et al., 2002;Storch et al., 2002). Clock genes within the SCN generate
circadian rhythms in physiology and behaviour by synchronizing peripheral
oscillators and their expression of clock genes viaaleamd endocrine signalling
(Terazono et al., 2003; McNamara et &001; Balsalobre et al., 2080 Peripheral
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oscillators have also been seen to be directly entrained by specific Zeitgebers
including body temperature alterations and feedasing schedules (Buhr et al.,
2010; Damiola etlg 2000;Son et al., 2011).

1.10. The Immune Response

The mammalian immune system has evolved to defend the body against
infection. The function of the i mmune sy
Anerel fo anti gens aseldantigems, to lawch am appropatf non
Immune response resulting in protection of the body against this microorganism. In
this way, the immune system protects the body against bacteria, viruses, parasites,
fungus etc. The immune system is comprised of two interdependent subdivisions, the
innate immune system and the adaptive immune system which act in synergy
forming a complex system. The nepecific innate immune system provides the
first line of defence to pathogen invasion and comprises the physical barriers of the
mammalian body such dke skin epithelial layer, and the nepecific protective
cells. Cells of the immune system originate from the bone marrow, including those
of myeloid and lymphoid origin. The myeloid cells include the phagocytic cells, the
macrophages, neutrophils, ewphils, basophils and dendritic cells, while the B
lymphocytes, T lymphocytes and Natural Killer (NK) cells are of lymphoid origin.
The adaptive immune system is antigen specific, and comprises the second set of
host responses to invading microorganisnasidd demonstrates immunological
memory.

Inflammation followed by activation of the complement cascade are the first
steps in the immune response. In response to infection and or tissue damage, the
cells of the innate immune system react rapidly, adgptia complex
pathophysiological state known as inflammation (Nathan, 2002; Foster and
Medzhitov, 2009; Biswas and Lop€nllazo, 2009). Patgen recognition
receptors (PRB) are expressed in innate immune cells such as dendritic cells and
macrophages (Mathitov, 2001), and recognise pathogessociated molecular
patterns (PAMPS), structures that are present on the surface of invading microbes,
leading to the activation of the innate immune response. PRR signalling following
microbial recognition causesdlproduction of inflammatory cytokines and type 1

interferon, leading to DC maturation and antigen presentation and consequently
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adaptive immunity (Akira et al., 2001). The PRR Toll like receptor 4 (TLR4) is the
primary PRR that detects Gramegative ba&ria and the endotoxins associated with

them such aslipolysaccharide (PS and Lipid A (Beutl er, 2
Bowie, 2007;Biswas and Lopefallazo, 2009). TLR signalling occurs via 2
pathways, an MyD88 dependent pathway resulting irthtbesarlyphase activation

ofthe NFe B signalling pathway ( Afaductonadnd Ta
proinflammatory cytokines, and an MyD&®&lependent pathwaleading to late
phase N B activation as well as the active
(IRF3), resulting in thénduction of IFNinducible genes and maturation of dendritic

cells (Yamamoto et al., 2003kira and Takeda, 2004 The TLR4 pathway signals

through the adaptors MyD88, and TRIF, which is involved in the MyD88

i ndependent Nefl aahdh Bowig, 2000 GAkira, 2009; Bisas and
Tergaonkar, 2007)(Figure 1.6).

TLR4

MyD88

/

> OO @

Early-phase NF-xB | Late-phase
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I:. ! | IFN-, IFN-inducible
Inflammatory cytokines ; gene products

MyD88-dependent MyD88-independent
response 1 response

Figure 1.6: TLR4 signalling: MyD88dependent and MyD8&dependent
pathways(Akira and Takeda, 2004)

Under normal conditions, the translocation of-BllB t o t h e nucl eus

cytosol is prevented by tight association with inhibitors known as-e&lp p a B6 s

(laBs) (Baeuerle and Baltimore 1988), an
2 B, t he kemzpywme Kkli nase (I 8aK) becomes ac
phosphoryl ates |l @B whieoB @men beéeicomesi ate

alowingNFe B t o transl ocate to +tBe DMNWc Ilba ngd i an
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and the induction of the transcription of diféet components of the inflammatory

response including cytokines such asslILNOS, Ik1 b, -ONF i mmunog!l obu
Rel family proteins, |l @B and neurotransm
et al., 1993; Verma et al., 1995; Nomura, 2001; Marpegah, 2004; Yamamoto et

al., 2003).

1.11. Cytokines and the CNS

The Blood Brain Barrier (BBB) forms a tight separation between the central
nervous system (CNS) and the peripheral immune system and this lead to the historic
view of the brain as an immunolicglly privileged organ, not susceptible to immune
activation or inflammation. Far from now being considered an immunoprivileged
site, the brain is known to contain a variety of immune components and is sensitive
to inflammatory mediators (Schmidt et ,aR005). Immune mediators of the
peripheral immune system such as cytokines, chemokines and complement activated
proteins are synthesized in the CNS by neurons, microglia and astrocytes, and
furthermore, these brain cells express receptors for these ientmediators
(Schmidt et al., 2005). Cytokine receptors expressed in the brain are functionally
and structurally similar to those ine periphery (Dantzer, 2004).

1.11.1. Neuroinflammation ensues following a systemic immune challenge.

Systemic cytokines transmit information to the brain following an immune
insult, altering cytokine expression in regions of the CNS (Dantzer et al., 2004;
Turrin et al., 2001). Cytokines can be either pro or-mfitkmmatory and belong to
five basic familes, the chemokines, the growth and cell stimulating factors, tumour
necrosis factors (TNF), interleukins (IL) and interferons (IFN). Activated
macrophages release the proinflammatory cytokines-ONF-11bL a mBdwhile L
T-cells release the arntiflammatory cytokines IE10 and Il-4 (Jacob et al., 2011).
The CNS carries out immune surveillance of the local environment and in response
to an insult following infection, disease or injury, a neuroinflammatory response is
initiated, whereby the CNS cells phace inflammatory mediators including
prostaglandins, free radicals, proinflammatory cytokines, and complement,
subsequently inducing chemokines, adhesion molecules, immune cell recruitment

and glial activation (Lucas et al., 2006; Schmidt et al., 2008¢. @rain contains a
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cytokine network, whereby cytokines stimulate their own synthesis and that of
others, subsequently leading to a cascade of proinflammatory mediator release
(Taylor and Grossberg, 1998)The peripheral cytokines produced in responsanto
immune insult communicate with, and exert their effects on the CNS by a number of
mechanisms including neural and humoral mechanisms and by peripherally activated
immune cells (Capuron and Millar, 2011). Cytokine action at the brain endothelium,
which contains saturable cytokine specific transport molecules and can actively
transport cytokines across may be one mechanism, cytokines can cross the blood
brain barrier at areas where it has become compromised, cytokine information may
be communicated to ¢hCNS via afferent nerves, for example, the vagus nerve
which is seen to communicate various aspects of the immune response following
LPS treatment and peripherally activated monocytes may access the brain
parenchyma causing the release of secondaysengers such as nitric oxide and
prostaglandins following the activation of endothelial ceRsvést et al., 2000;
Konsman et al., 2002Vatkins et al.,1995; Plotkin et al., 1996; Quan and Banks,
2007; D'Mello et al., 2009; Capuron and Miller, 201(@Figure 1.7.
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Figure 1.7: Depiction of theroutes by which the systemic immune response may
be communicated to the CNSCapuron and Millar, 2011).
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1.11.2.Microglia in the CNS

Microglia are the resident innate immune cells of the CNS and comprise
approximéaely 12% of cells in the CNS (del Ridortega, 1932). Microglia are of
mesodermal/mesenchymal origin, and are derived from progenitors that migrated
from the periphery, entering the brain early in development (Chan et al., 2007,
Kettenmann et al., 2011)These microglial cells migrate throughout the CNS and
adopt a ramified Arestingo morphology
population of microglial cells exist in the healthy CNS, however it has been shown
that following BBB damage, a subpopulatiofi monocytes enter the CNS and
transform into microglial cells (Kettenmann et al., 2011; Mildner et al., 2007). In
response to an immune challenge within the CNS, microglia become activated, and
activated microglia are phenotypically and functionallytidet from those in the
resting state. The activation of microglia sees the cells progress through a series of
morphological phenotypes, the end stage of which they appear hypertrophic and are
seen to resemble phagocytic cells (Kreutzberg, 1996). lheabkhy mature CNS,
the resting ramified morphology of microglia is characterized by a small soma with
fine cellular processes that are motile and actively scan the environment of the CNS
(Kettenmann et al., 2011). Compared to resting microglia, activaietbglia
exhibit an amoeboid morphology with a larger cell body and processes that are
shorter and denser than those seen to project from resting microglia (Dheen et al.
2007; Kaur and Ling 1991; Kaur et al. 1985). Reactive microglia are generally
eviderced as small, spherical cells with no processes, however an arlikbaid

rod-shaped morphology may also be obseri{i2avis et al. 1994). (Figure 1.8

Figure 1.8: Morphology of microglia. Images from left to right illustrateéhe
transformationof microglia from a resting state into an activated state. These
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activated microglia resemble phagocytic cells at the end stage (adapted from
Kreutzberg, 1996).

Microglia can communicate with neurons and cells of the immune system,
and contairreceptors for immune mediators such as cytokines and chemokines, as
well as receptors for a variety of neuroactive compounds (reviewed in Kettenmann et
al., 2011). Microglial activation in the CNS parenchyma seems to be vital for
communication between themnmune system and the brain (Konsman et al., 2002;
Combrinck et al., 2002), playing either harmful or beneficial roles. Following CNS
insult, the activation of microglia is essential for host defence and neuronal survival.
Activated microglial cells aa become motile and follow a chemotactic gradient
migrating to the site of injury, as well gsovide additional defence and protection
by increasing microglial numbers through proliferation of local microglial densities,
and further, can phagocytose cedisd cellular compartments (Kettenmann et al.,
2011). Microglial activation may also play a beneficial role by the release of
neurotrophic molecules, promoting aspects of regeneration (Streit et al., 1999;
Schwartz, 2003; Ekdahl et al., 2003).

However n response to a diverse range of stimuli such as neuronal injury or
environmental toxins (Block et al., 2007), the overactivation or dysregulation of
these cells can be harmful and have neurotoxic consequences (Polazzi and
Contestabile, 2002)geleasing avariety of inflammatory mediatonshich have been
shown to be neurotoxim vitro (Ekdahl et al., 2003)such as IE1 b , -6, TNFU ,

NO, and reactive oxygen species (ROS) (Pocock and Liddle, 2001; Hanisch, 2002;
GebickeHaerter, 2001; Vallieres et al., 2Z0Q as well as induce the activation of the
complement cascade (Jacob et al., 2007). Overactivation of microglia can contribute
to neuronal damage dong neurodegenerative disease (reviewed in Block et al.,
2007).

Following microglial activation, microghl cells can go through an
intermedi ate dApri medéaoing pathblagy Witltrether QNS 2 0 0 4
primes microglia, whereby these are excessively reactive to subsequent immune
challenges including those in the periphery (Cunningham et al., 20@&phtet al.,
2011) . I n the CNS, studies indicate th
i nfl ammatory conditions such as in agi ng¢
patients (Dilger and Johnson, 2008; Bilbo and Tsang, 2010; Holmes et al., 2009;

Holmes et al., 2011) and the stimulation of these cells may have detrimental
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consequencesuch as impact upon cognitive decline or result in dele(Renry et
al., 2003).

1.11.3.The presence of inflammatory cytokines in the brain under normal

conditions

As wel as their role in immunomodulations, cytokines play roles within the
brain in the absence of immune challenge. In the brain under normal physiological
conditions, proinflammatory cytokines may play roles in sleep processes. Various
studies show that neREM sleep is increased following the activation of TNF
and/or IL-1 systems, while NREM sleep is decreased followirigbition of these
(Opp, 2005). REM sleep is seen to be diminished whileR&M sleep is increased
following injection of TNFU i n tpreoptic hrea of the hypothalamus (Kubota et
al., 2002). NorREM sleep is increased following injection of-1Lb i nt o t he d
raphe nucleus of rats (Manfridi et al., 2003). Double knockout mice for tie IL
type 1 receptor antthe TNF receptor show atiuationsn REM and norREM sleep
following sleep deprivation studies (Baracchi and Opp, 2008). Additionally,
administration of an N B i nhi bi t or peptide is seen
supporting the involvement of a braigtokine network in skep reyulation (Kubota
et al., 2000).

1.12. Immune-Circadian Communication

A bidirectional communication is suggested to exist between the immune
system and the circadian system (Coogan and Wyse, 2008), with circadian variation
and regulation seen in components of the immune system and immune cells

themselves acting on peripheogicillators and on the master pacemaker in the SCN.
1.12.1 Circadian regulation of immune function

Immune function is thought to be strongly influenced by the circadian
timekeeping system and light:dark cycles (Roberts, 2000), and disruption of the
circadian gstem is seen to impact upon immune processes as evidenced through
jetlag and sleep deprivation studies (Silver et al., 2012), and alterations in cellular
adhesion molecule expression on monocytes and lymphocytes have been shown in

studies of acute sleeglisruption (Redwine et al., 2004), while studies in humans
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have shown that early night sleep deprivation reduces natural killer and cellular
immune responses (Irwin et al., 1996).

Furthermore, some cells of the immune system contaitecular clocks
which play rolesin the regulation of immunéunction (Logan and Sarkar, 2012
Circadian variation of immune components is seen in the blood in hormone levels,
cytokines and numbers of circulating haematopoietic cells (Haus and Smolensky,
1999), and these odlaite in accordance to the rest activity pattern of the species, i.e.
whether they are diurnal or nocturnal (Scheiermann et al., 2013). Both mice and
humans have shown circadian variations in different immune parameters such as
diurnal variations in cytake levels (Scheff et al 2010; Petrovsky et al., 1998;
Petrovsky and Harrison, 1998; Holzheimer et al., 2002), and circadian regulation of
natural killer cell activity, antigen presentation and lymphocyte proliferation has also
been shown (Esquifino et.a1996; Arjona and Sarkar, 2005; Silver et al., 2012).
Further, cytokine production, apoptosis and leukocyte trafficking and proliferation
are known to be modulated by the neuroendocrine and autonomic nervous systems,
both of which show circadian osctilians (Petrovsy, 2001). The proinflammatory
cytokines Ib1 b and TNF, as wel |l as | evels of
adrenaline show circadian variation in expression which peaks at the onset of the
activity phase (Haus and Smoleysi999; Haus teal., 1983; Schiermann et al.,
2013), and it is thought that the circadian regulation of immune pathway components
may serve to enhance immune responsiveness at the time of the circadian cycle at

which infection is most likely to occur.
1.12.2 Communication ofcircadian information to the immune system

Circadian timing signals are transmitted to immune cells through endocrine
and neurakignals (Logan and Sarkar, 2Q12nd the SCN communicates with the
PVN and arcuate nuclei through axonal connections to regsteess and immune
function (SaekParsy et al., 2000; Kalsbeek and Buijs, 2002).

The SCN and the arcuate nuclei (ARC) are thought to comprise a
neuroimmune axis. The ARC and the SCN exhibit bidirectional inhibitory and
excitatory connectivity allowindor feedback control and regulation of circadian
networks (SaefParsy et al., 2000; Logan and Sarkar, 2012). Opioids are thought to
be involved in the SCMRC circadian regulation of the immune system, and
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perikarya producing the endogenous opioid peptidb e t a e+dE@B)arefound n ( b

in the ARC, and project to the hypothalamus along with other regions of the brain
(O6Donohue and Dor sa, ZEPB derivedftiorh grecwrsore t
proopiomelanocortin (POMC) (Nakanishi et al., 1979), a@dE peptides are also
found in the pituitary gland (Rossier et al., 197#A) macrophages (Mousa et al.,
2004 and in lymphocytes (Sitte et al., 2007; Labuz et al., 20bgan and Sarkar,
2012. The ARC are thought capable of generating circadian dsmi$a in
electrical activity and hormonal output, including POMC oscillations, independent of
the SCN (Wyse and Coogan, 2010; Guilding and Piggins, 2007; Chen et al., 2004).
Oscillations in NK cytokine expression and cytolytic activity have been shown to
mirror those in ARC POMC (Chen et al., 2004) and abolishing or dampening ARC
POMC oscillations similarly affects oscillations in NK cells (Arjona et al., 2004;
Arjona and Sarkar, 2006a,b; Chen et al., 2004; Logan and Sarkar, 2012).
Hy p ot h aEPastimuation bf NK cytotoxicity appears to invohedrticotrophin
releasing hormonéCRH) neurons in the PVN that regulate sympathetic signalling,
since blocking the function of these neurons inhibits this stimulation (Boyadijieva et

al

al., 2006). Aswellas NKcgtt oxi city enhancement-ER Boyad

is also known to enhance the production of granzyme B (GZMB)iratedieron
gamma(IFN-2 ) ( Dok ur ; Royadjievh et,al., 20010 Mogan and Sarkar,
2012 and to stimulate the proliferation of sptec lymphocytes (Boyadjieva et al.,
2002), and it has been suggested -EPhat
may regulate the rhythmicity of immunocompetent cells, in particular NK cells
(Logan and Sarkar, 2014Figure 1.9.

The SCN, PVN andsympathetic nervous system are thought to form a
network via which the circadian system regulates stress and the immune system
(Logan and Sarkar, 2012), with the SCN regulating sympathetic and parasympathetic
outflow to peripheral tissues, thereby modulgtthis neuroimmune system (Bulijs et
al., 2003, 2008). Circadian information is passed to the immune system through
SCN regul ation of the PVN6s endocrine
and Sarkar, 2008; Boyadjieva et al., 2001). Inhibitory awitatory SCN efferents
regulate sympathetic and parasympathetic neurons ir6@N (Kalsbeek et al.,
2008). CRHand oxytocin producing neurons in the PVN govern autonomic inputs
to the periphery by modulating sympathetic preganglion neurons and

parasympathetic neurons in the dorsal nucleus of the vagus (Buijs et al., 2003;
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Dibner et al.,, 2010; Logan and Sarkar, 201 and are thought
neuronal targets for SCN projections (Stanley et al., 2010). The lymph nodes, spleen
and thymus receive autonomic input (Bellinger et al., 1993). The spleen releases
norepinephrine (NE) upon sympathetic noradrenergiernvation by hypothalamic
neurons, mediating the activity of various lymphocytes including macrophages and
NK cells (Bellingeret al., 1993Dokur et al., 2004; Elenkov et al., 2000; Nance and
Burns, 19891 ogan and Sarkar, 2012 A circadian pattern ofx@ression is observed

in NE input to the spleen, and abolishing this has been shown to attenuate expression
patterns of certain cytokines and cytolytic factors in splenocytes and NK cells
(Logan et al., 2011). The liver which contains large quantitiégngbhocytes, also
receives clock regulated sympathetic input (Cailotto et al., 2005, Gao 20@9,,
Terazono et al., 2003(Figure 1.9.
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Figure 1.9 Conceptual framework of biological clocks regulating immune
function. Oscillators in the SCN, AR@nd immune cells regulate circadian rhythms

of immune function. BhSCN and ARC project to the P\dN the hypothalamus
modulating autonomic nervous system (ANS) endocrine and neural signalling to
immune tissues in the periphery. When activated, cytokimé&snamune mediators

t

(0]

modul ate clocks in the -&FNetaandotphiA@RH, ADR,

corticotropin  releasing hormone; NK, naturkiller cells; POMC,
proopiomelanocortin. (Logan and Sarkar, 2012)

Immune function can also be influenced by emoh@chormones which act on
circadian oscillations of immune cells. Pineatlatonin and glucocorticoid/hich

show antiphase rhythms play strong roles in the circadian regulation of the immune
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response (Logan and Sarkar, 2012). The SCN modulation ofcemirnput to
adrenal glands and PVN neurons producing CRH regulates the rhythmic expression
of peripheral glucocorticoid (Dibner et al., 2010), and further, local oscillators in the
adrenal gland regulate the sensitivity of the glanddoenocorticotrop hormone
(ACTH) and adrenal GC release (Dickmeis, 2009). Peripheral glucocorticoids show
peak expression levels during the day and are known to regulate immune processes
such as the production of cytokines, cellular proliferation, leukocyte distributithn a
apoptosis (Fu and Lee, 2003; Logan and Sarkar, 2012) and may then be important in
communicating circadian information to immune cells (Haus and Smolensky, 1999).
SCN autonomic outputs generate circadian oscillations in pineal melatonin which
exhibits nght-time peaks (Logan and Sarkar, 2012), and rhythmic melatonin plays
roles in the regulation gfro and antinflammatory cytokinesn the spleerfNaidu et

al., 2010), as well as in the regulation of expression patterns of NK cell activity,
cytokine prodiction and leukocyte proliferation in bone marrow cells (del Gobbo et
al., 1989; Drazen et al., 2001; Haldar et al., 1992; Matsumoto et al;, [28§4n and
Sarkar, 201p

Circadian regulation of immune system transcription factors has been shown,
including that of signal transducer and activataf transcription 3 and 5 (STAS
and 5) which play roles in the adaptive and innate immune response in cytokine
signalling pathways (Alexander and Hilton, 2004; Fu, 2006; Logan and Sarkar,
2012), and studs have suggestdtiy?2 to regulate STAT3 (Hoffman et al., 2009).
Further, bothEgr-1 and NFe B pat hways which play rol es
show circadian regulation (Bozek dt, 2009, Logan and Sarkar, 2Q12A direct
molecular link has previouslyelen shown between the circadian system and the
innate immune system with circadian control seen in the expression anidriusfct
Toll-like receptor 9 (TLR), an innate immune pathogegcognition receptor (Silver
et al., 2012). Per?™™ transgenic micavhich exhibit a defective molecular clock
show altered TLR9 expression and function (Silver et al., 2012). Studies by Spengler
and colleagues (Spengler et al., 2012) have shown the clock gene protein product
CLOCK to be a positive regulator of B m edltrarssdription independent of
BMAL1L, and stimulatonof N B i s seen to be reduced in
Clockdeficient mice compared to wild type controls. Further, these studies show that
CLOCK is found in protein complexes with the ldFB s iup65u n
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Circadian variations in aspects of the LPISR4 response pathway,
including FOS, JUNRE L A |l aBU,

indicating a role for circadian regulation in macrophage LPS activated pathways

and inhparitoereal Imaceophagesh o w n

(Keller et al., 2009).Further, these studies show macrophages to be important in the

circadian variation in responsiveness to LPS, and macrophage expression-of TNF

and IL-6 resulting from LPS stimulation is known to depend on circadian clock

phase (Keller et al., 2009).nBaoxin treatment showghase dependewmariation in

the induction of inflammatory meatiors showing markedly increased levels in

serum at the beginning of the active phase compared to at the beginning of the

resting phase, and this temporal gating has lsbemn to be dependent on clock

genes, in particulaReverbU jmplicating the circadian clockworkn the regulation

of innate immune responses (Gibbs et al., 2012).

Many inflammatory diseases display time of day variation in symptom

severity and theseircadian patterns are outlined in the table below wdafsrom a

recent review by S&ermann and colleagues (2013).

Table 1: Influence of circadian timing on disease manifestatiogScheiermann et

al., 2013).
Species PSRl Oscillating  parameter Acrophase Refs
model
Rheumatoid Stiffness, pain, serum Time of Day
arthritis TNF, serumIL -6 (TOD)5 78 Cutulo, 2012.
— Sneezing, nasal Smolensky et al.,
Allergic rhinitis congestion TOD 6 2007,
. Bronchoconstriction TOD 6 Smolensky etal.,
Bronchial 2007.
asthma Sputum eosinophils Panzer et al.
Human serum IL -5 Tob 7 2003,
Myocardial . Muller et al.,
infarction Pain TOD 9 1985.
Ischaemic stroke Hypertension TOD 61 CT12 S(;g)sta & Shetty,
Sickle cell vaso - Hospital admission TOD 18 Auvil -Novak et
occlusive crisis al., 1996.
; Halberg et al.
Lethality CT16 ’
LPS-induced 1960.
inflammation Lethality, leukocyte 7T13 Scheiermann et
recruitment, ICAM1 al., 2012.
Mouse Pneumococcal Feigin etal., 1969
infection Lethality CT16 Shackelford &
Feigin, 1973.
CLP-induced Lethality, TLR9 on splenic Silver et al.,
. ZT19
sepsis macrophages 2012.
Coxsackie B3 Gross myocardial lesions CT16 Feigin et al.,
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Disease or

Species model Oscillating  parameter Acrophase Refs
virus infection 1972.
TNF-induced Lethality 7710 Hrushesky et al.,

inflammation 1994,

Lethality, leukocyte
adhesion, RBC 1 WBC ZT13
interactions

Sickle cell vaso -
occlusion

Scheiermann et
al., 2012.

1.12.3 The effects of rcadian misalignment on the immune system

Given the proportion of immune processes regulated by the circadian system,
it is not surprising that dysfunction of timekeeping activities perturbs immune
system function. Chronic disruption of the circadian system is known to impact on
health and can &l to a higher risk of many pathologies.

Human studies of those working rotating shifts highlight an increased risk for
developing certain cancers, including prostate (Conlon et al., 2007; Kubo et al.,
2006), breast (Bvis et al., 2001; Hansen, 208¢hernhammer et al., 2001), Ron
Hodgkins Lymphoma (Lahti et al., 2008) endometrial (Viswanathan and
Schernhammer, 2009) and colon cancer (Kloog et al., 2009; Schernhammer et al.,
2003). Furthmore, shift workers show a higher prevalence for diseaseasuch
diabetes, obesity and cardiovascular disease (Tuchsen et al., 2006; Morikawa et al.,
2005; Chaput et al., 2006). Inflammation is a key risk factor in the development of
many of the pathologies associated with chronic circadian misalignment. The
robushess of circadian oscillations in salivary cortisol and in sleep wake cycles
strongly predict survival in colon and breast cancer patients (Mormont et al., 2000;
Sephton et al., 2000), pointing to attenuations of the circadian system during the
pathogenesiof the disease.

Murine studies using chronic jet lag (CJL) paradigms or SCN ablation to
induce impairment of molecular clock function to assess the effects of circadian
disruption on immune processes have further highlighted the importance of circadian
regulation of immune function in health. Clock genes are known to regulate certain
tumour suppressor proteinand disruption of the molecular clock through
downregulation of clock gene expression in affected tissues and tumour cells is
involved in canceprogression (Filipski et al., 2006; Fu and Lee, 2003), artddty
restorationof clock gene expressiophasein peripheral tissues slows the rate of
tumour growth (Yasuniwa et al., 2010). CJL sdbgd mice an@€lock mutant mice
show attenuations inDA repair, apoptosis and cellular proliferation, linked with an
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increase in tumour growth (Filipski et al., 2006; Fu and Lee, 2003; Miyazaki et al.,
2010; Sukumaran et al., 2010). An increase in the oncogenic activation of tumour
cell proliferation pathwys has been shown in another study (Lee et al., 2010) where
sympathetic output to peripheral tissues is impacted upon by CJL paradigms. CJL
mice show altered clock gene expression in the SCN, liver, thymus and peritoneal
macrophages, and is associatedwiflammatory esponse perturbations (Castanon
Cervantes et al.,, 2010). These studies show an enhanced sensitivity to endotoxin
administration bothn vitro in macrophages isolated from chronically shifted mice,
and in vivo, with an increase in LPS indutemortality observed in chronically
shifted mice compared to controls. Chronically phase shifted aged mice also show
an increase in mortality rates compared toshifted aged matched controls
(Davidson et. al, 2006).

In other studies of the impacts alock gene mutations ommmune
parametersloss of IFNO0 ci rcadi an expresPeriRanimals s see
(Arjona and Sarkar, 2006a,,@ong with endotoxic shock resistance following LPS
treatment, as well as alterations in NK cell function and deesemn production of
L-16 (Liu et al ., 2006) , indicating a rol
induced immune response. Circadian rhythmicity is seen to be suppressed in various
immune related genes and in circulating leukocytes followdlogk mutation (Oishi
et al.,, 2003, 2006). Further, in mousmbryonic fibroblasts derived fror@lock
mutant micepossessing a defective clock system, increased levels of tke BNF
component, RelB, are observed as well as altered responsiveness to LPS tiaatment
vitro, with significantly rediced LPS induced levels ofL pCxcll (Chemokine (€
X-C motif) ligand 1)and IL-6 (Bellet et al., 2012). More recently, Logand
colleagues 2013) have described significantly altered rhythms of cytokine and
cytolytic factors in splenic NKcells andperturbations in the expression®ér2 and
Bmallin Perl deficient mice, indicating tha®erl acts via NK cellular clocks to

modulate immune pathways.
1.12.4 The immune system impacts upon the circadian system

Many studies have higighted the ability of immune mediators themselves to
impact upon circadian timekeeping processes, acting on the expression of clock

genes in the SCN and in the periphery and in cell lines (Okada et al., 20@8nCa

48



et al., 2007; Murphy et al., 2007; Tsuchiyaakt 2005 Ohdo et al., 2001; Koyanagi

and Ohdo, 2002), as well gshaseshifting SCN rhythmicity resulting in phase
advances or delays of circadian locomotor behaviour depending on circadian phase

of administation (Marpegan et al., 2005; Sadki et al., 2007; Boggio et al., 2003).
Cytokine expression and that of their corresponding receptors is seen to oscillate in

the brain in a circadian manner, however their role in timekeeping processes remains
unclear. L-1 b s hows diurnal variation in expre
TNFFU in this region which is also seen tc
(Taishi etal., 199; Logan and Sarkar, 20021L-1 b aned) TaNFE found t
expressed withithe site of the master oscillator itself, and in the areas surrounding

the SCN where circadian oscillations of their receptors are also seen (Beynon and

Coogan, 2010; Sadki et al., 2007; Lechan et al., 1990).
1.12.5 Inflammatory mediators cause functional altations in the SCN

The SCN has been shown to be functionally activated following an immune
challerge Protein synthesis of the immediate early gefesis rapidly induced in
neurons in response to metabolic activation (Morgan and Curran, 1991; Sabar et
1988) and is used as a marker of neuronal metabolic activation (Hoffman et al.,
1993). Acutely, followindow doseperipheral LPS administration;Ros expression
is inducedin the SCN shellat CT15 (Marpegan et. aR005), while aseptic LPS
treament has been shown in the acute stages following administration to induce
significant expression of-Eos in the SCN, along with expression of the p65 subunit
ofthe NFe B pat hway ( Be )y2010)n Phatically inGuced-@as was
impaired in the S@ of mice following chronic treatment with 1mg/kg peripheral
LPS (Palomba and Bentivoglio, 2008). Trypanosomiasis has been shown to affect
SCN functional activation, altering photic induced~@s (Peng et al., 1994) and
basal eFos expression patterns the SCN (Bentivoglio et al., 1994). Central
administration of TNFU/ I-F N has been sHosewpnessiorointhen duc e
SCN shell in the subjective night, and in the SCN core in the subjective day, while in
aged mice at both times in the circadiarcleythe treatment resulted inFos
induction in the dorsomedial shell (Sadki et al., 2007). The SCN projects to the
PVN which is involved in regulation of autonomic and endocrine outputs, including

production of glucocorticoids (Kalsbeek et al., 2006) anthis way the circadian
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system may be involved in the modulation of the immune system (Coogan and
Wyse, 2008). The PVN may be directly stimulated by and respond to an immune
challenge (Leone et al., 2012), since administration of cytokines or LP&®scaus

Fos activation in the PVN (Marpegan et al., 2005; Sadki et al., 2007; Beynon and
Coogan, 2010) . Treatment with 50 €9/ kg
shown to inducé’ER1expression in this hypothalamic region at CT15 (Paladino et
al., 210) and at ZT 22 (Takahashi et al., 2001). The LPS receptor4TIR
expressed in the PVN and circumventriculagams (Laflamme and Rivest, 2001

and AVP secretion in the rat SCN is increased following LPS slice treatmeétrp,
indicating that LPS a&n directly modulate neuroendocrine signalling (Nava et al.,
2000). These studies highlight that the circadian system is directly responsive to

inflammatory mediators.
1.12.6 Neuroinflammation and the Circadian System

Modulations of the circadian system are séenmany conditions with a
neuroinflammatory component. Neuroinflammation can play a harmful role within
the CNS due to the activation or over activation of cells involved in the
inflammatory response, subsequently causing impairments in neuroproteation a
repair and increased neurodegeneration (Taupin, 2008) and there is evidence that
inflammation within the brain contributes to both acute and chronic degenerative
disorders and may contribute to psychiatric diseases (Lucas et al., 2006).
Modulation of ércadian timekeeping processes and constituents of the clock have
been shown i n Al zhei mer 6s Di sease ( AD)
neuroinflammation(Hatfield et al., 2004;Ancoli-Israel ¢ al., 1989; Prinz et al.,
1982;0Okawa et al., 1991; Satlin et,al991; Witthg etal., 1990; Satlin et al., 1995;
Swaab et al., 1985; Zhou et al., 1993.chronic low grade neuroinflammation is
seen to occur in the normal, healthy aging brain including in the &oNbout and
Johnson, 2009Peng et al., 2010as well as circadian timkeeping impairments
(Vitiello et al., 1986; Weitzman et al., Z38Neinert et &, 200Q Hofman etal.,

2006; Kolker et al., D03; Rosenberg eal., 1991;Zee et al., 1992; Sellix et al.,
2012). Altered circadian function is seen insdases characterized by chronic

infection and neuroinflammation, such as Simian immunomfcy virus(Huitron-
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Resendiz et al., 2007), ardrican trypansomiasis (Lundkvist et al., 2002; Lundkvist
et al., 2010).

1.13 Sepsis
1.13.1 Sepsis and Septic Encephalopathy

Sepsis is a profound pathophysiological state elicited by overwhelming
infection and successive massive systemic inflammation associated with multisystem
organ failure and higmortality rates (Mann et al., 2012). Sepsis is the leading
cause of death inritically ill patients, with a mortality rate of severe sepsis up to
70% (Doi et al., 2009). Classically, gastrointestinal, cardiovascular, pulmonary and
renal dysfunction comprise the sepsis induced multiple organ failure (Bone et al.,
1997; Wheeler an8ernard, 1999). Human sepsis is characterized by an imbalance
between the aninflammatory and prenflammatory responses to a pathogen
(Hotchkiss and Karl, 2003), and is seen to involve an inflammatory response stage
consisting of a proinflammatory respse and an immunosuppressed stage. During
the immunosuppressed stage the immune response is depressed and can result in
nosocomial infection and death due to decreased lymphocyte proliferation and
responsiveness, increased lymphocyte apoptosis anddaketeyen presentation
(AP) (Hotchkiss and Karl, 2003; Riedemann et al., 2003). A circadian component in
sepsis progression and severity exists, with septic patients displaying an increased
mortality risk between 2 and 6 a.m. (Hrushesky and Wood, 1997).

Septic encephalopathy is a neurological complication due to sepsis and
systemic inflammatory response syndrome (SIRS) evident in up to 70% of patients
with severe septic illness and is the most common form of encephalopathy seen in
patients in intensiveace units (Wilson and Young, 2003; Jacob et al., 2010). The
manifestations of SE randem confusion and agitation to delirium, stupor or in life
threatening cases, coma (Ebersoldt et al., 200p).to 50% of sepsis survivors are
seen to suffer from pbseptic encephalopathy which is characterized by-lasting
cognitive impairment including attenuations in concentration, attention and memory
and/or a global loss of cognitiianction (Streck et al., 2008Neuroinflammation
has been implicated in thpathogenesis of various disorders associated with
cognitive impairment (Nson et al., 2002; Katsuse et,&003; Perry et al., 2003),
including Septic Encephgtathy (SE) (Jacob et al., 2010) and psegbtic
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encephalopathy is characterizedlbgg-lasting cognitive impairment (Streck et al.,
2008).

1.13.2 The CNS is accessed by peripheral inflammatory mediators during sepsis.

SE is suggesteid be caused by the immune mediators of the sepsis response,
as opposed to in response to a particular infastiagent, since encephalopathy
occus in patients in situations where infection is due to both gram negative and
gram positive bacteria, when no causative agent is identifiable and also in response
to fungal infections (Jacob et al., 2010). Multiple fasere thought to contribute to
this condition including disrupin of the blood brain barriereduced cerebral blood
flow (Davies, 2002), oedema (Gardenfors et al., 2002; Bartynski et al., 2006),
increases in proinflammatorgediators (Boos et al., 2008hd inflammation. SE is
probably due to the effects of inflammatory mediators on the brain or as a result of
brain cells cytotoxic response to these mediators, since reducing inflammation that
occurs during the septic state has been shown to alleviatsetrerity of sepsis
(Jacob et al., 2010). The inflammatory processy disrupt the BBB through its
effects on cerebrovascular endothelium and astrdgintion (Sharshar et al., 2005;
Esen et al.,, 2005)resulting in abnormal neurotransmitter compaositiand
attenuations of neuronal functio8Himizu et al., 1999; Stocchetti, 2005; Semmler et
al., 2008). Studies have suggested that inflammation, increased permeability of the
BBB, leukocyte recruitment and neuronal apoptosis are contributed to bynagoki
and the omplement cascasde (Ward, 2008&rd, 2008®; Annane, 2009; Bengtson
and Heideman, 1988; Guo et al., 206iberLang et al., 2002; Jacob et al., 2007;
Jacob et al., 2010). Activated leukocytes enter the CNS by adhering to intracellular
adhesbn molecules (ICAMs) whose expression is increased on the microvessels on
the BBB during sepsis (Hofer et al., 2008; Bohatschek et al., 2001). Proteins of the
complement cascade and inflammatory mediators such as angiopoietit b ILa n d
TNF attract leukcytes to the sites of injury (Smedegard et al., 1989; Boos et al.,
2005) and activated leukocytes themselves secrete cytokines (Merrill and
Benveniste, 1996). Compromises in the integrity of the BBB during sepsis allows
entry of cytokines to the CNS wimnavould normally be prevented due to their size
and hydrophilicity (Pan et al., 1997; Gimenez et al., 2004) and further, these can
increase BBB permeability themselves and stimulate their own produeti
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vascular sites (Jacobat, 2011). CytokinesshasTNFU st i mul ate gl i a

INOS in models of SE (Jacob et al., 2007), leading to an increase in NO levels which
may play a role in neuronal dysfunction. Excess NO during SE has been shown to
be involved in alteration of the regulation of cesdbblood flow, and synaptic
transmission, leading to neuroendocrine, behavioural activity and memory formation
perturbations (Jacob et al., 2011).

Complement proteins are involved in crosstalk with cytokines and may
enhance the inflammatory responserbgdulating the production of cytokines and
chemokines leading to apoptosis, cell necrosis and edema (Jacob et al., 2011). The
complement system is implicated in the pathogenesis of sepsis and the complement
proteins C3 and C5, and their-pyoducts the aaphylatoxins, C3a and C5a that are
generated following complement activation mediate the effects of this (Jacob et al.,
2011). Following complement activation, C3 is seen to beegplated leading to
breakdown of the BBB, increased water content, inccegtial activation, and an
increase in the expression of TLR4 followed by perturbations in aquaporin 4, TNF
and INOS expression (Ducruet et &009; Komotar et al., 2009Mocco et al.,

2006). In patients with septic shock C3a was seen to be increasee @ al.,
1996). Cha is increased following administration of endotoxin initially within the
cerebral endothelium, then within neighbouring microglial cells and finally deeper
within the brain parenchyma, and C5a inhibition is seen to prevent BBB damage
The peripherally induced sepsis pituitary response is prevented, along with a
reduction in sepsis induced PVN and amygdala neuronal activation following
inhibition of the complement cascade (Flierl et al., 2Q@@ob et al., 20}1

Humoral signalling éllowing sepsis induction exerts immunomodulatory
effects. The sympathetic nervous system is stimulated to release epinephrine, which
binds to receptors on immune cells modulating the immune response (Padgett and
Glaser, 2003). The afferent vagus nermgutates the release of these hormones by
recognizing the proinflammatory cytokines and stimulating components of the
central stress response system (Elenkov et al., 2000), leading to the secretion of
cortisol via HPA axis activation (Webster et al., 2Q008nhd epinephrine via
sympathetic nervous system stimulation (Padgett dade@ 2003), both of which
play immunoregulatory roles. Crosstalk between the neuroendocrine pathways,
cytokines and the autonomic nervous system has been suggested to plagnimport

roles during sepsis in the modulation of inflammation (Elenkov et al., 2008). The
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HPA axis through the production and release of glucocorticoids inhibits pro
inflammatory cytokine expression (Webster et al., 2002). The cholinergic anti
inflammatory m@mthway also plays roles in the modulation of the inflammatory
response, whereby the parasympathetic nervous system is stimulated to release
acetylcholine which regulates the immune response (Pavlov et al., 2003).

Altered neurotransmission may impact upon the CNS during SE.
Neurotransmitters of the sympathetic nervous system modulate inflammation during
sepsis, and epinephrine action through its activation of adrenergic receptors and
increased levels of intracelar CAMP is seen to have a net aimflammatory eféct
(Van der Poll et al., 1996;an der Pdl 2000). Glutamatergic neurotransmission is
thought to play roles in SE, since inhibition of its synaptic release in a rat model has
been shown to reduce sepsnduced neurologicalffects and improve survival
(Toklu et al., 2009). Further, increased levels of tryptophan and indolamine have
been shown in the brain of rats during sepsis (Freund et al., 1985), highlighting

further that sepsis causes alteratimnseurotransmitters.
1.13.3 Experimental Sepsis Models

Experimental sepsis in animal models can be induced by a variety of
mechanisms, the most commonly used methods being cecal ligation and puncture
(CLP) or peripheral administration of endotoxin, a high duskePS (Dejager et al.,

2011).

LPS administration is a widely used experimental sepsis model attempting to
mimic the pathophysiological changes seen in septic pati¢is§, also known as
endotoxin, is a toxic, soluble component of the gram negativierccell wall
(Marpegan et. al., 2005)LPS effects are dose dependant and comprise fever, acute
phase responses and septic shock in animals (Rivest et. al., R0YY.doses, LPS
i nduces fever and a brain medi at ed acu
behaviouro which is mediated by temporar
in the brain (Dantzer, 2004) and characterised by lethargy, piloerection, grooming,
decreased social interaction and anhedowifter LPS administration in mice, the
onset of systemic clinical signs that compromise sickness behaviour are seen to
occur rapidly (Remick et al., 2000). Higlose LPS administration quickly results in
a hypalynamic cardiovascular state, which is characterized by decreased cardiac
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out put and increased peripheral vascul ar
al., 1987). A decrease in total white blood cell count is seen with reduced levels of
neutrophis and lymphocytes (Remick et al., 2000). Hbse LPS treatment

induces a rapid increase in systemic cytokine levels which has been shown to be
transient (Buras et al., 2005). Peripheral LPS treatment has been shown to induce
the expression of variousflammatory mediators including TNB, -6/1l-1 U an d
IL-1b both in the brain and the periphery
andI-k1b have been shown to be essenti al [
alterations known as sickness behavigDantzer, 2001). Cytokine production
exhibits a bellshaped curve over antBperiod after injection, with levels reaching a

peak between 1.5 to 4.5 h and then declining (Remick et al., 2000).

The use of endotoxin administration as a sepsis model vaasus
advantages. Endotoxin models are reproducible, and the use of LPS can be easily
standardized in experimental settings, and LPS is a relatively pure compound that is
reliably measured (Fink et al., 1990). The value of endotoxin administration as a
sepsis model is supported by studies in healthy human volunteers, whettesew
endotoxin injection results in pathophysiologic perturbations similar to those
reported in sepsis patients (Fink et al., 1990). A single endotoxin administration
offers the dvantageof avoidingthe need for a surgical procedure, and therefore
presents fewer concerns than surgical models with respect to animal welfare
(Nemzek et al., 2008), in general, however, these experimental animal models show
a more rapid disease progsem than is observed in human sepsis patients (Buras et
al., 2005; Deitch, 1998; Hollenberg, 2005). Further, experimental animal models of
LPS may not accurately replicate some features of human sepsis such as the initial
hyperdynamic cardiovascular stahnd the magnitude and rate of induction of the
cytokine responsstate (Buras et al., 2005; Deitch, 1998; Fink et al., 1990).

In the CLP model, perforation of the bowel results in leakage of faecal
contents into the peritoneum, which establishes aeciiwin with mixed bacterial
flora and provides an inflammatory source of necrotic tissue (Wichterman et al.,
1980; Ayala et al., 2000). The severity of CLP induced sepsis can be adjusted by
increasing the size of the needle and subsequently the punztume the number of
punctures (Wichterman et al., 1980). Sickeness behaviour symptoms are observed
within a few hours of CLP in experimental animal models (Ebong et al., 1999a;
Ebong et al., 1999b; Nemzek et al., 2004). The CLP model of sepsis istthoug
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very closely mimic the clinical situation, in relation to the onset and progression of
the sepsis (Buras et al., 2005; Hubbard et al., 2005), reproducing the cardiovascular
function changes seen in humans sepsis patients, and is seen to inducessigeng
release of proinflammatory mediators, in line with what is observed in the clinical
situation (Chaudry et al., 1979; Ebong et al., 1999a; Ebong et al., 1999b). The
haemodynamic and metabolic phases of human sepsis are recreated by the CLP
model (Wchterman et al., 1980), as well as cell specific apoptosis and immune
responses (Hotchkiss et al., 2003; Ayala and Chaudry, 1996). Following CLP in rats,
a mixed population of enteric bacteria is seen, inclu@irgeus mirabilis, E. coli,
Bacteriodes fraiis and Enterococcusand several bacterial species may be present
in blood cultures (Wichterman et al., 1980).

A limitation of CLP as a sepsis model is that surgical intervention is required,
raising various issues in relation to animal welfare. Adddlly, the state induced
by CLP can be affected pestirgery, anesthesia and postoperative hypothermia can
modulate otcome, as can the use amesthetic drugs which can impact upon the
inflammatory response (Gallos et al., 2004; Hansbroeighl., 198% and post
surgical treatments such as antibiotic administration can affect bacteria
dissemination, as well as sepsis severity depending on the antibiotic used (Enoh et
al., 2006; Newcomb et al., 1998; Nemzek et al., 2008). Further, the CLP model is
not sandardized within the published sepsis literature and care must be taken when
making comparisons between studies, due to potential differences in surgical
technique and postoperative care (Nemzek et al., 2008). During CLP, the amount of
caecum ligated caimduce variability into the technique, since increased mortality is
associated with larger amounts ligated (Singleton and Wischmeyer, 2003).
Additionally, it is difficult to control for the leaked amount of faecal material

between studies, which couldcatint for variability in disease severity.
1.13.4 The acute systemic immune response to a septic LPS treatment

The body recognizes LPS as a PAMP and consequently the innate immune
system mounts an immune response (Banks and Robinson, 2010). LPStexerts
effects by bindig through TLR4present on macrophages and monocytes which
subsequently triggers intracellular signalling pathways, leading to activation of
nuclear transription factors (Dantzer2004). LPS administration induces {8FB
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dependant signalling which results in transcription of proinflammatory cytokines
(Rivest et al., 2003). As described, hidise LPS treatment induces a rapid increase
in systemic cytokine levels which has been shown tdréesient (Buras et al.,
2005),both in the brain and the periphery (Zetterstrom et al., 1998). In plasma, TNF
levels increased following LPS treatment, peaking at 1.5hrs then quickly declining,
while IL-6 levels peaked approximately 4hrs post LPS, and rapid inductithe
chemokines NP-2 and CXCL1lwas seen in plasma (Remick et al., 2000). The
susceptibility of mice to LPS induced endotoxic shock differs depending on the time
of the light dark cycle at which it is administered, and susceptibility to lethal doses
has been shown to irease dramatically during the resting period in mice (Halberg
et al.,, 1960). Most inflammatory immune cells and factors show increased
expression during the rest phase (Leone et. al., 2007) and mortality following LPS
administration in L:D is directly praptional to the induction of inflammatory
cytokines and chmokines such as L b, -6, IMCP1and MI P1U in
(Marpegan et. al., 2009).

Peripheral administration of LPS in humans and animals has been shown to
activate HPA axis activity, increasing ciratihg levels of corticosterone and ACTH
(Linthorst and Reul, 1998). The HPA axis through the production and release of
glucocorticoids inhibits pranflammatory cytokine expression (Webster et al.,
2002). 1 mg/kg LPS i.p. treatment causes increasedslefetorticosterone and
blood vessel inflammation 24hrs following treatment (Chung et al., 2010).
Cytokines can impair the expression of glucocorticoid receptors (GR) and reduce
their function (Pace et al., 2007). It has been shown that activation -of BIF
STATS and p38 MAPK by cytokines disrupts the translocation of glucocorticoid
receptors to the nucleus from the cytoplasm and nuclear pyotatigin interactions
which inhibit GRDNA binding, reducing the function of glucocorticoids (Pace et
al., 2007. Further, it has been suggested that cytokine mediated alterations of the
function of the HPA axis and glucocorticoid receptor function may further modulate
inflammation since glucocorticoids play an essential role in regulation of

inflammatory process (Capuron and Miller, 2011).
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1.13.5 LPS treatment impacts upon the CNS.

LPS may affect the brain by a number of mechanisms including crossing the
BBB and directly activating cells within the CNS that respond to LPS including
microglia (Marzolo et al., 20QPastrocytes (Chakravarty & Herkenham, 2005) and
brain endothelial cells (Reyes et al., 1999; Verma et al., 2006) and those that express
TLR4 (Chakravarty & Herkenham, 2005). Indeed, TLR4 and the monocyte CD14,
both known to recognize LPS, are expressethe choroid plexus, leptomininges
and circumventricular organs, that is in those regions close to the BBB (Rivest et al.,
2003). BBB breakdown leads to alterations in ionic homeostatis and allows
inflammatory cells and toxic metabolites to access tl@nbleading to neuronal
damage and inflammation within the CNS (Nishioku et al., 2009). However, other
studies have shown that minimal amounts of peripherally administered LPS cross the
BBB and do not appear sufficient to induce the neuroimmune reactess
following peripheral LPS treatment, except possibly at the highest experimentally
used doses and for the most sensitive CNS functions, and therefore suggest that these
neuroimmune reactions in response to peripherally administered LPS are likely
medated through LPS receptors located outside the BBB (Banks and Robinson,
2010).

Outside of the brain, LPS may also indirectly impact upon the brain through
interactions with the afferent and vagal nerves (Romeo et al., 2001; Goehler et al.,
1999), actingat circumventricular organs (Blatte#$ al., 1983, causing the release
of inflammatory mediators in the periphery able to cross the BBB (Qin et al., 2007)
or by altering the permeability of the BBB (Xaio et al., 2001) and the response of
cells comprisinghe BBB to LPS and the subsequent release of substances such as
cytokines at these sites (Quan et al., 2003; Verma et al., 2006). Studies have shown
the long-lastingeffects of LPS on the brain to be mediated by TIF si nce st u.
inTNF-U r e c e gkoubnrice kameshownthat TNF r ecept ors are ne
a systemic LPS treatment to produce TMHF mMRNA producti on and
microglia in the brain(Qin et. al 2007). 11 b has al so been suc
involved in the transmission of the pareral inflammatory response following LPS
treatment to the brain via the cerebral vasculature (Turrin et al., 2001) subsequently
leading to upregulation of proinflammatory cytokine synthesis in the brain (Turrin et
al., 2001; Shaw et al., 2001; Terrazzit 4., 2002.
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1.13.6 The effects of LPS treatment on the brain and behaviour

Central and peripheral LPS administrations induce similar neuroimmune
responses (Gottschall et al., 1992; Banks and Robinson, 2010). Peripheral LPS
treatment induces central upredida of expression of a variety of substances
including nitric oxide, prostaglains and interleukins (Singh andadg, 2004;
Larson & Dunn, 2001; Sugita et al., 2002) including proinflammatory cytokines such
aslIL-1, IL-6, IL-8 and also TNFJ (Qin et al,.2007, Herber et al., 2006), and the
chemokine MCPL (Thompson et al., 2008; Qin et al., 2008) acutely in the brain
following LPS treatment and thesamporarily expressed proinflammatory cytokines
in the brain mediate sickness behaviour (Dantzer, 20@4}efic LPS impacts on
sleep architecte and sleepvake behaviour (Kreger and Majde, 1994). Sickness
behaviour can also be induced by central or peripheral treatment WittJTNE Por t e r
etal,1998)or k1 b ( Bl ut he et al ., 1 9Bekayiour8lwi er gi
output is altered during sickness behaviour, and hypoactivity is exhibited (Franklin
et al., 2007). Alterations in cytokine levels in the CNS and the neuroinflammatory
response may lead to neurobehavioral impairments and delirium (Leetsaia
2007).

Microglial activation and cytokine release in the CNS has previously been
shown in response to LPS induced sepsis (Godbout et al.,, 2005; Van Dam et al.,
1992; Buttini et al., 1996). Further, peripheral LPS treatment and subsequent
microglial activation and cytokine release have been associated with behavioural
deficits (Bluthe et al., 1992; Godbout et al., 2005; Combrinck gt 24102).
Activated microgliahave been shown in the brains of human sepsis patients,
irrespective of agéLemstra et al., 2007). Neuronal and glial cells (microglia and
astrocytes) form a cytokine network within the CNS, capable themselves of releasing
cytokines, and containing cytokine receptors, responding to cytokine information
and in turn modulating tb (Rothwell et al., 1996; Haas & Schauenstein, 1997).
Microglia and astrocytes also synthesize complement proteins, and activation of the
complement cascade has been shown to play roles in the brain following LPS
treatment, leading to upregulation of C4TNFU and TLR4, al ong
upregulation in activated microglia and iINOS (Jacob et al., 2007). Activated
microglia elease inflammatory mediatongich are shown to be neurotoxrcvitro
(Ekdahl et al., 2003) such as-1Lb , -6, TNFU , ni t, randaeaative ioxygen
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species (Pococéind Liddle, 2001; Hanisch, 200&ebickeHaerter, 2001; Vallieres
et al., 2002). Studies have shown an upregulation in glia in various regions of the
CNS both acutely (Chung et al., 2010; Jacob et al., 2007; Seranaler 2005 and
chronically (HaussWegrzyniak et al., 2000; Weberpals et al., 2009) following LPS
treatment. In SE models, increases in levels of the immune signaller nitric oxide are
seen, due to elevated INOS (NOS2) expression as a result of cyteliateas TNF
U stimulating glia to express iNOS (Jacc
LPS treatment in rats an upregulation of iINOS is seen in the striatum, cerebellum,
hippocampus and midbrain (Semmler et al., 2005).

It has been suggested tlialammatory cytokines and nitric oxide generation
may cause perturbations in neuronal function and cause neurodegeneration during
septic encephalopathy (Semmler et al., 2008). tathed nitric oxide generation
impacsk uponneuronal survival (Boje et all992; Leist et al., 1997; Heneka et al.,
1998), and NO also plays roles in neuronal activity (Mori et al., 2001; Wang et al.,
2004). Inflammatory cytokines TNE an-tib | 41 so i nfluence nel
(de Bock et al., 1998; Venters et al., 2000) dgredfunction of neurons (Pickering et
al., 2005; Tancredi et al.,, 1992; Kelly et al.,200Acutely, following sepsis
induction,Semmler et al.A008) have also shown neuronal loss in the hippocampus
and cortex, along with upegulated microglial activain in the cortex associated
with an increase of the immunomediators iINOS, MCRI-1 b TNFU-band TG
Further, a single septic i.p. LPS treatment has been shown to irreversibly damage
dopaminergic neurons which are subsequently seen to degeneratenbétapd
10monthsposttreatment(Qin et al., 2007). Three months following 10mg/kg LPS
treatment, neuronal loss in the prefrontal cortex and hippocampal subresiohs
reduced cholinergic innervation of the parietal cortex was evidenced in rats
(Semmleret al., 2007).

Together, thesstudies highlight that sepsis is a profound pathophysiological
state and highlight the impaat sepsion the CNS both acutely and in the long

term.
1.14 Aims of Study.

A bidirectional communications suggested to exist between the immune

system and the circadian system (Coogan and Wyse, 2008)hédedhere is much
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evidence regarding the regulation mimune functionby the crcadian system
(reviewed in Schiermann et al., 2013), the is less infamation regarding the
impact of immuneprocesseson the timekeeping system. Various studies have
assessed trecute impacof immune mediatorsn the circadian timekeeping system,
however here is a gap in théterature as to he chronic effects of an inume
challengeon the circadian timekeeping system. The current set of studies sought to
address this gap, and examine the long term ingfasgtpsis,a substantiaimmune
challenge on circadian timekeeping processesilizing a septic endotoxirmodel
known to chronicallympact on the innate immune system in the CNS (Weberpals et
al., 2009; Qin et al.,, 2007; Bossu et al., 2012)hese studies will enhance our
knowledge of the impact of immune pesses ortimekeeping processesnd
describe a previaly unknown impact of the chronic effeadf experimentasepsis

onthecircadian timekeepingystem

The specific aims of this study were:

To examinepostsepticlocomotor behavioural rhythmicity as an output measure of
the functional activity of thepostseptic endogenousscillator, assessingcore
circadian locomotor Weviour parameters and circadigsetting behaviouin the
long termfollowing the induction of sepsis (Chapter Two).

To examine the neurochemistry of the SCN both in the acute phdsa the long
term following a septic LPS treatment, amaminethe possibility of a chronic
neuroinflammation within the SCN that could play a role long term in circadian

timekeeping processé€hapter Three)

To examine thelonglasting impact of LPS induced sepsisn the rhythmic
expression of clock gene and IEG protein product expression patterns in the SCN,
and toassess posteptic SCN responsiveness and func{iohapter Four)

To assess theesponse of theostseptic circadian sgtem to further immune
challenge, assessing a priming effect of previous CNS insult following LPS induced

sepsiqChapter Five)
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Chapter Two

Analysis of the Effects of Sepsis Induction on Circadian

Locomotor Behaviour

2.1. Introduction

The LPS induced sepsisodel used in the current set of studies is one that is
known to induce a lontasting neuroinflammation (Qin et al., 2007; Weberpals et
al., 2009; Bossu et al., 2012), and modulation of circadian timekeeping processes
including locomotor behaviour, hagén shownn response to immune mediators
and in conditions of chronic neuroinflammation. It is therefore possible that
endotoxin induced sepsis and the psegdtic CNS state coulchronically attenuate
circadian timekeeping processes

2.1.1 The direct effecbf inmunomediators on the circadian system

SCN function is modulated by immune factong)ich can impact upon the
rhythmic expression of clock genes and subsequently affect circadian locomotor
behaviour. Treatment with endotoxin has been shown to attek gene expression
both in the SCN and in the periphery (Okada et al., 2008; Cadivini et al., 2007;
Murphy et al., 2007), and further, other inflammatory mediators have been shown to
impact upon molecular clock gene oscillations both in the site of th&ema
pacemaker and in peripheral tissues and in cell lines (Tsuchiya et al., 2005; Cavadini
et al., 2007; Ohdo et al., 2001; Koyanagi and Ohdo, ROOZNFU i s seen
interfere withDbp in the SCN, as well as causa increase in the number of rest
epindes during the subjective night in mice, and a reduction in total locomotor
activity under a 12:12 LD cycle, but no effect on the FRP under constant conditions
(Cavadini et al., 2007). Low dose peripheral LPS has been shown to acutely impact
upon circadan behaviour, transiently suppressing locomotor wheel running
behaviour (Marpegan et al., 200%). single treatment with IFND directly decrease
locomotor behaviour in mice (Crnic and Segall, 1992), while chronic administration
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of the cytokine is seen teignificantly alter locomotor rhythmicity and cause a
decreasén total activity levels (Koyanagi and Ohdo, 2002).

Additionally, direct administration of immune factors is capablluise
shifting SCN rhythmicity resulting in phase advances or deldgpending on the
circadian phase at which they are administeegdl inflammatory mediators have
been suggested to play roles in entrainment of the circadian timekeeping system
(Leone et al.,, 2012) In hamsters, i.c.v. administration of IEN | e gobdase t o
advances during the subjective day, but not during the swgetight (Boggio et
al., 2003), while entrally administered H1 band TNFU i n t he ear |l y
night induce phase delays of locomotor behaviour (Leone et al., 2012).

LPS treatmenalso induces phase resetting responses. Low pErgeheral
treatmen@administeredn the early subjective nighat CT15, but not at other phases,
has been shown to induce photic like phase delays that weredddiveato the
effects of light(Marpeganet. al., D05; Leone et al., 2012). HL thas been shown
not to be involved in mediating phase shifts of behaviour following an endotoxin
inducedimmune challenge, however TNFplays an essential role in this response,
sinceits inhibition blocks LPS induced phase delays (Leone et al., 2012). Further,
TLR4 is suggested to play a role in these LPS induced circadian behavioural
responses, since in TLR4 deficient mice, the low dose LPS induced phase delay at
CT15, along with thenduction of PERL and eFos in the PVN was seen to be

decreased or absent (Paladino et al., 2010). Additionally, the immune related

transcription factor N B has been i mplicated in the

system andts presence and action upohet SCN has been shown during LPS
induced and photic induced phase tsh{iMarpegan et al., 2004, 200Baladino et

al., 2010. LPS administration has been shown to cause functional activation of the
SCN (Marpegan et. al., 2005; Beynon and Coogan, 2@bd)to impact upon SCN
responsiveness (Palomba and Bentivoglio, 2008). No alterations in period or phase
of rhythmic core body temperature or locomotor behaviour are seen in response to a
lethal dose of LPS (Marpegan et. al., 2009).
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2.1.2. Circadian rhythmperturbations in chronic inflammatory states

As described previously, dysfunction of timekeeping activities has been shown
to perturb immune function, as has been shown by a wide variety of chronic jet lag
studies (Filipski et al., 2003; Filipski et alQ@5; Fu and Lee, 2003; Miyazaki et al.,
2010; S'kumaran et al., 2010; CastarGervantes et al., 2010), and inflammation is
a key risk factor in the development of many of the pathologies associated with
chronic circadian misalignment. The LPS indusegsis model used heraduces a
long-lasting neuroinflammation (Qin et al., 2007; Weberpals et al., 2009; Bossu et
al., 2012), and modulation of circadian timekeeping processes is seen in many
conditions with a neuroinflammatory component. Neurologicakadiss and
disorderss uc h as Al z h,aie wellrd@cgmeried sasehaving underlying
neuroinfl ammati on. Al zhei mer 6s patients
(Hatfield et al., 2004), including sleepake cycle disturbances (Ancadtirael et al
1989; Prinz et al., 1982), perturbations in the phase and amplitude of the sleep
rhythm (Okawa et al., 1991; Satlin et al., 1991; Wgtet al., 1990; Satlin et al.,
1995) and reductions ithe neuropeptides vasopresgbwaab et al., 1985) and
vaacive intestinal polypeptidén the SCN (Zhou et al., 1995), highlighting
modulations of the circadian system in AD patients, possibly due to underlying
neuroinflammation.

A chronic low grade neuroinflammation is seen to occur in the normal,
healthy agindorain including in the SCNGodbout and Johnson, 2009eng et al.,
2010), along with an increase in microglial activity (Jurgens and Johnson, 2010). In
healthy aging, circadian impairments are seen, including alterations in core body
temperature (CBT) gthms, (Viiello et al., 1986; Weitzman et al., 1982), damped
circadian amplitude (Weinert et al., 2000) and functional alterations of peripheral
oscillators (Sellix et al., 2012) and decreases in the neuropeptides AVP and VIP in
the SCN (Hofman et al., P8). Furthermore, attenuations are found in the senescent
SCN in photic responsiveness (Kolker et al., 2003), photic induced resetting
(Rosenberg et al., 1991) and synchronization (Zee et al., 1992; Sellix et al., 2012).

Altered circadian function is seen in diseases characterized by chronic
infection and neuroinflammation, such as Simian immunodeficiency virus, which
shows alterations in clock controlled rhythms of CBT and locomotor activity

(Huitron-Resendiz et al., 20Q0,7and African trypansomiasis (Lundkvist et al., 2002;
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Lundkvist et al., 2010). Trypanosomiasis has been shown to affect SCN functional
activation, altering photic inducedFos (Peng et al., 1994) and spontanecks<
expression in the SCN (Bentivoglet al., 1994). Human African trypanosomiasis
(HAT) consists of a hemolymphatic stage followed by a meningoencephalitic stage
whereby the parasit€rypanosoma brucegTh.) and inflammatory cytokines cross

the BBB, invading the CNS (Etet et al., 2012).b. brucei infected rodent models

show alterations in some, but not all circadiagthms (Kristensson et al., 2010
including perturbations in CBT (Berge et al., 2005; Cheuvrier et al., 2005; Etet et al.,
2012) and in ultradian and circadian organizatiomhgthmic locomotor behaviour
(GrassiZucconi et al., 1995). Trypanosomes secrete prostaglandins which interact
with the hostdéds i mmune response causing
and neuroinflammatory signalling has been suggested to bdveavan the
attenuations in circadian rhythms and in sleep patterns that characterize the disease
(Kennedy 2009; Kristensson et al., 2010 Indeed studies in an experimental rat
model of African trypanosomiasis utilizing tfieb. bruceiparasite, show #t it is at

the same time that CNS parenchyma invasion by the parasite and inflammatory
mediators occurs that alterations in circadian rhythms become more marked,
including perturbations in the oseitlons of CBT, resactivity, total sleep timand

Slow Wave Activity (SWA) become significant and more severe (Etet et al., 2012),

supporting the role of neuroinflammation in the circadian alterations.

Given the bidirectional communication between the immuneesysind the
circadian systenthe impact of cenally acting inflammatory mediators on circadian
timekeeping, andhe fact thatperipheral LPS induced sepsis characterized by
significant increases in proinflammatory cytokines (Qin et al,. 2007, Herber et al.,
2006) and activation of the HPA axis (itlhorst and Reul, 1998), dysfunction of the
innate neuroimmune system following sepsis and SE could perturb the circadian
timekeeper and circadian outputnflammatory mediatorsnight impact upon the
SCN, modulating SCN output and locomotor activity rinysh affecting
synchronization and entrainment of {hestsepticcircadian timekeging system, or
core circadian locomotor behavialiparameters The primary aim of this portion
of the study was to examine locomotor behavioural rhythmicity as an ongasgure
of the functional activity of thgostseptic endogenous oscillatoexamining the

long-term effects of a substanti@ainmune challenge on circadian organization and
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the SCNO6s ability to coordinate timekeep

experiments, we have studied the colecatlian parameters as well dbe
entrainment and resetting properties of circadian locomotor behawidbe long
term postsepsis These studies are the first to documentltimgrlasting effects of

sepsion thecircadian pattern of locomotor activity.

2.2. Materials & Methods

2.2.1 Ethical Approval

All protocols were approved by the Research Ethics Committee at the National
University of Ireland, Maynooth and were licensed by the Department of Health and
Children, IrelandAnimals were treated in accordance with the Cruelty to Animals
Act, 1876 and the Sl No.1i7 European Communities (Amendment of Cruelty to
Animals Act, 1876) regulations, 1994 (European Directive 86/609/EC). All efforts
were made to minimize the number afimals used and any potential suffering.
Where experimental procedures allowed, all animals were treated with a single intra
peritoneal (i.p.) drug administration. To ensure minimisation of animal usage,
animals used for behavioural monitoring wereoalsed for Immunohistochemical
analysis. Brain sections not relevant for the purposes of these experiments were

supplied for Immunohistochemical analysis for use in another related project.
2.2.2 Animals and housing

The animal model used in this study is the7Bb/6 strain of mouseMus
musculu} which is a naturally melatonideficient inbred strain. C57/BL6 mice are
well characterised from a chronobiological aspect with extensive characterization of
their circadian parameters having previously been perforngzhwartz and
Zimmerman, 1990). For the purposes of these experiments, adult C57BL/6 male
mice (2430g) were obtained from Charles River, UK or Harlan, UK, at 6 weeks old.
Animals were group housed on arrival. At the beginning of each experiment these
animals were between 8 and 10 weeks old and were used for the duration of these

experiments up until the age oB4months.

For the purpose of behavioural monitoring, animals were individually housed

in polypropylene cages (33cm long x 15cm wide x 13cm high)pped with steel
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running wheels (11.5cm diameter) with food and water availathlébitum The
lighting conditions were adjusted via a timer on the outside of the cabinet therefore
the cabinet was not unnecessarily opened. The light source was stiunol@stent

light bulbs with an average 1%0x luminance level in each individual cage. Group
housed animals were housed in groups of 10 in polypropylene egg&st{ long X
28.5cm wide x10.Z2m high) equipped with appropriate environmental enrichment
with food and water availablked libitum Animals were maintained on a 12:12 light
dark (LD) photoperiod for at least 2 weeks prior to any experimentation. When
animals were housed in constant darkness, daily checks were carried out with the aid
of a ral safety light €1 lux). Temperature and humidity were kept constant with an
average temperature of 21°C and humidity of 5810%. Cages were ventilated via
axial fans to prevent the builgp of pheromones and these fans produced white
noise at the levedf 50dB

2.2.3 Treatments
2.2.3.1. Sepsis induction

For the purposes of these experiments, animals were treated with the
endotoxin Lipopolysaccaridefrom Gram Negative BacteriaEscherichia coli.
(serotype 0111.B4; Sigma, Ireland) to induce sepsis. The introduztibacterial
components into the abdominal cavity (e.g. LPS administration) is a commonly used
experimental animal model of sepsis (Nemzek et al., 20@8single i.p.injection
was utilized, LPS 5mg/kg dissolved in 0.9% sterile saline (NaCl). Thigasently
described model whereby a sindgleatment i.p.LPS (5mg/kg) in mice induces
septic shock followed by Bng-lastingneuroinflammation and central upregulation
of INFFU and ¢ omp o nHsystem (Qifi et &l,h2807; Weberpals et al,
2009),thereby inducing a chronic effect as a result of an acute treatment. Control
animals were treated in parallel with an equal volume of 0.9% NaCl. The model
avoids the stress of repeated i.p. injections to the animals. All treatments were at
Zeitgeber Time (ZT) 68, where ZTO = lights on. LPS treatment elicited the full
spectrum of sickness behaviour evident 1hr after treatment. ~10% of LPS 5mg/kg
treated animals displayed a significant moribundity requiring euthanasia or mortality

in the first 72hrs dllowing treatment. Following LPS treatment, animals were
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allowed to recover for at least two weeks prior to any experimentation or

manipulation othe photoperiod.
2.2.3.2. Non-photic phaseshifting treatment.

8-hydroxy-2-dipropylaminotetralin hydrobromide {8H-DPAT) a selective 5
HT1a agonist (Tocris Bioscience, Bristol, UK) is known to indumoerphotic phase
shifts of the mouse circadian system when applied 6hrs prior to activity onset
(Horikawa and Shibata, 2004; Gardani and Biello, 2008)single i.p.injection of
the serotoninergic agonist was therefore utilized at CT6 at a dose of 5mg/kg which
has previously been shown in mice to induce maximalptmtic phase shifts
(Horikawa and Shibata, 2004).

2.2.3.3. NF-kB inhibition

Animals were treated with ammomiu pyrrolidinedithiocarbamate (PDTC)
(CsH12N2S,), a potent antioxidant and pharmacological inhibitothef transcription
factor Nuclear Factaw B (oNBP (Zhu et al ., 2002) , 10
5mg/kg i.p. treatment. Animals received a single 200mgfkgnjection of PDTC
dissolved in 100mM DMSO, a dose previously shown in rats to maximally inhibit
NF-kB activation and the expressiontbe proinflammatory genes TNE COX-2,
cytokineinduced neutrophil chemoattractaand ICAM-1 and their producteshen
administered prior to LPS treatment (Liu et al., 1999). Control animals were treated

in parallel with an equal volume of sterile Saline (0.9% NaCl) to DMSO i.p.
2.2.4 Sepsis scoring

A sepsis score was calculated for control and LPS treatedalsand FDTC
and LPS treated animals immediately after andphisttreatmentand subsequently
at regular intervals for 48 hposttreatment Scores were assigned on a five point
scale assessing alterations in the parameters of behaviour, appearance, dehydratio
and respiration. Each parameter was graded on a scale frbrasOfollows: O,
absent; 1, mild; 2, moderate; 3, severe; 4, very severe. These scores were seen to
revert back to zero approximately 48hrs following LPS treatment. At this time any
animalsthat continued to display a high sepsis score or significant moribundity were

humanely culled.
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2.2.5 Circadian Behavioural Analysis

Animals were singly housed in cages equipped with steel running wheels for
the purposes of behavioural monitoring. The cage® fitted with micreswitches
connected to a data acquisition system computer using the Chronobiology Kit by
Stanford System (Santa Cruz, California) for recording of daily rhythms of
locomotor activity. Each wheel revolution generated a switch closessuned by
the data acquisition system and collected every 5 minutes which then produced
actograms or actigraphs of activity rhythms. Onset afiactvas defined as Z12
(where ZTOis the time at lights on under a 12:12 LD cycldJsing the actogram
daa for each animal, phase shifts were calculated by fitting sofilbestfit through
activity onsets for one week prior to treatment and for one weskreatmeniFig.

2.1). The difference between the two lines was calculated by two to three

researchrs and the results averagedxclude experimenter bias
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Figure 2.1 Line of Best Fit Analysis.Sample double plotted actogram illustrating
the line of best fit method utilized to assess locomotor activity onsets following
application of aphaseshifting stimulus to a subject free running in DD. The
application of the tmulus is indicated by the yellogircle. The lines illustrate the
lines of besfit through activity onsets. The blue line highlights the line of best fit
through activity onsets for the 7 cycles prior to the stimulus. The red line indicates
the line of best fit for the 10 days poketphase resetting stimulus. Note the
exclusion of transient days from analysis of the locomotor phase resetting response.

The Chronobiology Kit Chi Squared periodograsna mathematical time
series analysis which calculates the free running periodtgitdm amplitude from

the actogram datdFigure 2.2).

69
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Figure 2.2: ChiSquare PeriodogramSample chsquare periodogram calculated
by the Chronobiology Kit showing the free running period and amplitude values of
the activity hythm.

2.2.6. Jetlag Experiments

For the purposes of these experiments, adult male mice were housed in
individual cages equipped with running wheels and were allowed to habituate to a
12:12 LD cycle (150 lux, lights on 0500h) for two weeks prior to being treated with
either LPS 5mg/kg i.pn=11) or saline (n=12).

Actogram data and circadian behavioural parameters were examined the
week beginning 7 days following septic LPS treatm@mt5-8 per group) The
average FRP, rhythm amplitude and total wheel running averagee week
beginnng 7 daygosttreatmentvere calculated for each animal by two independent
researchers blind to the experimental procedure and differences assessed between
groups by independenttest. Actogram data and the phase angles of entrainment
were examined foeach animal in both treatment groups under the LD photoperiod
in the 7 days beginning one week posaitment. The time of activity onset for each
daily cycle was calculated for each animal in both treatment groups and compared to
the known dark cycle oes time for the photoperiod. This was done for each cycle

over a 7 day period starting 7 days following LPS treatment or saline vehicle.
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Activity onset prior to onset of the dark cycle was defined as a positive phase angle
of entrainment, and a negatiphase angle if locomotor activity began after lights

off. Differences between the onsets were assessed for each daily cycle and a weekly
average was then calculated. The weekly average phase angle of entrainment was
quantified by two independent researhblind to the experimental procedure and
analysed for each group by means of independent sarvpls t

The animals were allowed to recover for two weeks following the immune
challenge prior to experimental manipulation of the photoperiosio differen
Njetlago protocols were adhered t o, a 6
group of experimental animals (12 saline, 11 LPS), consisting of a 6hr phase
advance of the L:D cycle followed two weeks later by a 6hr phase delay of the L:D
cycle. The seond group of experimental animals (8 saline, 8 LPS), were subject to a
10hr jetlag protocol consisting of a 10hr phase advance of the L:D cycle followed by
a 10hr delay of the photoperiod 14days later. For the purpose of a phase advance of
the photoperid, the dark phase of the light dark cycle is shortened so that lights on
occurs earlier, resulting in a Ashort da
advance of the LD cycle, the dark phase of the cycle consists of 6 hrs of in total and
consiss of 2hrs in total following a 10hr advance of the LD cycle. The animals were
maintained under these 12:12 LD photoperiods for a further two weeks, following
which the photoperiod was delayed, whereby lights off occurred later resulting in a
Al on g Fathg fosst cycldollowing the 6hr phase delayf the photoperiod the
dak phase of the cycle was lengthermd6hours and so the animals, dark phase of
the cycle was 18hrs in total. Following a 10hr delay of the LD cycle theptase
of the cycle wa lengthenedby 10hrs resulting in a dark phase of 22hrs in total. This
12:12 LD schedule was maintained for a further 14 days.

Following each phase shift paradigm, circadian locomotor activity rhythms
were analysedT he ani mal -snrainmentte hesfe BVegetl agd prc
monitored. The first day of the shifted cycle was defined as the day of the change in
light onset. The time taken to-eatrain to a shift of the light dark photoperiod was
determined by calculating the total durationloé factivity rhythm and subsequently,
calculating the rhythm midpoint for each animal prior to and following the phase
shift. The effects of masking can impact upon activity onset while activity offset is
an unmasked index of behaviourdaso to assess-gatrainment toa phase shift of

the light:dark cycle it is more accurate to utilize the midpoint between activity onset
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and offset. When activity midpoint following the phase shift was seen to show a
difference of 6 or 10hrs to the activity midpoint prtorthe phase shift, depending

on protocol, the animal was determined to have a resynchronized rhythm. The
number of days taken for this difference to be seen was calculated for each animal by
two researchers blind to the experimental procedure and amdbysandependent
samples tests. Further, in order to assess the rate of change in activity onset, the
time of activity onset for each daily cycle was assessed for each animal in both
treatment groups and was analysed in the 7 days following maniputtitre
photoperiod by mixed betweemthin ANOVA, with the time of activity onset as

the dependant variable for 8 days following the shift of the light/dark cycle.
Following each phase shift of the light dark cycle, the circadian parameters of free
running period and rhythm amplitude were calculated for each animal using the
Chronobiology Kit Chi Squared procedure and analysed for each group by
independat samples-test. In order t@assess locomotor activity levels, total wheel
revolutions were calculatefr each animal for each day during the course of the
experiments using the Chronobiology Kit and analysed for each group by

independent samplegdst.
2.2.7. Photic Phase Response Curve

To facilitate construction of the photic phase response curve, 30 adigdt m
mice were singly housed in cages equipped with running wheels and housed under a
12:12 LD cycle (150 lux, lights on 0500h) for 2 weeks to allow for habituation.
Animals were then treated with either LPS 5mg/kg i.p (nh=14) or Saline (n=16).
Following recovery, animals were transfed into constant darkneg6 lux) and
allowed to freerun for a duration of 20 weeks. During this time the animals were
subjected to an Aschoff type 1 protocol (Aschoff, 1965), receiving a 30 minute light
pulse (~150 lux) esry 14 days at random times across the circadian cycle. Each

ani mal received 6 |ight pul ses (LP) [

=]

examined under DD in the 14 days following each light pulse prior to administration
of the next light pulse. @&ograms and phase shift magnitudes were assessed and
guantified by three independent researchers blind to the CT at which each light pulse
was applied. The photic phase shift magnitudes were calculated for each animal
utilizing the line of best fit methqditting the line through activity onsets 7 days
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prior tothe light pulseandthe onsets for 7 cycles starting 4 days after the light pulse
to minimise interference from transientsFollowing quantification of the phase
shifts, the time of the circadiarycle at which the light pulses were administered
were calculated and guped in 3hr CThins and a phase response curve was
constructed plotting phase shift magnitude against circadian time of the light pulse.
Phase shift magnitudes were examined betwgerups by tweway factorial
ANOVA and independenttests with Bonferroni corrections were used for analysis
of phase shift magnitude at the individual circadian time bins. The free running
period and rhythm amplitude were assessed for each animal 10efays the light
pulse and 10 days after the light pulse using the Chronobiology Kit Chi Squared

procedure and analysed for each group by independent sargses t
2.2.8. Non-photic Phase Shifts

In order to examine the effects of a rAamotic stimuluson circadian
locomotor activity following the induction of sepsis, animals were singly housed in
running wheel cages under a:12 light darkcycle (150 lux, lights on 0500h) and
allowed to habituate for 2 weeks prior to being treated with either LPS 5mpg/kg
(n=7) or saline (n=7). The animals were allowed to recover for two weeks following
the immune challenge prior to being tramsfd into constant darkneg® lux).
Animals were maintained under constant dark conditions for 14 days and then
recaved a5mg/kg i.p.injection of the serotoninergic agonistC84-DPAT at CT6
(where CT12 is the onset of activity). Animals were left to free run for a further two
weeks in DD, during which time their locomotor activity rhythms were monitored
and the phaseshifting effects of 80H-DPAT treatment assessed. Using the
actogram data for each animal, the magnitudes of thephotic phase shifts
following administration of 8OH-DPAT at CT6 were quantified for each animal for
each treatment group. The line of beshféthod was used to assesstbe-photic
phase shift magnitudes, fitting the line through activity onsets 7 days hleéolight
pulseandthe onsets for 7 cycles starting 4 days after the light pulse to minimise
interference from transient$he actogrens and differences between the lines were
rated by two independent researchers blind to the experimental procedure. The
animals were then transfed to a 12:12 light dargycle and maintained under these
lighting conditions for two weeks prior to treatmenith a 5mg/kg i.p8-OH-DPAT
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injection at CT6, 1lhr after which they were culled. Phase shift magnitudes were

assessed between groups by independent sartpls t
2.2.9. Skeleton Photoperiods

In order to verify that rhythmicity exhibited by the animals urid@r cycles is
in fact truly entrained circadian behaviour and not owing to masking by the light
dark cycle, 16 male mice were individually housed in cages equipped with running
wheels and habituated to a 12:12 LD cycle for 2 weeks (150 lux, lights om)0500
The animals were then treated withheit LPS 5mg/kg i.pnjection (n=7) or saline
(n=9) and allowed to recover for 14 days prior to manipulation of the photoperiod.
The light dark cycle was initially shortened to a skeleton photoperiod whereby light
occurred during only the first and last hour of the previous light cycle followed by
the original dark phase (1L:10D:1L:12D). The animals were maintained under these
conditions for 21 days and their locomotor activity patterns monitored. Following 3
weeks under the skeleton photoperiod, the light:dark cycle was then made a half
skeleton photoperiod where the first light phase was removed so that the only light
phase occurred during the final hour of the original light cycle (IL:23D). Actogram
data andhe phase angles of entrainment were examined and calculated as described
previously for each animal in both treatment groups under both photoperiods for
each cycle over the 42 day period. Differences between the onsets were assessed for
each daily cycleand a weekly average was then calculated for aaghal for each
week under the two skeleton photoperiods. The weekly average phase angle of
entrainment was quantified by two independent researchers blind to the experimental

procedure and analysed forcbagroup by means of independent samptestt

2.2.10.The effects of sepsis on circadian parameters exhibited under constant

conditions

In order to assess fr@anning circadian parameters, animals previously
treated with either LPS 5mg/kg i.p. or saline upon recovery were housed in
individual running wheel cages under a 12:12 LD cycle (150 lux, lights on 0500h)
for two weeks to allow fohabituation prior to experimentation. Animals were then
transferred into either constant dark (8 saline, 7 LPS) or constant light (8 saline, 7

LPS) with light intensity levels of eitherlOx or 150 lux (LL) and were maintained
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under these conditions far period of 14 days during which time their locomotor
activity patterns were monitored. Using the actogram data, the circadian parameters
of free running period and rhythm amplitude were quantified for each animal in each
treatment group under both lighgy conditions by two independent researchers blind

to the experimental procedure using the Chronobiology Kit Chi square periodogram

and analysed for each group by independent samjes t

2.2.11.Behavioural responses following treatment with PDTC prior to LPS

treatment

The involvement of NFKB in the LPS mediated effects on circadian
rhythmicity was examirgk by administration of PDT@rior to LPS treatment and
monitoring of locomotor activity rhythms. Animals were housed in individual cages
equipped with runing wheels under a 12:12 LD (150 lux, lights on 0500h) cycle for
two weeks prior to treatment to allow for habituatiBRTC 200mg/Kkg i.pinjection
or saline vehicle was administered 10 minutes prior to LPS 5mg/kg (i.p.) or control.
Three experimental gups consisting of PDTC and LPS (n=5), PDTC and control
(n=6) and control and LPS (n=5) were examined. Mixed between VAKDVA
was used to assess statistically significant differences between sepsis scores
following treatment with a control injectiomifowed by a septic LPS treatment and
the sepsis score reached when PDTC was administered prior to a septic LPS
treatment. The animals were allowed to recover for two weeks following the
immune challenge and-entrainmento a 6hr phase advance of theopdperiodwas
assessed amitlined above (&ction2.2.9.

The animals were then transfed into constant darkneg8 lux) and allowed
to freerun in order to assess whether treatment with PDTC prior to LPS 5mg/kg
would attenuate the enhanced late subjemight photic induced phase shifts. The
animals were held under these conditions for 14 gaygs to receivinga light pulse
for 30 mins at CT22, the advance portion of the phase response curve at which post
septic animals have previously exhibitedger phase shift magnitudes in a response
to a 30 min light pulse compared to controls. Animals were maintained for a further
two weeks in DD following application of the light pulse and their locomotor
activity rhythms monitored. The magnitudes of thesultant phase shifts were

guantified for the three treatment groups. The line of best fit method was used to

75



assess the photic phase shift magnitudes, fitting the line through yacingets 7

days beforethe LP and the onsets for 7 cycles starting 4ydaater the LPto
minimise interference from transienfBhe actograms and differences between the
lines were rated by two independent researchers blind to the experimental procedure.

Phase shift magnitudes were compared between groups using one wayAANOV

2.3. Results

2.3.1. The acute effects of LPS 5mg/kg treatment on circadian locomotor activity

Animals exhibited the classic symptoms of sickness behaviour following i.p.
LPS 5mg/kg treatment, includinigthargy, piloerection, grooming and decreased
social interactionand these behaviours were scored for each animal and contributed
part of the sepsis score quantified for each animal across the following 48hrs.
Further, LPS treated animals did not digpivheel running activity for a number of
cycles following treatment, which can be clearly observed from the representative
actogram for LPS treated animals Fig@rd. When locomotor activity resumed, it
did so as would be expected following a periodenfrainmentwith the onset of
locomotor activity continuing in phase with the onset of running wheel activity
displayed on the last cycle prior to LPS 5mg/kg i.p. treatment, i.e. no alterations in
the phase relationship between the activity onset andrbet of the dark phase of
the entraining L:D cycle (Figure 2)3 Saline control animals displayed entrained
circadian locomotor activity with no interruption in wheel running following
treatment.

Independent-tests showed that there were no signifiadifierences between
the phase angles of entrainment in the week beginning 7 plasireatment
between the treatment groups (LPS, 4:2%82 min. vs. saline controls, 5.694.01
min, P>0.05). Independenttdst analysis showed that there were no Sicanit
differences between the mean free running period values in the week beginning 7
daysposttreatmentbetween the treatment groups (LPS, 288.00 hrs vs. saline,
23.9+ 0.17 hrs, P>0.05), nor were there any differences observed at this time in the
mean rhythm amplitude between groups (LPS, 1365116.6 vs. saline, 768.9

224.9, P>0.05). Independentest analysis was also used to examine whether there
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were statistically significant differences between the average total wheel running
values in he week 7 dayposttreatmentbetween the treatment groups (LPS, 9472.1
+3333.5 vs. saline, 5090494599.9revolutions P>0.05). (Fig.3).
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Figure 2.3 Examination of behavioural parameters in the week beginning 7 days
following septic LPSreatment (A) Bar graphs showing the average phase angle of
entrainment, FRP, amplitude and total wheel running avenaglee week beginning

7 daysposttreatment(n=5-8 per group)

2.3.2. Jetlag Experiments
2.3.2.1. Locomotor Activity followingimplementation of a 6hr Jetlag paradigm

When exposed to a 6 hour advance of the L:D cycle;gmsic animals re
entrainment to the new photocycle was faster than that seen in control animals.
Mixed between within ANOVA was utilized to analyse the tinieonset of wheel
running activity for each individual animal in both treatment groups for the 7 days
following the phase advance shift and revealed a significant time x treatment
interaction (B126=2.53, P<0.01; Figur.4). The time to entrain to theew
photoperiod was 5.69.48 days for posteptic animals vs. 7.88.46 days for
controls(P<0.0%1 Fig. 2.4C). When these animals were then exposed to a 6 hour
delay of the L:D photoperiod, mixed factorial ANOVA analysis of the time of onset
of wheel ruming activity for each individual animal in both treatment groups for the
7 days following the shift revealed no time x treatment interactiepstB.37,
P>0.05) (Fig.2.4). Independent-test found the mean time to-eatrain was
3.1+0.2 days for posseptic animals vs. 3.2 0.3 days for controls (P>0.05ig. 2.4
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D). Visual inspection of actogram data showed saline controls exhibited transient

days as expected following a phase advance of the photoperiod with locomotor

activity showing gradual advances in locomotor behaviour onset until entrainment

was achieved,dwever this is not seen in some of gust-septic animals (Fig. 2)4
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Figure 2.4 Altered rates of reentrainment to 6hr phase shifts of the light:dark
cycle in postseptic animals.(A) and (B) @mple double plotted actograms from
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saline and LPS treated animals who then underwent a 6hr advance of the L:D cycle,
followed by a 6hr delay of the L:D cycle. The shaded area of the graphs is the dark
phase of the L:D cycle. Note suppression of wheel running activity for a number of
cyclesfollowing LPS treatment, but resumption of activity at the expected phase. (C)
and (D) illustrate the activity onsets for the periods following st of the
light:dark cycle.The postseptic animals show accelerated-e@etrainment to the
advanced satdule. Note the more rapid adjustment of the activity onsets in the LPS
group vs. controls following the advance (C) bat the delay (D). (E) and (FBars
graphs showing the average number of days tenteain (+/-SEM)to the shift of

the L:D cycle forcontrol andpostseptic animals(**=P<0.01).

2.3.2.2. Re-entrainment following 10hr phase shifts of the photoperiod

When exposed to a 10 hour advance of the L:D cymbstseptic animak
showed more rapid fentrainmentto the new photoperiod than rdools.
Independent-test analysis found the mean time teerdgrain was 8.9 0.6 days for
control animals and 7.2 0.3 days for posseptic animals (P<0.05). When these
animals were then exposed to a 10 hour delay of the L:D photopetiest t
assesment found there to be no significant difference in the rate-ehtr@ainment
displayed between the treatment groups, with average time taken to entrain to the
new photoperiod of 4.88 0.23 days for posseptic animals and 4.710.29 days for
controls(P>0.05).(Fig. 2.5.
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Figure 2.5 Altered rates of reentrainment to 10hr phase shifts of the light:dark
cycle in postseptic animals(A) and B)are sample double plotted actograms from
saline and LPS treated animals who then underwent a &@kance of the L:D
cycle, followed by a 10hr delay of the L:D cycle. The shaded area of the graphs is
the dark phase of the L:D cycle.C)(and Q) Bars graphs showing the average
number of days to rentrain to the phase shifts of the L:D cy¢feP<0.05).

2.3.3. The effects of sepsis on the basic parameters of the circadian locomotor

activity rhythm.

Upon termination of circadian locomotor activity monitoring under
experimental jetlag paradigms, the basic circadian parameters of free running period
and rhythm amplitude were examined under the different lighting conditions. When
released into both LLred DD conditions, monitoring of actogram data revealed no
differences between the treatment groups in their transition to the different
conditions, with locomotor activity continuing in phase with that of the previous L:D
cycle, showing the appropriate ahce (under DD) or delay (under LL) from
activity onset on the last cycle of the L:D photoperiod to the onset of activity on the
initial cycle under the new housing conditions. The free running periods and rhythm
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amplitudes were examined for 14 days undenstant ight and constant dark
conditions by CHi periodogram analysis and subsequent assessmertebts tfor

both treatment groups. Under LL, there were no significant differences between
postseptic animals and saline controls with mean free rgnperiods of 24.9%

0.19 hrs and 25.18 0.10 hrs respectively (P>0.05). Independetaist analysis of
rhythm amplitude revealed that there were no significant differences between that of
LPS treated (708.24 76.83) and saline contro(3§48.83+ 85.53 P>0.05).(Figure

2.6).
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Figure 2.6. Locomotor activity Rhythms under LL(A) and (B) are sample double
plotted actograms from a control and an L-B&8ated animal respectively, showing
locomotor behaviour under LL conditions.

Comparison of mean free running periods in DD betweengssic treated
animals and saline controls by independetdst found no significant differences
between the treatment groups, with free running periods of+23.61 hrs and 23.73
+ 0.14 hrs regectively (P>0.05). Under housing in DD conditions, rhythm
amplitude was not found to be significantly different between-gegtic animals
(1382.7+ 227.7) and saline controls (1357.4832.7, P>0.05, independenteist).
(Figure 2.7.
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Figure 2.7. Locomotor activity Rhythms under DOOA) and (B) are sample double
plotted actograms from a control and an L-B&ated animal respectively, showing
locomotor behaviour under DD conditions.

Independent-test was utilized to analyse the mean wheel reiavia per hour
for a period of 14 days while maintained under a 12:12 LD cycle for both treatment
groups as a measure of overall activity levels. There were no differences in the
amount of wheel running between the pesptic animals and saline controlgth
mean revolutions in LR8eated animals of 7676.482095.7 vs. 90553641.73 in
controls (P>0.05). Analysis of rhythm amplitude under a 12:12 L:D cycle revealed
that there were no significant differences between the mean rhythm amplitude of
LPS treated animals (885.6# 38.2) and saline controls (865.9342.3, P>0.05,
independent-test). (Table 2).
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Table 2: Assessment of core circadian parameters under various lighting
conditions. Table illustrating the average free running period values, rhythm
amplitude and total wheelinning activity for saline and poseptic animals under
different lighting conditions. (n.s.) denotes not significant.

Control LPS
Rhythm Amplitude in LD 865.93 +/- 42.3 885.67 +/- 38.2 (n.s.)
Free running period in LL 25.13 +/- 0.10 24,99 +/- 0.19 (n.s.)
Rhythm Amplitude in LL 748.83 +/- 85.53 708.24 + /- 76.83 (n.s.)
Free running period in DD 23.73 +/- 0.14 23.6 +/- 0.11 (n.s.)
(h)
Rhythm Amplitude in DD 1357.48 +/- 232.7 1382.7 +/- 227.7 (n.s.)
Wheel revolutions 9055 +/- 3641.73 7676.48 + /- 2095.7 (n.s.)
per day

2.3.4. Locomotor activity rhythms under Sketlen Photoperiods

2.3.4.1. Assessment of the phase angle of entrainment under skeleton and half

skeletonphotoperiods

An apparently normal pattern of circadian locomotor activity is exhibited by
both postseptic animals and saline controls under a 12:12 L:D cytteorder to
examine whether this pattern of activity reflects appropriate circadian entrainment,
or whether underlying circadian abnormalities were being masked by the L:D cycle,
we assessed the entrainment of a group of animals to skeleton photoperiods

The phase angle of entrainment was firstly assessed under a 12:12 LD cycle
and independenttest analysis showed no significant differences between the phase
angle of entrainment for LPS treated animals (2= B)69 min) vs. controls-Q.54+
1.47 min P>0.05). Upon transfer from the 12:12 LD photocycle to the skeleton
photoperiod (1L:10D:1L:12D), all animals maintained their entrained activity
profiles, no alterations were seen in the relationship between locomotor activity
onset on the first cyclefahe new photoperiod and the onset of running wheel
behaviour on the last cycle under the 12:12 LD cycle. Both saline and LPS animals

began activity after the second light phase in the evening despite being exposed to
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10hrs of darkness following the mamg light phase. Comparison of mean phase
angle relationship values during the first week under the skeleton photoperiod in
postseptic animals and saline controls by independésdttrevealed no significant
differences between the treatment groupshwitean phase angles of 18.81
5.3Imin and 10.17+ 1.90 min respectively (P>0.05). Independetests showed

that there were no significant differences between the phase angles of entrainment
during the second (LPS, 21.%#14.13 min. vs. saline controls, 15.292.47 min,
P>0.05) or third weeks (LPS, 26.682.16 min. vs. saline controls, 18.2% 4.38

min, P>0.05) of housing under the skeleton photoperiod ketmeen the groups.

(Fig. 2.8.

When the morning light pulse was removed under the half skeleton
photoperiod (1L:23D), control and LPS animals remained entrained, with the onset
of locomotor activity on the first cycle of the new photoperiod continuing in phase
with the onset of runningvheel behaviour on the last cycle under the skeleton
photoperiod. Assessment of the phase angle relationship values during the first week
under the skeleton photoperiod by independetatst in postseptic animals and
controls showed there to be no sigraht differences between the groups, with
mean phase angle values of 39#5.43 min and 28.63 3.95 min respectively
(P>0.05). Independenttésts assessed that there were no significant differences
between the phase angles of entrainment duringgbend (LPS, 46.7611.89min.
vs. saline controls, 42.7% 5.19 min, P>0.05) or third (LPS, 67.#712.33 min vs.
saline controls, 51.39 6.55 min, P>0.05) weeks of housing under the skeleton
photoperiod, seen between the gropgy. 2.§. The similaities in circadian
behaviour in posseptic animals under skeleton and half skeleton photoperiods when
compared to controls at any point during this experiment indicate that normal

entrainment is exhibited by pes¢ptic animals.

2.3.4.2. The Free Running Ped and Rhythm Amplitude in DD following
maintenance under skeleton photoperiods

Upon termination of analysis of locomotor behaviour under skeleton and half
skeleton photoperiods, the animals transfer into DD conditions was assessed and the
free running peods and rhythm amplitudes were examined for 14 days under these
conditions by CHi periodogram analysis and subsequent assessmentelsys.t
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Visual monitoring of actogram data revealed no differences between the treatment

groups in their transition tooostant conditions, with locomotor activity continuing

in phase with the previous photocycle.

Comparison of mean free running periods in DD following prolonged housing

under skeleton and half skeleton photoperiods by @alysis and independent t

test faund no significant differences between pssptic animals and saline controls,

H0®.04 hrs. and 23.93+ 0.03 hrs.

with mean free running period values of 23

respectively (P>0.05). Rhythm amplitude was not found to be significantly different
between pdsseptic animals (1513.08 206.75) and saline controls (1234.28

234.38, P>0.05, independertest) maintained under DD.
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Figure 2.8 Entrainment to skeleton photoperiod¢éA) and (B) are sample double
plotted actograms from a control and an L-B&ated animal respectively showing
entrainment to a 12:12 L:D cycle, then a 1:10:1:12 skeleton photoperiod and
subsequently a 1:11:12 half skeleton photoperiddhite bars in figures represen
light phase. (C) Graph illustrating the average phasagles of entrainment for
each week under the experimental photoperiods for the control anesquist
animals.

2.3.5. Locomotor Activity rhythms in response to a ngahotic stimulus applied

in the subjective day.

We examined the phase shifts elicited by a-pbatic stimulus following
application of the 81T1a/7 agonist ®H-DPAT at CT6. Comparison of-8H-
DPAT induced phase shifts following administration in the early subjective day by
independentt-test found that phase shifts of similar magnitudes were induced
between the treatment groups, with a modest mean phase advancet0282rs
exhibited by saline controls which was shown not to differ significantly from those
induced in postepticanimals, with a mean phase shift value of 0+790.13 hrs
(P>0.05 independenttest; Fig. 2.9.
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Figure 2.9 Phase resetting following application of a nephotic phaseshifting
stimulus. (A)and (B) are sample double plotted actograms afaatrol aninal and

a postsepticanimal free running in DD and treated i.p. withGBH-DPAT at CT6
(CT6 treatment indicated by blue circle, with lines indicating the line of-fliest
through activity onsets for the 7 days before and 10 days radtephotic stimulus.
Note exclusion of transient days from analysigiC) Bar graph illustrating the
modest phase advance induced followir@H-DPAT treatment in saline otrols
and postseptic animals.

2.3.6. Construction of the otic Phase Response Cunia postsepticanimals

Two Way Factorial ANOVA with independent-tést and Bonferroni
corrections were used for analysis of phase shift magnitude at the individual
circadian time bins for each individual animal in both treatment groups, and found a
significant effect of time (fu+~106.4, P<0.05) no main effect of treatment
(F19~0.31, P>0.05), bui significant interaction effect between CT of photic
stimulation and treatment interaction term {£2.4, P<0.05). Subsequent analysis
of phase shift magnitudes exhibited by ledaeatment group at each individual CT
bin found a statistically significant increase in phase shift magnitugestseptic
animals compared to controls at one time bin only, GTZ24. At CT22-CT24,
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there was a statistically significant differencerseethe magnitude of photic phase
advances elicited between pasiptic animals and controls with average phase
advance magnitudes of 1.450.11 hrs and 0.8#% 0.06 hrsrespectively (R0.001,
independent-test Fig. 2.10Q. There were no differences irhgtic induced phase

shift magnitude observed at any other circadian time bin of the PRC between the
treatment groupg>0.05).

At other circadian time bins during the subjective night when photic
stimulation produces phase shifts of circadian behavibergtwere no alterations
seen between treatment groups in phase shift magnitude elicited. AtGITH?
photic phase delay magnitudes were found to be similar betweesgpiit animals
and controls with average phase delays of #90.34 hrs and 1.55 0.12 hrs
respectively (P0.05, independenttest). There were no differences seen in the
magnitude of photic phase delays between-peptic animals and controls at CF15
CT17 with average phase delays of 2403.10 hrs and 2.04 0.22 hrsrespectively
(P>0.05, independenttest Fig. 2.10. At CT18CT20, the mean magnitudes of
photic phase shifts for peseptic animals and controls were 045@.33 hrs and 1.23
+ 0.30 hrsrespectively (B0.05, independentitest).(Figure 2.10.
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Figure 2.1Q Altered photic phaseshifting in postseptic animals(A) and B8) are
sample double plotted actograms illustrating the locomotor responses to photic
stimulation in a saline and a peseptic animal respectively, free running in DD and
subjected to ght pulses (light pulse indicated by yellow circles, with lines indicating
the line of besfit through activity onsets for the 7 days before and 10 days after the
light pulse. Note the exclusion of transient days from analysis of the locomotor
response)(C) Shows the photic phase response curve for saline andsppstc
animals. Responses were grouped into 3 hour time dgoesrding to LP time.
(***=P<0.001).

2.3.7. Behavioural responses following treatment with PDTC prior to LPS

treatment
2.3.7.1. Re-entrainment a 6hr phase shift of the photoperiod

Sepsis was scored in control and LPS treated animals (n=6) and in PDTC and
LPS treated animals (n=6) amtixed between withiRNOVA was used to assess
statisticallysignificant differences in measepss scoredetween groupsat regular
intervals for 48hrs pogteament. ANOVA revealed a main effect of time for sepsis
score posttreatment(Fs s=25.43, P<0.001)as well amain effect of treatment
(F11078.12, P<0.05), and a&ignificant time treatment faraction (Fgg=6.55,
P<0.01).(Figure2.17).
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Figure 2.11 Sepsis scoring across 48hrs following treatment) Graph
illustrating the sepsis scores for both control + LPS treated anir(a$) and
PDTC + LPS treated animal$n=6) quantified at regular intervals over 48hr
following treatment. Note the lower sepsis scores for the PDTC + LPS treatment

group.

When exposed to a 6 hour advance of the L:D cycle, vehicle and LPS 5mg/kg
treated animals rentrainment to the new cycle svéaster than was seen in animals
treated with either PDTC 200mg/kg prior to LPS 5mg/kg, or control and 200mg/kg
PDTC, or 200mg/kg PDTC prior to a control i.p. injection. One Way ANOVA with
the Tukey poshoc test was utilized to assess statistically §icant differences
between groups in the mean time taken for each group-¢otrain to the new
photoperiod, finding a significant between groups effegi £5.11, P<0.05). Post
Hoc analysis (Tukey) revealed that the mean time taken to entrain toethe n
photoperiod of 5.4+ 0.51 days for control and LPS treated animals differed
significantly to the rate of rentrainment seen for PDTC and LPS treated animals
7.0+ 0.32 daygP<0.05). Control and LPS treated animalendrainment was also
shown to be significantly different to the time taken for PDTC and control treated
animals which took 7.8 0.37 days synchronize to the new photoperiod (P<0.05).
Comparison of the rates of-entrainment between PDTC and LPS treated animals
and PDTC and control treated animals revealed no significant differences between
the groups (P>0.05]Fig. 2.129
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Figure 2.12 Re-entrainment to a 6hr phase advance ofetHight:dark cycle in
PDTC + CTR,, CTRL + LPS and PDTC + LPSreated animals. (A), (B) and (C)
are sample double plotieactograms showing a PDTC + CTRieated animal, a
CTRL + LPStreated animal and a PDTC + LPS treated animaspectively. D)
Bar chart illustrating the average ratd ce-entrainment of each group following a
6hr advance of the L:D cyclé&=P<0.05).

2.3.7.2. Phase advance resetting following PDTC treatment prior to LPS.

One Way ANOVA with Tukey post hoc test was used to assess whether there
were statistically significantdifferences between groups imetmean phase advance
magnitude finding a significant between groups effect {§£22.79, R0.001). Post
Hoc analysis (Tukey) revealed that the mean phase advance magnitude 6f1183
hrs revealed for control and LPSdted animals differed significantly from the mean
phase shift magnitude seen for PDTC and LPS treated animals+002 hrs
(P<0.001). Control and LPS treated animals mean phase advance magnitude was
also shown to be significantly different to that f@TRC and vehicle treated animals
(0.89 + 0.04 hrs; R0.001). Comparison of the mean phase advance magnitude
between PDTC and LPS treated animals and PDTC and control treated animals were
not found to differ significantly between the grops0.05).(Figure 2.13
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Figure 2.13 Phase resetting to photic stimulation at CT22 in PDTCGTRL,
CTRL + LPS and PDTC + LPSreated animals. (A), (B) and (Care sample
double plotte actograms showing a PDTC + CTRieated animal, a CTRL + LPS
treated animal and ®DTC + LPS treated animakspectively, free running in DD
and subjected to light pulses at CT22 (light pulse indicated by yellow circles, with
lines indicating the line of besit through activity onsets for the 7 days before and
10 days after the lighgulse. Note the exclusion of transient days from analyBi¥). (
Bar chart illustrating the average phase shift magnitude of each dialgwing a

light pulse at CT22(***=P<0.001).

2.4. Discussion:

These experiments performed in pesptic animals revealonglasting
perturbations in circadian behaviour up to three months following a single septic
treatment with LPS. Poseptic animals exhibit alterations in photic phak#ting,
with exaggerated phase shift magnitudes in response to a phase advaymnting |
pulse, and acceleratedeatrainment rates to phaadvances of the photoperiod.

Acutely, visible sickness behaviour ensued following peripheral
administration of LPS 5mg/kg and sepsis scoring allowed us to confirm successful
induction of sepsisi LPS treated animals compared to vehicle treated controls. The

induction of sickness behaviour following a septic LPS treatment inhibited rhythmic
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wheel running behaviour in LPS treated animals f& @ycles. Once recovered
from the initial stages ofhe septic treatment, locomotor wheel running behaviour
resumed in phase with that of the previous activity pattern and in line with that of the
entraining light dark cycle. The assessment of total wheel running activity, phase
angle of entrainment, FRP émhythm amplitude in the week starting 7 days post
treatment found these pestptic behavioural parameters to be similar to controls
and therefore there were no perturbations in the short term and no alterations prior to
experimental manipulation of th@hotoperiod. However there was some variability

in the arerage total wheel runningaluesobtainedwithin the groups, and the sample
sizes may need to be increased anid flarametereassesslin order to confirm that
there were no differencé®tween groups.

For assessment of wheel running activity under experimental jetlag
paradigms, we sought to characterize locomotor behaviour in animals having
experienced septic shock in response to rapid 6hr and 10hr phase shifts of the light
dark cycle,mimicking eastward and westward trans meridian travel. The rates of
resetting in posseptic animals in response to phase advances of the photoperiod
were found to be significantly more rapid than in controls, however there were no
alterations found in setting rates between peasgptic animals or saline controls in
response to either 6hr or 10hr phase delays of the light dark cycle. It must be pointed
out that reentrainment to a phase delay of the photoperiod has been shown to occur
much faster than setting to a phase advance, 3 days vs. 7 days respectively
following a single one hour phase shift (Reddy et al., 2002) and it may be that
synchronisation to the new light dark cycle following a phase delay simply takes
place too quickly for any alteratierin resetting to be observed between the groups.
With respect to a 6hr phase delay of the photoperiod, given the short period of time
that is required to reset activity to a phase delay of the light dark cycle, it is indeed
possible that rentrainmentd this phase delay might occur too rapidly to observe
any between groups differences. We would anticipate howeventr@nment to an
abrupt 10hr phase delay of the photoperiod which would require a longer time for
resetting of locomotor behaviour to bempleted, would highlight any differences in
delay resetting between the groups, however no variations in resetting rates were
observed.

The resetting rates to the 6hr phase delay shown by both treatment groups

and the reentrainment to a 6hr phase adee shown bgur control animals, but not
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postseptic animals, are in line with previously published results sigpthat re
entrainment to an abrupt phase advance of the photoperiod takes approximately 7
cycles, while resetting to a phase delay takescqupately 3 cycles (Reddy et al.,
2002). Photic stimulation resulting in a phase advance causes transient shifts of
locomotor activity onset over several cycles but an immediate shift in offset of
activity, while the opposite is seen for onsets and tHféallowing a phase delay
(Meijer and Schwartz, 2003). Large phase advances of the photoperiod cause
gradual daily advances in locomotor behaviour of approximat&haurs until re
entrainment to the new photoperiod has been achieved (LeGates @09)., 2Vhile

this gradual advancing is seen in control animals, somesppst animals appear to
exhibit unstable advances in behaviour in the cycles following thedsamnae shift

(see Fig 2.9).

Alterations in the basic circadian parameters andaimirent properties
could account for the significantly more rapidemgtrainment rates of locomotor
activity to shifts of the light dark photoperiod. The more rapid resetting visible in
our postseptic animals and the unstable daily advances could e dilterations in
the free running period, since proportionately larger daily phase advances would be
required of an animal with a shorter endogenous free running period (LeGates et al.,
2009). However there are mdterations observed in the peribdtween the groups
under either LD, LL or DD conditions and therefore altered resetting cannot be
attributed to perturbations in this parameter. Additionally, tieree no alterations
in total wheel running activities between the groups under any lightindjtmon A
damped or weak oscillator resulting in a decrease in pacemaker amplitude could
result in decreased resistance of the SCN to external perturbing stimuli and a more
robust response (Pulivarthy et al., 2007; Abraham et al., 2010) and could underlie
enhancd resetting. Our experimental analysis of locomotor rhythmicity in LL
would indicate that there is no decrease in pacemaker amplitude e$eptist
animals, since posteptic animals display rhythmic, robust locomotor behaviour
throughout the 14 as they were maintained under LL, and no alterations were
observed in the FRP or rhythm amplitude between groups, and were there an
underlying weakened pacemaker arrhythmicity would be expected to be observed.
Further, no alterations were observed inER® or rhythm amplitude under DD, and
additionally, the examination of actogram data of segitic animals while free

running in DD indicated that the pesgptic behaviour was not being masked by the
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presence of light. Were there an effect of maskinpedmotor activity due to the
presence of an entraining stimulus, upon removal of that stimulus, animals
locomotor activity would exhibit an alteration in the phase relationship with
perturbations in the phase of activity onset on the first day of carsiaditions to

that of the previous activity onset on the last cycle when under the influence of a
Zeitgeber. Upon transfer to DD constant conditions there were no alterations in the
phase angle relationship in either pssptic animals or controls. &hermore,
assessment of locomotor behaviour under skeleton and half skeleton photoperiods
indicates that the behavioural rhythms of LPS treated animals are in fact entrained
circadian patterns of locomotor activity and not merely due to the effects ativeeg
masking. There were no perturbations in entrainment properties irsqjuist
animals and no differences between the treatment groups in the phase angle
relationship under any of the lighting schedules, along with appropriate timing of
activity, with no unexpected bouts of wheel running during the subjective day.
Increases were observed in the difference between activity onset and the time of
application of the darkphase upon increasing time spent under half skeleton
photoperiods in both peseptt animals and controls, which is standard locomotor
behaviour under these conditions, since the phase angle of entrainment is known to
be more stable under a two pulse skeleton photoperiod than under a one light pulse
half skeleton photoperiod.

That thee were no alterations seen in entrainment properties under constant
conditions or under housing in skeleton photoperiods was surprising, however, it is
clear that the attenuations in resetting shown by-ggstic animals cannot be
contributed to alteratits of the core circadian parameters examined in these studies.

Given the phase dependency of locomotor activity attenuations Hs@otst
ani mal s, mi ce were exposed to 30 minute
in DD i.e. an Aschoff type 1 ptocol (Aschoff, 1965) to fully characterize the photic
responsiveness of these subjects and construct a Phase Responee C
Construction and assessment of the photic phase response curve of theppost
animals was required, since it seemed a redserexplanation that alterations could
be present within its shape, accounting for the altered resetting and impaired SCN
functional activation. By and large, the overall shape of the PRC insppst

animals remained unaffected, with no variations ha proportions of the phase
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advance, phase delay, or unresponsive regions. Upon construction of the PRC,
following a phase advancing light pulse in the C2Z2portion of the late subjective
night, we observed a significant increase in the magnitude ophithse advance
response in posteptic animalsompared tocontrols, but no alterations in phase
shift magnitude at any other phase of the circadian cycle including no attenuations in
phase delay responses at any point between the groups. The notablyplage
shifts exhibited by posieptic animals in response to photic stimulation at CA42
the time at which a phase advancing light pulse produces maximal responses, points
to a role of altered light processing in pssptic animals or a decrease het
amplitude of the endogenous pacemaker and the increased capacity for a perturbing
stimulus to impact upon the SCN and subsequent output from it.
The significantly more rapid resetting to a phase advance of the light dark
cycle and the enhanced phasdtahiagnitude to a phase advancing light pulse seen
in postseptic animals was shown to be attenuated by administration ofg2dm
PDTC, a potent inhibitor ofthe NB B pat hway, prior to LPS E
and values were seen to be in line witintcol animals. N B has been i mpl
in the LPSinduced effects on the circadian system and the presence and action of
this immune related transcription factur upon the SCN has been shown during LPS
induced and photic induced phase shifts (Marpegal.,e2004, 2005, Paladino et
al., 2010). In hamsters, treatment with PDTC blocks light induced phase advances
of locomotor behaviour (Marpegan et al., 2004), while application of sulfasalazine,
anNFe B inhibitor, has pr e vphasastsftingeffdostead n s h o\
peripheral LPS treatment in the early subjective night in mice (Marpegan et al.,
2005). PDTC treatment was also shown to prevent the high sepsis scores elicited in
LPS treated animals, with a significant decrease in sepsis doet@een animals
treated with a control injection and LPS, and those treated with PDTC prior to LPS.
This is probably due to the inhibition of the release of proinflammatory cytokines
following LPS treatment by PDTC administration and indicates that theciion of
sepsis does indeed precede the alterations in photic resetting in LPS treated animals.
Enhanced sensitivity to light ipostsepticanimals could be responsible for
either the accelerated resetting to a single day shift of the photocycle or the
exaggerated phase shift magnitude following a phase advancing light pulse, however
there are no alterations observed in phase delay reengrairon reentrainment in

response to a phase delaying light pulse, and no alterations in entrainment under
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skeleton or half skeleton photoperiods, which might be expected to be attenuated
were there perturbations i nlethahmos$septic sensi
animals are not accurately perceiving or processing light information and the
integrity of the retinohypothalamic tractor transmission from it may be
compromised, however alterations in RHT transmission impact upon the phase angle

of entrainment, and the current study observes no differences in this between post
septic animals and controls. The assessment dicpleG induction in Chapter

Threewill shed further light on the photic sensitivity of pagiptic animals.

The question at what is underlying this altered resetting then arises, since
we know that it is not due to attenuations in core circadian parameters. The
resetting responses of the circadian system can involve various different components
of the timekeeping syster@oupling and intercellular signalling in the SCN plays an
important role in photic responsiveness and circadian entrainment. Alterations in the
expression of neuropeptides that play roles in input to (VIP) and output from (AVP)
the SCN could result in aedrease in pacemaker amplitude which could underlie
postseptic circadian behavioural changes, since perturbations in the expression of
these neuropeptides have previously been shown to affect the amplitude of
rhythmicity in the SCN and the amplitude oftput rhythms (Aton et al., 2006;
Brown et al., 2007; Brown and Nunez, 198@hai et al., 19941 The assessment of
these neuropeptides was carried out and results fromdaegaresented in Chapter
Three At the electrophysiological level, intercellulsynchronization can influence
phaseshifting responses @hderLeest et al., 2009) and SCN electrical activity has
shown to be impaired following a cocktail of IFN a n d-U (Duhdkvist et al.,
2002). Alterations in the amplitude or in the functionalpoti of the SCN could
account for the changes seen in geEgitic animals behaviourally. Enhanced
resetting in mice has previously been suggested to be due either to reduced
pacemaker amplitude allowing increased efficacy of perturbing stimulaptsase
shifting the oscillator or an increase in the strengthpléseshifting input to the
pacemaker (Winfree, 2001; Vitaterna et al., 2006). This enhanced resetting is a
situation analogous to what we find in these studies and reduced pacemaker
amplitude cold therefore account for the exaggerated phase shift magnitudes in
response to light and accelerateeergrainment, since the circadian system appears
to be more easily perturbed in pegptic animals. However, pacemaker amplitude

is not always resportde for the enhanced phase shift responses and while many of

97



our results may point to a reduction in the amplitude of the pacemaker, we have
shown there to be no alterations in the free running period or rhythm amplitude
under any lighting conditions, ndfects of negative masking on locomotor activity,
and no alterations in phase upon transfer to constant conditions, all of which could
be affected from a reduction in pacemaker amplitude. Furthermore, application of a
nonphotic stimulus, treatment witlemtoninergic agonist-®H-DPAT, was found

not to produce alterations in the magnitude of phase shifts elicited between groups,
indicating that the circadian system of pssptic animals is not simply perturbed by
any type of stimulus and ruling againstealuction in amplitude of the pacemaker.
Any perturbations found in rhythmicity of peséptic animals were specific to phase
advancing stimuli and all involve interactions between light and the timekeeping
system.

It is clear that alterations in behaural rhythm resetting are only seen during
the advance portion of the phase response curve or in response to phase advancing
stimuli, with these animals showing accelerate@ntainment to advances of the
L:D cycle, and showing larger magnitude phas#tsltin response to light pulses
delivered in the late subjective night (but no changes at other phases). The
mechanisms by which the alterations in advance resetting occpostseptic
animals remain unclear. Studies have suggested that the diffémedicection of
phase shift responses could be due to changes in the expression of clock genes or
their prokein products (Reddy et al., 2Q02an and Silver, 2002; Yan and Silver,
2004) and so alterations in these might cause alterations in behavigp@hses.
The circadian expression of clock gene protein products will be assessed in Chapter
4 to examine whether alterations in these could be involved in the attenuation of
rhythmic behaviour seen in pestptic animals.

The intracellular signalling plaways underlying shifts of locomotor activity
vary depending on the direction of the phase shift. In the late subjective night, the
portion of the phase response curve at which photic stimulation induces phase
advances of locomotor behaviour, the adtoraof a cGMPdependent pathway that
involves the activation of guanylyl cyclase and of a cGMP dependent protein kinase
(PKG) is involved in the phase shift of behaviour (Tischkau et al., 2003; Agostino et
al ., 2004; Gol omb e k that alterdtions in tAe0cGMPKG It
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pathway, associated with phase advances but not delays, could underpin the

attenuations seen in advance resetting in-pegtic animals.

Glucocorticoid rhythms have been demonstrated to influence the speed of re
entrainnent to shifts irphase (Davidson et al., 2009ith faster resetting kinetics in
rhythmic behavioural locomotor activity seen in response to manipulation of the
photoperiod (Sage et al., 2004; Mohawk et al., 2005; Kiessling et al., 2010; Pezuk et
al., 20R). Further, impairment of the HPA axis is seen in humans and in
experimental sepsis studies in rodents, both in the acute anéqubstphase
(Carlson et al., 2006; Polito et al., 2011), and inflammatory mediators have been
shown to alter corticosteromtiythms (Shinohara et al., 2008)Examination of
rhythmic corticosterone following the induction of the sepsis and during the time
course at which manipulations of the light dark cycle resulted in altered resetting
would be interesting, however would require further extensive studies.

It may be that sirhiarties exist between results we present in these studies,
and those reported from studies on the effects of healthy ageing on circadian
rhythmicity. In hamsters, it has previously been shown that ageing is associated with
larger magnitude phase shiftdlowing a phase advancing light puldeosenberget
al., 199) along with more rapid resetting to phase advances ét al., 1992 These
results however are not consistent, since other studies of aging have found slower
rates of resetting or phase shifof smaller magnitude along with a dampened
circadian amplitude (Kiessling et al., 2010) which is in contrast with what we present
in these studies. Ageing is associated with adgoade central neuroinflammation
(Godbout and Johnsp2009), including e presence of neminflammation in the
SCN (Deng et al., 20)0and so assessment of SCN neurochemistry ingeptc
animals will assess whether there are parallels between theqpist and ageing
SCN (Chapter 3. Moreover, phase shifts in locomotahavioural rhythmicity have
been induced following response of the SCN to central proinflammatory cytokines
(Leone et al., 2012), so assessment of the SCNsepsis is important to discern
whether any of the changes we observed in behavioural loconobitdgtyamight be
due to actions of immune mediators on the SCBkamination of the effects of
sepsis induction on the acute and long term neurochemical composition of the SCN
was performed and is presented in Chapter 3, the data from which further eescrib

the effects of sepsis aircadian timekeeping
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Acute sepsis has been shown to affect cerebral glucose utilization, and
analysis of glucose uptake has shown a decrease in cerebral metabolism associated
with a decrease in cerebral blood flow and alph#&viac in EEG (Semmler et al.,
2008). Further studies have noted a consistent tendency for LPS induced sepsis to
decrease cerebral glucose utilization in the long term following sepsis induction in
the hippocampus, frontal cortex and striatum (Weberpalk,e2009). Alterations in
neuronal metabolism could play a role in behavioural impairments following LPS
treatment. Attenuations in synaptic plasticity in festsepticbrain could play a
role in the attenuations in circadian behaviour, and stucige Bhown that two
months following a single septic LPS treatment, synaptic alterations are evidenced in
the postsepticbrain (Weberpals et al., 2009). Additionally, it is possible that the
induction of sepsis might cause neuronal loss in the SCN wigld @ccount for
attenuations in circadian rhythmicity. TUNEL analysis has revealed a significant
increase in apoptotic cells in the brain 24hrs post LPS treatment in the hippocampus,
cerebellum, midbrain and cortex, however this waslagher dose (10grkg) than
that used in the current set of experiments (Semmler et al.,, 2005). Further,
experimental work using peripheral LPS 5mg/kg treatment has shown delayed
neurodegeneration of dopaminergic neurons in the substantia nigra (Qin et al., 2007).
Assesment of apoptotic markers in the SCN following LPS induced sdpsis
Chapter Jurther clarifies this. Attenuations in neurotransmission inpietseptic
brain could cause alterations within the CNS as a result of LPS induced cytokine
modulations, sincstudies of the CNS in sepsis have observed evidiemcatered
neurotransmission @h der Pdlet d., 1996, Van der Poll, 2000; Kl et al., 2009;
Freund et al., 1985)

To date there have been no comprehensive studies examining circadian
parameters asutput measures of peseptic encephalopathy. The results from the
assessment of circadian activity patternpastsepticanimals show that the core
circadian parameters do not differ significantly in the circadian systems of post
septic mice and cordls, but that an underlying mechanism is influencing resetting

behaviour.
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Chapter Three

The Effects of a Septic LPS treatment on SCN

Neurochemistry.

3.1 Introduction

3.1.1. Septic doses of LPS treatment inducebag-lasting neuroinflammation

A single septic LPSreatment m the periphery has been showmhave a
long-lasting impact on the innate immune system in the CNS (Weberpals et al.,
2009; Qin et al., 2007; Bossu et al., 2012). In response to septic LPS treatment, the
proinflammatory cytokine TNFJ i 8 to sise & the periphery in the acute phase
following treatment and to subside in the periphery approximately one week
following LPS 5mg/kg treatment, but to stay elevated in the brain (Qin et al., 2007;
Bossu et al., 2012). Elevated levels of cytokiaee observed in the CNS 8 weeks
post LPS 5mg/kg treatment, including upregulation of TNFi n t he prefr on
and cerebellum, and anincrease inlllb i n t he prefront al cor
2009). Additionally, 5mg/kg LPS treatment results @am increase in NOS2
expression in the hippocampus and frontal cortex, as well as a sustained microglial
activation in the frontal cortex and synaptic alterations up to 8 weeks following the
immune challenge, and nitric oxide appears to play a role in thegdastingLPS
consequences (Weberpals et al., 2009). Acute sepsis has been shown to affect
cerebral glucose utilization, and analysis of glucose uptake has shown a decrease in
cerebral metabolism associated with a decrease in cerebral blood flowpaad a
activity in EEG (Semmler et al., 2008). Further studies have assessed cerebral
glucose uptake two months following sepsis induction, and there was a consistent
tendency for LPS induced sepsis to decrease cerebral glucose utilization in the
hippocamps front al cortex and striatum howe
the sample in these studies (Weberpals et al., 2009). Alterations in neuronal
metabolism could play a role in behavioural impairments following LPS treatment.

Other studies using anodel of chronic i.c.v. infusion of LPS to induce
neuroinflammation in rats observes an increase in the level of GFAP positive

astrocytes and reactive microglia throughout the brain, in particular in the
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hippocampus (Haus&/egrzyniak et al., 1998), andlanglasting upregulation of
microglia has been shown 37 days following the final LPS administration (Hauss
Wegrzyniak et al., 2000). Additionally, this chronic neuroinflammation model
causes the induction of TN&, -11bL a-angloicprecursor protein ni¥R levels

within the basal forebrain region and hippocampus, as well as degeneration of CA3
hippocampal pyramidal neurons (HaWsggrzyniak et al., 1998). Further, chronic
LPS infusionhas been shown to causss of NMDA receptors in the hippocampus
and eatrohinal cortex (EC) (Rosi et al., 2004) and a tidependent, but not dose
dependent, degeneration of nucleus basalis magnocellularis (NBM) cholinergic cells
(Willard et al., 1999). Additionally, following 10mg/kg LPS treatment in rats,
TUNEL analysis evealed a significant increase in apoptotic cells in the brain 24hrs
posttreatment in the hippocampus, cerebellum, midbrain and cortex (Semmler et
al., 2005).

LPS 5mg/kg i.p treatment has been shown to cause elevatelTNFe v el s i |
the brain up to 1@nonths following the immune challenge, along with irreversible
damage to dopaminergic neurons in tbstantia nigrdSN) which are seen to
degenerate between 7 and 10morgbsttreatment(Qin et al., 2007). Studies by
Bossu and colleagues (2012) assgsthe impact of a septic LPS treatment on the
CNS have shown chronic region specific cytokine alterations in the CNS 10 months
following treatment, and have shown both TNIF a n-1B tolbé upregulated in the
hippocampus, cerebellum and frontal cortex.

At these timepoints in the longterm following LPS treatmentwhen
circulating levels of proinflammatory cytokines have returned to baseline levels, the
elevation of inflammatory mediators in the brain is therefore independent of the
initial systemic raction, and is being propelled in the CNS itself, leading to the view
of a selfpropelling neuroinflammation (Qin et al., 2007; Bossu et al., 2012). The
precise mechanisms underlying the chronic neuroinflammatory state following a
septic LPS watment ha® not been fully elucated, but have been suggested to
involve the actionof TN i n t he periphery in the ear/|
activation in the CNS and subsequently a-pedipelling neuroinflammation by the
further induction of cytokines the CNS such as TNB, -11bL ( Qi n et al .,
and IL-18 (Bossu et al.,, 2012), leading to a loss of neurons in the later stages
following peripheral inflammation (Qin et al.,, 2007; Semmler et al., 2007) and

lasting behavioural alterations (Bossu et 2012).
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3.1.2. LPS induced neuroinflammation and subsequent cognitive alterations

Peripheral LPS treatment and subsequent microglial activation and cytokine
release is associated with behavioural deficits (Bluthe et al., 1992; Godbout et al.,
2005; Combrincket al., 2002). Alterations in cytokine levels in the CNS and the
neuroinflammatoryesponse majead to neurobehavioral impairments and delirium
(Lemstra et al., 2007). Neuroinflammation angtroglial activation aremplicated
in the pathogenesis of vaus disorders associated with cognitive impairnsrnth
as AD, Lewy body dement@and AIDS dementia (Nelsagt al., 2002; Katsuse et al.
2003; Perry et al., 2003). AS treatmentauss alterations in cognitive function.

The influences of cytokines orebaviour are mediated by cytokine action on the
neuroendocrine pathway, neural plasticity, effects on neurocircuitry and function of
neurotransmitters (Capuron and Miller, 2011).

Peripheral LPS has been shown to exert effects on sleep arakitact
sleepwake behaviour (Kreger and Majde, 1994). Promptly following LPS
treatment, sickness behaviour is seen to develop and peaks between 2 and 6 hours,
and is seen to slowly decline after 6hrs, while at 24hrs post LPS treatment depressive
like behaviour is expressed (Frenois kbt a007; Dantzer et al., 2008). Sickness
behaviour is mediated by temporarily expressed proinflammatory cytokines in the
brain (Dantzer, 2004) and can be blocked by administration of thenlathmatory
ILL0 or the IL-1 receptor antagonist, {LRA, suporting the role that
proinflamamtory cytokines are outlined to play in the acute phase reaction (Kent et
al., 1992; Bluthe et al., 1995; Avitsur et al., 1997; Dantzer et al., 2008).

Alterations in learning and memory are seen both acutely and chrgnicall
following LPS administration. Administration of low dose endotoxin to healthy
volunteers results in an increase in levels of syst@moinflammatory cytokines, as
well asbehaviour and memory perturbations (Reichenberg et al., 2001; Krabbe et al.,
2005. Acutely in mice, when administered hours before assessment of cognitive
function, LPS treatment causes learning and memory impairments (Arai et al., 2001,
Sparkman et al., 2005). Single LPS treatment has been shown to cause spatial
memory deficits ugo 11 days following the immune challenge (Shaw et al., 2001).
In vivo and in vitro, LPS has been shown to reduce hippocampat-term
potentiation (LTP) (Cunningham et al., 1996; Commins et al., 2001; Jo et al., 2001)

which is an indicator of synaptefficiency in the formation of learning and memory
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(Malenka and Nicoll, 1999; Malenka and Bear, 2004). In similar studies, the
inflammatory suppression of LTP was ameliorated by the inhibition of NOS2 (Mori
et al., 2001; Togashi et al., 2001; Wang et2004). Further, in a model of cerebral
ischemia, inhibition of NOS2 by aminoguanidine was seen to attenuate learning and
memory deficits (Mori et al., 2001).

In the long term, LPS treated animals also show impaired spatial memory
performance 2 monthsopttreatment, and this was protected in the absence of
NOS2 derived nitric oxide (Weberpals et al., 2009), highlighting the role of immune
mediators in LPS induced cognitive dysfunctiGuarther, chronic LPS infusion has
been shown to cause significantpairment in spatial memory (Hau®$egrzyniak
et al., 1998)while three months following 10mg/kg LPS treatment, memory deficits
have been evidenced in studies in rats (Semmler et al., 2007). More recently, it has
been shown that ten months following atseperipheral immune challenge with
endotoxin, LPS induced cognitive impairments are evident, and these have been
suggested to be possibly as a result of LPS induced delayed loss of neurons (Bossu et
al., 2012).

3.1.3. LPS treatment and its effects on the SCNdathe circadian system

As discussed previously, various proinflammatory cytokines are known to
impact upon circadian behaviour including TF ( Cavadi ni et al .,
al., 2009), 11-6 (Motzkus et al., 2002), L b ( Cavadi ni -@®hdaet ., 20
al., 2001; Koyanagi and Ohdo, 2002) and4#N ( Lundkvi st et al .,
2008). The SCN expresses cytokine receptors and regulatory molecules (Lundkvist
et. al.,, 1999; Sadki et. al., 2007) and responds in the acute phase to a substantia
peripheral immune challenge, showing functional changes and alterations in clock
gene expression following LPS administration (Beynon and Coogan, 2010;
Marpegan et al., 2005; Okada et al., 2008).

Septic doses of LPS have been shown to induce a sublstaciigase irthe
expression of the IEG-Eosin the SCN acutely, as well as activation of the p65
subunitofthe N B pat hway (Beynon and Coogan, 20
also seen to cause functional activation & ®CN as evidenced throughFos
expression (Marpegan et. al., 2005). Mice treated with LPS i.p. for 60 days exhibit
altered SCN function as illustrated through a decrease in photicdilged eFos
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expression, shown to be reversible over time (Palomba and Bentivoglio, 2008). The
first day following LPS treatment, the clock gdPer2is shown to be suppressed in

the SCN as is the clock controlled gddlep, with normal expression restored from
48hrsposttreatment Perl, Per2and numerous clock controlled genes expression
was inhibitel in the periphery in the liver 24hrs following LPS with restoration of
rhythmicity 2days post the immune challenge (Okada et al., 2008). The
neurotansmitter AVPis increased in the SCN following vitro treatment of SCN
slices with LPS (Nava et al., Q0).

The PVN has also been shown to be affected following LPS treatment. In
rats folloving 2.5mg/kg LPS treatmen€ox-2 mRNA levels have been shown in
blood vessels in the PVN, peaking pbsttreatmentQuan et al., 1998). Further,
following either i.v. or i.p. LPS treatment, levels of TNF a n-@larelsignificantly
increased in the PVN in the acute phase (Kakizaki et al., 1999). Additionally, the
circadian clock gend’erl has been shown to be inauwt in the PVN of the

hypothalamus following LPS administration (Takahashi et al., 2001).

Given thelong-lasting neuroinflammation induced by LPS treatment, the
influence of inflammatory mediators on the CNS and on behaviour and the
consequences systemid®’S exerts on the SCN and circadian behaviour, we
examined the possibility that LPS induced circadian attenuations may be due to
alterations in the expression of immune mediators in the SCN. The specific aims of
this portion of the study were, to examthe neurochemistry of the SCN both in the
acute phase following a peripheral septic LPS treatment, and in the long term, when

attenuations in circadian locomotor behaviour are observed irsppst animals.

3.2. Materials & Methods:

3.2.1. Animals and Housing:

Adult C57BL/6 male mice (80wks old) used to assess SCN neurochemistry
in the acute phase, 24hrs following LPS 5mg/kg treatment, were group housed as
outlined in section 2.2. In order to examine SCN neurochemistry in the long term
following LPS 5mg/kg tratment, adult C57BL/6 male mig¢d-5mths old) housed
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individually in polypropylene cages equipped with steel running wheelscribed

in section 2.2) and used for the assessment of circadian behavioural rhythmicity
following a septic LPS treatment, were used upon termination of behavioural
monitoring (approximately 3mthposttreatmenf were terminally anaesthetized and
subject to transcardiac perfusio and assessment of the SCN by

immunohistochemistry.
3.2.2. Treatment:

LPS 5mg/kg treatment and PDTC administration prior to LPS treatment were

performed as outlined previously (sectio.3.3and section 2.3.1respectively).
3.2.3. Transcardiac perfusion and tissugreparation:

All perfusions were carried out in the middle of the lights on phase-8§T4
unless otherwise noted. Animals were terminally anesthetised with an i.p. injection
of sodium pentobarbital (Euthathal, Merial Animal Health, UK), the chest cavity
opened and animals perfused transcardially with apprdrign@0mis of 0.9% NacCl

at 4ecC, foll owed by perfusion with apprc

(PFA, Si gma) in O0.1M Phosphate Buffer (
removed, postixed oveni g h't i n 4% PFA for 24hr s a
cryoprotected in 30% Sucrose (Sidghea) i n

brain was removed from the 30% sucrose, and cut caudally removing the cerebellum
and rostrally to remove the preoptic regionhnét single edged razor blad8rains

were mounted on a freezing stage microtome (Leica), utilizing themai amount

of mounting mediumwith the caudal cut surface attached to the stage and the
ventral aspect facing the blade. Brains were quick frozém dry ice and 30um

thick serial coronal sections were cut throughout the rostrocaudal extent of the SCN.
All sections through the SCN were collected and divided in 4 series, obtaining
approximately 5 or 6 sections through the SCN in each series. ettiens were
stored in 0.1M PB, pH 7.4 (Sigma) with 0.1% sodium azide °&t # inhibit

microbial growth prior to being processed for immunohistochemistry.
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3.2.4. Immunohistochemistry Protocol:

For immunohistochemistry purposes the avibliotin-peroxidase complex
(ABC)/Nickel DAB colourometric protocol method (Beynon and Coogan, 2010,)
was used following this protocol:

Free floating sctions in 12 well tissue culture plates were washed at room
temperature for @min in 0.1 M PB(pH 7.4) twice. They were then washed for 10
min in PBX consisting of 0.1 M PB and 0.03% Triton1B0 (Sigma). PBX
perforates the cell membrane. Sections were incubated with 0.1M PB and 1.5%
Hydrogen peroxide (bD,) for 20 minutes. b, inactivates endogenous peroxidases
and reduces nespecific background staining. Sections were then subjected to
another set of 10 minute washes as before, 2 x PB and 1x PBX. -8pgoific
antibody blocking step was then carried ou0.1M PBX with either 5% Normal
Goat Serum (NGS, for rabbit and rat polyclonals) or Normal Horse Serum (NHS, for
goat polyclonals) for 60min at room temperature. Sections were incubated with

primary antisera raised in either rabbit, rat or goat dilut€tl1M PBX and 2% NGS

or NHS (blocking solution) for 248hrs at 4C.

Table 3: Primary Antisera used for Immunohistocheroal analysis

Antibody Dilution Raised in Supplier Product Code

c-Fos (4) 1:2000 Rabbit Santa Cruz s¢52
Biotechnology

Arc (H-300) 1:500 Rabbit Santa Cruz s¢15325
Biotechnology

Egr-1 (C19) | 1:3000 Rabbit Santa Cruz sc189
Biotechnology

CD11b 1:1000 Rat AbD Serotec, MCA74GA
Oxford, UK

F4/80 1:100 Rat AbD Serotec, MCA497GA
Oxford, UK

GFAP 1:1000 Rabbit Sigma, St. Louis, | G4546
MO, U.S.A

IBA-1 1:1000 Rabbit Wako, Denmark | 0191974

Cleaved 1:200 Rabbit Cell Signaling #9661

Caspass Technology,

(Aspl75) Danvers, MA,
U.S.A.

TNF-U 1:75 Rat AbD Serotec, MCA1488
Oxford, UK

IL-1 6 1:50 Rabbit Peprotech, U.S.A. | 500-P51

IL-6 (M-19) 1:200 Goat Santa Cruz sc1265
Biotechnology
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NOS2 (M19) | 1:100 Rabbit Santa Cruz s¢650
Biotechnology
NF-s B p 6| 1:200 Rabbit Santa Cruz sc372
(C-20) Biotechnology
p-IKK Ub (Ser| 1:200 Rabbit Santa Cruz sG23470R
180/ Ser 18%) Biotechnology
R
p-l o-B 1:200 Rabbit Santa Cruz s¢101713
(Ser32/36) Biotechnology
AVP 1:5000 Rabbit Millipore, AB1565
Temecula, CA,
U.S.A.
VIP 1:1000 Rabbit Millipore, AB982
Temecula, CA,
U.S.A.

Following incubation with the primary antisera, sections were put through a

series of washes as before, two PB and one PBX wash, and incubated with the

appropriate biotinylated secondary antibody (1:400 biotinylated goairadofutit
Jackson Immuno research Labs, 1:400 biotinylated-gmati or 1:400 antiat)

diluted in 0.1M PBX ad 2% NGS or NHS (blocking solution) for 70 min at room

temperature.

Due to the photosensitive nature of the biotinylated secondary

antibody, sections were shielded from light for the remainder of the experiment.
Sections were then treated using the iavidotin method (0.4%) in 0.1M PBX with

a Vectastain Elite Universal Kit (Vector Laboratories) for 90min at room

temperature. Sections were washed twice for 10min in 0.1M PB and then in 0.1M

sodium acetate (pH6, Sigma) for 10min. Immunoreactivity waisadised with light

sensitive

nickeenhanced diaminobenzidine( 3 , -dia®idobenzidene with

ammonium nickel chloride, NiDAB), (pH6&s chromogen, 1000ul NiDAB and 60ul

catalyst, glucose oxidase (5mg/ml) per well. Once sufficient staining was obtained,

sections were washed in 0.1M sodium acetate to stop the reaction and then

underwent three final washes in 0.1M PB. Tissue sections were finally stored in

0.

chromium potassium sutate)

1M PB

at

4 ¢ C,

t hen

mounted

onto

gel ati

and allowed to dry before being put through

dehydrating and delipifying steps. They were dehydrated through a graded series of

3min ethanol washes, 70%, 90% and 100%, and were subsequently cleared in a

series of 3 min delipifying steps in 2% Hiskear (National Diagnostics, UK)

washes.

mounting media (Eukitt, Fluka Analytical).
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All sections were treated in exactly the same manner at all stages of tissue
processing to minimis@ny interassay variability. As much as possible, tissue
sections from different experimental groups were reacted in parallel when processed
for the same antibody, otherwise standardised immunostaining procedures were
ensured between assays, including imomeactivity times when incubated in
NiDAB.

In parallel with IHC staining for an antibody of interest, immunizing peptide
blocking experiments were performed where an immunizing blocking peptide for the
antibody was available, in order to examine wheth@rspecific binding of the
antibody to proteins other than the antigeight be taking place (se®ection 3.5
Figure S1).

3.2.5. Quantitative Analysis:

Photomicrographs of the midstrocaudal levels of the SCN were taken using
a digital camera connected to an Olympus-RIKXlight microscope equipped with an
image analysis digital system (ImageJd 1.43, NIH, USA). All images were taken
using the same cameaad magnification settings. For analysis, brain sections were
examined under either the 10X or 40X objective lens. Between 3 and 6 images were
evaluated for each individual animal and region depending on the -tastdal
extent of the area being examth and a mean value obtained for each animal.
Immunoreactive cells in each region of interest were quantified using either image
analysis software or by gquantification of immunoreactive (ir) cell number by an
observer by manual counting for the purposeamdlysing immunoreactive nuclear
staining. Brain sections were counted according to anatomical location throughout
the rostrecaudal extent of the SCNThe Suprachiasmatic nuchelere measured at
the mid rostrecaudal level, including the core and shelfjions of these structures.
The observer was blinded to the experimental procedure during optical density
measurements or quantification of immunoreactive cells per SCN. The difference in
integrated optical density (IOD) of immonostaining in the SCNher number of
immunoreactive cells that displayed clear nuclear staining in the SCN of all animal
groups was evaluated for quantitative analysis. The light intensity was kept constant
while all measurements were taken to standardize 10D measuremeatglgsis.

A previously described method whereby the image was binarised for analysis was
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used for integrated optical density measurements (Vilaplana and Lavialle, 1999).
Results are given as mean values (IOD or cell numbstandard error of the mean,

statistich significance was accepted at(R05.
3.2.6. Assessment of Acute effects of LPS on the SCN

In order to examine whether a septic dose of LPS would cause the expression
of immune factors in the SCN or would induce signs of apoptosis, adult male mice
were group housed in colonies of ten in cages equipped with appropriate
environmental enrichment under a 12:12 LD cycle (150 lux, lights on 0700) for one
month, allowing for habituation. Animals were treated at ZT6 with edhetPS
5mg/kg i.p.injection (n=3-5) or saline vehicle i.p. (n=8) and, while still in the
acute phase following sepsis induction, 24 hours later (ZT6), were terminally
anaesthetized and perfused transedigdias previously outlined inestion 32.3
The immunohistochemistry protdcoutlined in section 3.4 was adheredo for
staining purposes. Brains were then processed by immunohistochemistry for the
microglial marker F4/80, the proinflammatory cytokines TMF a n-6, the L
immediate early gengwotein productE€EGR-1 and ARC ad for NOS2, a signaller
known to be induced by neuroimmune gesses (albutlined in Table B

For each individual animal and each antibody6 SCN images were
examined by means of manual quantification of the number of immunoreactive
nuclei in the SCNor assessing the differenge IOD of antibody immunosignal in
the SCN as previouslyutlined in section 2.5, and a meamalue obtained for each
animal for each antibody for all SCN regions of interest. These values were
calculated for each animal bwad researchers. The observers were blinded to the
experimental procedure during IOD or quantification of immunoreactive cells per
SCN. The means calculated for each group were compared and analysed by
independent samplegdst. Results are given as meatues (10D or cell numben)

standard error of the mean, statistical Bigance was accepted at@.05.
3.2.7. Assessment of apoptosis 24hrs following induction of sepsis

TUNEL (Terminal deoxynucleotidyl transferaseediated eJTP Nick End
Labeling) Analysis (DeadEnd Fluorometric TUNEL Staining kit, Promega, U.K.)
was carried out for the detection and quantification of apoptotic cells in the SCN or
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throughout the brain 24&rfollowing LPS 5mg/kg i.p. (n=4) injection or saline

vehicle (n=4). Nuclear DNA fragmentation occurs during apoptosis as a result of the
activation of endonucleases that cleave chromosomal DNA, and DNA strand breaks
are therefore an important apoptotalmark (Gavrieli et al 1992, Darzynkiewicz et

al., 2008). The TUNEL method (Gavrieli et al 19923s utiizedon 30 em t hi
sections cut through the rosttaudal extent of the SCN, @lmed as previously
described (sction 32.3. Sections were mouatl on polyL-Lysinecoated
microscope slides. A 1:10 dilution of PdlyLysine (Sigma) was pipetted onto pre

cleaned glass slides which were then allowed to air dry. Once the slides were dry
they were rinsed in deionized water and allowed talgiragan for 60min. PolyL-

Lysine coated slides were stored &C4and used within 7 days. Brain sections
containing the optimum mid SCN were floated on very dilute 0.1M PB before
placement on Po-Lysine coated slides. The slides with mounted SCN sections

were allowed to akdry overnight at room temperature prior to TUNEL analysis.

The TUNEL kit was used according to mar
and reagents outlined below were supplied as part of the TUNEL analysis kit unless
otherwise stad.

Slides were immersed in Phosphate Buffered Saline (PBS) for 5 min at room
temperature followed by fixation of the cells 4% PFAin PBS for 5mins.
Formaldehyde serves to crosslink low molecular weight DNA fragments to other
cellular constituents, #reby preventing their extraction during rinses. Slides were
immersed 2X in PBS for 5 min. Permeabilization of the cells was achieved by
treatment of the sections with cell permeabilization solution, 100ul of 20ug/ml
Proteinase K solution (100mM T+CI, pH8.0; 50mM EDTA) was added to each
slide to cover the tissue sections and incubated for 15min at room temperature. The
slides were tapped to remove excess liquid and incubated for 10min at room
temperature in 100ul of Equilibration Buffer (200mM potassicacodylate, pH 6.6
at 25C; 25mM TrisHCI, pH 6.6 at 25C; 0.2mM DTT, 0.25mg/ml BSA and 2.5mM
cobalt chloride) in order to equilibrate the tissue sections. Slides were then put
through 2X 5min PBS rinses before being incubated with 100ul ice cold Terminal
Deoxynucleotidyl Transferase Recombinant (rTdT) reaction mix (98ul Equilibration
buffer, 1ul Biotinylated Nucleotide Mix, 1ul rTdT Enzyme). TdT catalytically
i ncorporates bi ot i rOHIDEA eads. Seatians weretcavateel t o

with plastic overslips to ensure even distribution of the reagent and placed for 1hrin
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a humidified chambefMemmert, Schwabaclgt 37°C to facilitate the eAdbelling
reaction. The slides were taken from the incubator, plastic coverslips removed and
in order to stp the reaction, slides were immersed for 15min in 2X SSC made by
diluting 20X SSC (87.7g NaCl, 44.1g sodium citrate in 400ml deionizgd, H
adjusted to pH 7.2 with 10N NaOH and brought to a final volume of 500ml) 1:10 in
deionized HO. Slides were put tbugh 3X 5min PBS washes to remove
unincorporated biotinylated nucleotides and endogenous peroxidases blocked by
5min incubation of the slides in 0.3%,®: at room temperature. Slides were
washed 2X for 5min in PBS and 100ul Horseradish peroxitidssledstreptavidin
(Streptavidin HRP) diluted 1:500 in PBS was then added to the slides, which were
incubated for 30 min at room temperature. Streptavidin HRP binds to the
biotinylated nucleotides. Slides were put through 3X 5min PBS washes and the DAB
substrge kit utilized in order to observe TUNEL staining (Promega, U.K.). The
Streptavidin  HRP bound biotinylated nucleotides were then detected using
peroxidase substrate, hydrogen peroxide and the stable chromogen diaminobenzidine
(DAB). 100ul DAB solution 50ul DAB substrate 20X Buffer in 950ul deionized
water, 50ul DAB 20X Chromogen and 50ul Hydrogen Peroxide 20X) was added to
each slide and the slides incubated for approximately 10min until a light brown
background stain was achieved. Apoptotic stainedenappeared as dark brown.
Slides were rinsed several times in deionized water before being coverslipped with
permanent mounting medium (Eukitt).

Quantitative analysis of the number of TUNbsitive cells was carried out
for each individual animal bgn observer using an Olympus B4 light microscope
under 10X objective lens by means of manual counting with the aid of a hand held
counter. Three SCN images were examined per animal in order to assess the number
of TUNEL positive stained cells in theC8l. The Suprachiasmatic nucleiere
measured at the mid rostcaudal level, including the core and shell regions of these
structures.  The observer was blinded to the experimental procedure for
guantification of TUNEL positive cells per SCN. The diffiece in the number of
TUNEL stained cells that displayed clear staining in the SCN of all animal groups
was evaluated for quantitative analysis. These values were calculated for each animal
by two researchers blind to the experimental procedure and thes fioeaach group

were compared and analysed by independent sampdss. tResults are given as
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mean values (cell numbetf)standard error of the mean, statidtisignificance was
accepted at€0.05.

In order to further assess whether apoptosis had tplee following LPS
5mg/kg treatment, the immunohistochemistry protocol (outlined in sectidd) 3
was used for staining for cleaved caspaseAnimals were perfused transcardially,
brains were removed and then processed by immunohistochemistry abedescr
section 2.3  For each individual animal,-@ SCN images were examined by
means of assessment of the differeimcEOD of antibody immunosignal in the SCN
as previously outlined in sectidh2.5 and a mean value obtained for each animal
for all SCN regions of interest. These values were calculated for each animal for
each antibody in both groups by two researchers blinded to the experimental
procedure during IOD measurements of the SCN and analysed by independent
samples-test. Results are gim as mean values (IOB)standard error of the mean,

statistica significance was accepted at(R05.
3.2.8. Thelong-lasting effects of sepsis induction on SCN neurochemistry

In order to assess whether or not the induction of segaisedong-lasting
effectson the neurochemistry of the SCN, both LPS and saline treated animals used
in experiments analysing circadian locomotor activity rhythmsipuosly outlined in
Chapter Twowere transferred into a 12:12 LD cycle (150 lux, lights on 0700) upon
termination of behavioural monitoring. Animals were maintained under this
schedule for 14 days and then approximately 3months following the initial induction
of sepsis were terminally anaesthetized and perfused transcardially as outlined in
section 3.3  Brains wee carefully removed at ZT6 and processed for
immunohistochemistry as outlined in sectio.8. Brains were then processed by
immunohistochemistry for markers of glia, proinflammatory cytokines, immediate
early genes, SCN neuropeptides and for signallerswk to be induced by
Neuroimmune processes (primary antismstlined in Table B

For each individual animal and each antibody6 SCN images were
examined by means of manual quantification of the number of immunoreactive
nuclei in the SCN or assesgirthe difference inintegrated optical densityf
antibody immunosignal in the SCN as previousiytlined in section 2.5 and a
meanvalue obtained for each animal for each antibody for all SCN regions of
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interest. These values were calculated for eaghal by two researchers blind to the
experimental procedure and the means for each group were compared and analysed
by independent samplestast. Results are given as mean values (IOD or cell
number) + standard error of the mean, statistical signifieaveas accepted at
P<0.05.

3.2.9. Assessment of SCN neurochemistry following PDTC administration prior
to LPS.

In order to assess the involvement of-kE in the LPS mediated effects on
SCN neurochemistry, three experimental animal groups treated with either PDTC
and LPS (n=10), PDTC and control (n=7) or control and LPS (n=10) used in
experiments analysing circadian locomotor activity rhythms previousiyned in
section2.2.11, were transferred into a 12:12 LD cycle (150 lux, lights on 0700) upon
termination of behavioural monitoring. Animals were maintained under this
schedule for 14 days and then approximately 3 months following the initial
treatments were terminally anaesthetized and perfused transcardially as outlined in
section 3.3. Brains were carefully removed at ZT6 and processed for
immunohistochemistry as outlined in sectio@.8. Brains were then processed by
immunohistochemistry for IBAL (primary antiserautlined in Table B

For each individual animal and each antibody6 SCN images were
examined by means of manual quantification of the number of -1BA
immunoreactive cells in the SCN as previouslylined in section 2.5, and a mean
value obtained for each animal for each antibody for all SCN regions of interest.
These values were calculated for each animal by two researchers blind to the
experimental procedure and the means for each group were compared and analysed
by independent sgpfes ttest. Immunoreactivity was compared between groups
using One Way ANOVA. Results are given as mean values (immunoreactive cell
number) + standard error of the mean, statistical significance was accepted at
P<0.05.
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3.3. Results:

3.3.1. Examination of immunemediators in the SCN 24hrs post LPS treatment

24 hours following LPS 5mg/kg treatment while animals were still in the acute
phase, Immunohistochemical (IHC) analysis was carried out to investigate whether
there was any effect of LPS treatment on the espyreof immune mediators in the
SCN and whether these might be identified as being involved in mediating the

effects of LPS on the circadian system.

33.11TNFFU expression in the SCN acutely fol

TNF-Uexpression was assessed in the SCN 24hrs post LPS treatment or saline
(Saline 4, LPS 4). Immunohistochemical analysis followed by Integrated optical
density measurements of immunoreactive TIF e x pr es s i o nandi n t he
independent -test analysis reveadl no alterations in the SCN between saline
controls (7.22+ 2.19 IOD/SCN) and postseptic animals (2.56 0.46 IOD/SCN,

P>0.05 Figure 3.}, including no significant differences in expression of the
proinflammatory mediator in the core region of the SGalife, 3.69 1.15 vs. LPS
2.46+ 0.5710D/SCN, P>0.05) or in the dorsomedial shell sub region (saline,#8.50
2.64 vs. LPS, 2.75% 0.4810D/SCN,P>0.05).
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Figure 3. TNF-U expression is not altered in th

(a) Representative photomicrographs of TNIF e x p r etBesSCHN of aninmls
treated 24hrgreviouslywith LPS (scale bar approx.00 um) Dashed lineoutlines

the SCNand delineates thshell and coresubdivisions (B) Bar graphs illustrating
quantiication of levels of TN i mmunost ai ned cells (n =
SCN of the control and LPS treated groups at 24hrs post LPS treatment
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3.3.1.2.LPS 5mg/kg treatment causes an increase in SCN NOS2 expression.

The SCN was examined for the acute induction of inducible nitric oxide
synthase (INOS or NOS2) in the SCN 24hrs following peripheral LPS (n=4) or
saline (n=4). Integrated Optical Densitgnalysis and assessment by independent t
test found there to be agsificant differencan the levels oNOS2 expression in the
SCN between groups, with a significant upregulation of NOS2 immunosignal in the
SCN ofpostsepticanimals (29.674 3.1910D/SCN) compared to controls (12.67
3.5410D/SCN P<0.05; Figure 2) 24hrsposttreatment Immunostaining revealed
no difference in ventrolateral core NOS2 expression between controls 22029
IOD/SCN) and LPS treated animals (60.28.6.56I0D/SCN, P>0.05, independent
t-test). Integrated Optical Density measurements of immunoreactive NOS2 found
the difference in NOS2 immunosignal to be statistically significant in the SCN shell
between the groups, with significantly higher NOS2 immunoreactivity in LPS
treated animals (23.03 4.07 IOD/SCN) and control animals (10.83 2.61
IOD/SCN P<0.05, independentést Figure 3.2.
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Figure 3.2 NOS2 expression is altered in the SCN 24hrs following LPS treatment.
(A) Representative photomicrographs of NOS2 esgioe@ in the SCN of animals
treated 24hrspreviously with LPS (scale bar approk00 um). (B) Bar graphs
illustrating quantification of levels of NOS2 immunostained cells (n = 4 for each
group) at the mid rostreaudal level of the SCN, in the SCN ventrolateral core and
in the dorsomedial shell of the SCN of control and-segtic aimals at 24hrgost

LPS treatment* P<0.05).
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3.3.1.3. LPS 5mg/kg treatment causes an increase in SGdkpression.

24hrs post LPS 5mg/kg treatment, the expression of the proinflammatory
cytokine interleukir6 (IL-6) was seen to be altered in the SCN. I@Basurements
showed a significant difference in immunoreactive6llexpression in the SCN
between control (1.47% 0.28 IOD/SCN) and posseptic animals (3.58 0.52
IOD/SCN, P<0.01; Figure 3) with the LPS treated animals showing significant
upregulationof IL-6 immunoreactivity. Upon SCN regional examination, this
upregulation in expression was found to be statistically significant in the SCN core
region of LPS treated animals (3.370.77 10D/SCN) compared to saline controls
(0.79 + 0.1610D/SCN, P<0.05, independenttest), while expression in the SCN
shell region was also seen to be statistically different between salineHD.B%
IOD/SCN) and LPS animals (3.7/90.6110D/SCN, P<0.05, independentést).
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Figure 3.3: IL -6 expression igltered in the SCN 24hrs following LPS treatment.

(A) Representative photomicrographs of@lLexpression in the SCN of animals
treated 24hrs prégously with LPYscale bar = 100 um). (B) Bar graphs illustrating
guantification of levels of H6 immunostained cells (n =5 for each group) at the mid
rostro-caudal level of the SCN, in the SCN ventrolateral core and in the dorsomedial
shell of the SCN of control ana$tseptic animés at 24hrs post LPS treatmefit
P<0.01, * P<0.05)
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3.3.2. Immediate Early Gend=xpression 24hrs post LPS 5mg/kg treatment
3.3.2.1. The expression of ARC is not altered in the SCN 24hrs following LPS

Comparison of ARC immunosignal in the SCN 24hrstpbBS 5mg/kg
treatment by immunohistochemistry combined with manual quantificatibn
immunoreactivenuclei and subsequent independertgst analysis found levels of
expression of ARC immunoreactive nuclei in the SCN of LPS treated animals (n=5)
analogougo controls (n=5), with mean values of 0.820.67 and 0.57 + 0.19 ir.
cells/SCN respeately (P>0.05; Figure 3)4 Independenttest analysis of levels of
ARC immunoreactive cells revealed no difference in expression in the SCN
subdivisions, with simir expression levels in the core (saline, G:GDOO vs. LPS,
0.10+ 0.10ir. cells/SCN P>0.05) and shell regions of the SCN (controls &.50L7
vs. LPS 0.72 0.57ir. cells/SCN P>0.05).
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Figure 3.4 ARC expression is not altered in the SCN 24hrs following LPS
treatment. (A) Representative photomicrographs @&RC staining in the
hippocampus an&CN of animals treated 24hrs previously with LPS (scale bar =
100 um). (B) Bar graphs illustrating quantification of levelA&Cimmunostained
cells (n = 5 for each group) in the SCN of the control and LPS treated groups at
24hrspost LPS treatment.
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3.3.2.2. SCN EGR1 immunoreactivity is increased acutely following LPS 5mg/kg

treatment.

Immunohistochemical analysis coupled with manual quantification of-EGR
expression in LPS treated animals (n=5) and vehicle treated controls (n=5) found
EGR-1 expression to be significantly increased in the SCN of LPS treated animals
(69.93+ 23.26, ir. nuclei/SCN) when compared to those treated with saline .27,
0.89 ir nuclei/SCN, P<0.05, independertest Figure 3.5. When analysing the
separate subdivisions of the SCN by independemesti the mean number of
immunoreactive EGH. cels in the ventrolateral core of the SCN was found to be
significantly different between the treatment groups, with LPS treated animals
displaying an upregulation of EGR with a mean of 20.7% 7.20 ir. cells/SCN and
control animals displaying an mean @40 + 0.17 ir. cells/SCN (P<0.05). The
difference in EGRL expression levels was also seen to be statistically significant in
the dorsomedial shell portion of the SCN, with a significant increase in-EGR
expression levels in animals treated with LPS.18% 16.08 ir. cells/SCN
compared to saline controls (1.910.83ir. cells/SCN P<0.05, independentést
Figure 3.9.

(A)

-
0
n

Saline

24hrs

3000{
100001

80001

. l

40001

60001
4000

20001

r/ISCNCORE
8
2

------

20001

EGR-1-ir/SCN
EGR-1-ir/SCN SHELL

EGR-1-

——

000+ ==

Saline LPS Saline LPS Saline LPS

000+

Figure 3.5 The expression of the IEG EGR is alteredin the SCN 24hrs
following LPS treatment. (A) Representative photomicrogfep of EGRL
immunoreactive cells in the SCN of animals treated 24hrs previously.R&fscale
bar = 100 mm). (B) Bar graphs illustrating quantification of levels of EGR
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immunoreactivity (n =5 for each group) in the SCN at the mid restuadal level of
the SCN, in the SCN ventrolateral core and in the dorsomedial shell of the SCN of
control and posteptic animal®4hrs post LPS treatmer{tP<0.05).

3.3.3. Microglial examination in the SCN 24hrs posteptic LPSreatment.
3.3.3.1. F4/80 is upregulated in the SCN 24hrs post LPS treatment

Immunohistochemistry for the microglial marker F4/80 found there to be a
significant increase in the expression of the microglial antigen throughedgrain
(Figure 3.6 including the SCN in LPS treated animals (n=3) vs. saline controls
(n=4). Manual quantification of F4/80 immunoreactive cells in the SCN coupled
with independent-test analysis found a statistically significant difference in F4/80
expression in the SCN between saline (7+13.14 IOD/SCN) and LPS treated
animals (13.5+ 2.43 IOD/SCN P<0.05). IHC revealed this difference to be
significantly significant at the level of the dorsomedial shell of LPS treated animals
(10.56 + 1.79 IOD/SCN) and saline controls (5.38 0.97, P<0.05), while F4/80
immunoreactivity was not found to be significantly different in the core region
between control (1.7% 0.43 IOD/SCN) and LPS treated animals (2.940.64
IOD/SCN, P>0.05, independentest)
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3.6 5mg/kg LPS treatment results in upregulation of the microglial
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marker F4/80 in the SCN.(A) Representative photomicrographs of F4/80
expression in the SCN and cortex of animals treated 24hrs previously with either
saline or LPS (n = 3 for each group). Animals were sampled mid subjective day
(ZT58) ina 12:12 L:D cycle. Note the significant upregulation of F4/80 in the SCN
and cortex of LPS treated animals, and also the activatedarddied morphology

of the cells (scale bar = 10Am). (B) Quantification of levels of immunoreactivity
for F4/80 (n = 34 for both groups) at the mid rosticaudal level of the SCN, in the
SCN ventrolateral core and in the dorsomedial shell of the SCN of control and post
septic animal®4hrs post LPS &#atment* P<0.05.

3.3.4. Assessment of apoptosis 24hrs following induction of sepsis
3.3.4.1. Cleaved Caspasgexpression in the acute phase following LPS treatment.

Cleaved Caspasg expression was examined in the SCN 24hrs following LPS
5mg/kg treatment (n=5) or saline (n=5). In the SCN, IOD measurements of cleaved
caspase3 immunoreactive signal and subsequent analysis by indepentksit t
found levels to be sinar between saline controls (0.#78).26 IOD/SCN) and LPS
animals (1.73+ 0.6510D/SCN, P>0.05 Figure 3.7. IHC revealed no significant
differences in cleaved caspadexpression in either the core (saline, 6t3810 vs.

LPS, 1.65+ 0.6810D/SCN, P>0.(®, independenttiest), or in the shell portion of the
SCN (saline 0.89 + 0.31 vs. LPS, 1#2.6110D/SCN, P>0.05, independentést)

between treatment groups.
3.3.4.2. TUNEL analysis in the acute phase following LPS treatment.

Following TUNEL analysis, manuagluantification of TUNEL positive cells in
the SCN of LPS treated animdls=4) and vehicle treated contro{e=4) coupled
with independent-test analysis found no significant difference in TUNEL positive
cells in the SCN of LPS treated animals (048.13, TUNEL+cells/SCN) when
compared to those treated with saline (0#0@.00 TUNEL+cell$SCN, P<0.05;
Figure 3.7, and furthermore, examination of the separate subdivisions of the SCN
found no difference in TUNEL + cells in either the ventrolateral cor@orsomedial

shell regions of the SCN (P>0.05, independdast) between the treatment groups
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Figure 3.7: Examination of apoptotic markers 24hrs post LPS treatmefhimals

were treated with either saline or LPS and sampled 24 hours later. Tlezeene
increases in the markers for apoptosis TUNEL and cleaved ca8p@sen = 45

for the saline and acute LPS groups). (A) Bar graphs illustrating quantification of
levels of TUNEL and cleaved casp&seanmunoreactivity in the SCN of control and
postseptic animals 24hrs post LPS treatment, with no significant differences in
expression of either apoptotic marker in the SCN in LPS treated animals vs.
controls.

3.3.5. Examination of glial markersin the SCN 3mths post.PS treatment

|l td6s possible that i mmune medi ator s
term following sepsis induction, therefore the presence of various immune factors
was investigated for three months following LPS 5mg/kg treatment.

Three months following the indl peripheral immune challenge with a septic
dose of LPS, the presence of chronic neuroinflammation throughout the brain and in
the SCN was examinedhrbugh Immunohistochemical analysis for the microglial
antigens IBA1, F4/80 and CEL1b and the astrogliaharker GFAP.

3.3.5.1. GFAPexpressionin the postseptic SCN

Immunostaining combined with 10D followed by independetdst analysis
of GFAP immunoreactivity in the SCN (Saline 5, LPS 5) revealed immunosignal for
the astroglial marker GFAP in the SCN to &ieilar between saline (0.880.21
IOD/SCN) and postseptic animals (2.380.77 IOD/SCN, P>0.0% Figure 3.8. In
the SCN subdivisions, there were no statistically significant differences found in
GFAP expression in the SCN core region (control, 8.1419 vs. LPS, 1.3& 0.42
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IOD/SCN, P>0.05, independentést) or in the shell region (saline, 1.86M.22 vs.
LPS, 2.88+ 0.9110D/SCN, P>0.05, independentést) between groups.
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Figure 3.8 GFAP expression is not altered in the SCN 3mths following LPS
treatment. (a) Representative ptamicrographs of GFAP staining the cortex and

SCN of animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar
graphs illustrating quantifiation of levels of GFAP immunostaineells (n = 5for

each group) in the SCN of the control and LPS treatedpgat 3mths post LPS
treatment.

3.3.5.2.Longlasting alterations in CR11b expression in the SCN.

Immunohistochemical analysis combined with manualngication of cells
expressing thenicroglial markerCD-11b in the SCN opostsepticanimals (n=5)
and vehicle treated controls (n=3) followed by independdastt analysis found
there to be a highly significant increase in expression of activated16Dn the
SCN of LPS treated anima({89.8 + 2.35, ir. cellsSCN) when compared to those
treated with saline (6.774 1.49 ir celldSCN, P<0.00l Figure 3.9. Further
examination of the separate subdivisions of the SCN by IHC, manual quantification
and independenttest of the mean number of immunoreactive-CIb cells found
the expression to be significantly different between the treatment groups atghe le
of the ventrolateral core of the SCN, with LPS treated animals displaying an
upregulation of the microglial marker, with a mean of 13:%b44 ir. cells/SCN and
control animals displaying an mean of 281.67 ir. cells/fSCN (P<0.0QTFigure
3.9. The difference in CBL1b immunoreactivity was also seen to be statistically

significant at the levels of the dorsomedial shell of the SCN, with a significant
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increasen expression levels in animals treated with LPS (¥ 2829ir.cells/SCN
compared to sale controls (4.47# 0.83ir.cells/SCN P<0.01, independenitést
Figure 3.9.
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Figure 3.9: Previous sepsis results in a lofgsting upregulation of the microglial
marker CD-11b in the SCN.(A) Representative photomicrographs of -CIb
expression in the SCN of animals treated 3 months previously with either saline or
LPS. Animals were sampled mid subjective day {@Tih a 12:12 L:D cycle. Note
the significant upregalion of CBD11bin the SCN, and also the resting, ramified
morphology of the cells in the giegseptic SCN (scale bar = 100m). These are
shown in higher magnification in (B) in SCNs from LR&tied animals (scale bar
approx.50 pum). (C) Quantification of levels of immunoriaty for CD-11b (n =3

5 for both groups) at the mid rostcaudal level of the SCN, in the SCN
ventrolateral core and in the dorsomedial shell of the SCN of control anesppst
animals at 3mthpost LPS treatment* P<0.01; *** P<0.001.

3.3.5.3.F4/80 expession is chronically altered in the SCN following a septic LPS

treatment.

Immunohistochemistry for the microglial marker F4/80 and comparison of
F4/80 immunoreactive cells in the SCN found there to be a statistically significant
increase in expression dfie antigen in the SCN of peséptic animals (n=3) vs.
controls (n=4). Independentdst showed a highly significant increase in the levels
of F4/80 immunoreactivity in the SCN of pestptic animals (28.8+ 3.49
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ir.cells/fSCN compared to control aningl8.3+ 1.57ir.cells/SCN P<0.01 Figure
3.10. IHC and subsequent analysis by independérttt revealed significant
upregulation in expression of the microglial marker in the core of LPS treated
animals (11.5+ 1.5 ir.cells/SCN vs. controls (2.6+ 0.82 ir.cells/fSCN P<0.01
Figure 3.10. This difference in F4/80 immunoreactivity was also found to be
significantly different in the dorsomedial shell region with significant alterations in
expression between control (5:8.78ir.cells/SCN and posseptic animals (17.3
2.73ir.cells/SCN P<0.01, independentést Figure 3.10.
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Figure 3.10: Previous sepsis results in a lofgsting upregulation of the
microglial marker F4/80 in the SCN. (A) Representative photomicrographs of
F4/80 expression in the SCN of animals treated 3 months previously with either
saline or LPS. Animals were sampled mid subjective day-8X15 a 12:12 L:D
cycle. Note the significant upregiion of F4/80in the S@, and also the resting,
ramified morphology of the cells in the pasiptic SCN (scale bar = 100 um). These
are shown in higher magnification in (B) in SCNs from Lfe&ated animals (scale
bar approx.50 um). (C) Quantification of levels of immunoreaityi for F4/80 (n
=3-4 for both groups) at the mid rostcaudal level of the SCN, in the SCN
ventrolateral core and in the dorsomedial shell of the SCN of control anespptt
animals at 3mthpost LPS treatment* P<0.01.
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3.3.5.4.IBA-1 immunoreactivity irthe postseptic SCN.

Comparison of IBA1 expressiof3 monthgposttreatmen{(Saline 3, LPS 4by
immunostaining combined with manual quantification of HBAmMmMunoreactive
cells and subsequent analysis by independtsgttrevealed immunostaining for the
microglial marker IBA1 in the SCN to be similar between saline (4#.63
ir.cells/fSCN and posteptic animals (8.52+ 1.60 ir.cells/fSCN P>0.05).
Examination of the SCN ventrolateral core, found there to be a statistically
significant difference in microglial immunoreactivity in pasptic animals, with
significantly higher mean values of 1.810.28 ir. cells/SCN in posteptic animals
compared to controls 0.39 0.20ir.cells/SCN(P<0.01, independenttest). There
was no significant difference in IBA immunosignal seen between groups in the
SCN shell region (saline, 4.392.56ir.cells/SCNvs. LPS, 6.7% 1.76ir.cells/SCN
P>0.05, idependent-test).

Further assessment of the morpholafyiBA-1 immunostained cells 3mths
posttreatmentin the SCN under high power followed by manual quantification
found there to be a significant increase in the expression of hypertrophic glia in the
SCN in postsepticanimals (2.21+ 0.31ir.cells/SCN vs. vehicle treated controls
(0.44+ 0.22ir.cells/SCN P<0.01, independenttest Figure 3.1). Examination of
the separate subdivisions of the SCN by independist revealed this statistically
significant difference not to be different in the different subregions between the
groups, but to be statistically different in the SCN as a whole when taking the core
and shell values together. The mean number of-1BAmmunoreactive
hypertrophic microlig in the ventrolateral core of the SCN wasindto be similar
between the treatment groups, with LPS treated animals displaying an upregulation
of activated microglia, with a mean of 0.38.16 ir. cells/fSCN ad control animals
displaying amean of 0.00+ 0.00 ir. cells/SCN (P>0.Q5rigure 3.1} While the
difference in hypertrophic microglia was seen to approach significance in the
dorsomedial shell of the SCN between groups, it was not seen to be statistically
significant, with expressiolevels in postseptic animals of 1.6% 0.45ir.cells/SCN
and saline controls 0.38 0.19 ir.cells/SCN (P>0.05, independenttést Figure
3.1D).
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Figure 3.11: Previous sepsis results in a lodgsting upregulation of IBA1
immunostained cells in the SCNA) Representative photomicrographs of {BA
expression in the SCN of animals treated 3 months previously with s#les or
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LPS (scale bar approx.00 pm). Animals were sampled mid subjective day B85

in a 12:12 L:D cycle. These IBAimmunostained microglia are shown in higher
magnification in (B) in SCNs from LPS treated animals (scaleaparox.50 pm).

(C) Pictomicrographs of densely stained, aated microglia inthe postseptic SCN
(scale bar approx50 pm). Note the very dense IBRAmmunostained spherical cells
without processes in the SCN IoPS treated animajsvhich werenot evident in the
SCN of the saline treated animals. (D) Bar grajhsstrating quantification of
levels of very dense IBAmicroglial immunoreactive cells (n =8 for both groups)

at the mid rostrecaudal level of the SCN, in the SCN ventrolateral core and in the
dorsomedial shell of the SCN of control and ggegiticanimals ** P<0.01.

3.3.5.5.Examination of IBA1 immunoreactivity in the SCN 3mtipesttreatment
following administration of PDTC prior to LPS treatment.

Comparison of IBAL expression by immunostaining combined with manual
guantification of IBA1 immunoreactive cells and subsequent analysis by One Way
ANOVA revealed immunostaining for the microglial marker BBAn the SCN to be
similar between groups {£+~3.07, P>0.05). Howeverufther assessment of the
morphologyof IBA-1 immunostained cell8mthsposttreatmentn the SCN under
high power followed by manual quantification coupled with One Way ANOVA
with the Tukey poshoc test assessed statistically significant differences between
groups in IBA1 immunoreactive hypertrophic cells, and foansignificant between
groups effect (F.+~6.05, P<0.01). One Way ANOVA assessed statistically
significant differences between groups in BAmmunoreactive hypertrophic cells
in the core and shell of the SCN, and found a significant between grougsretfez
dorsomedial shell region of the SCN, f=6.2, P<0.01), but not in the ventrolateral
core (R2+0.82, P>0.05). Post Hoc analysis (Tukey) revealed that the expression
levels of IBA-1 immunoreactive hypertrophic glia of 0.680.17 ir. cells/SCNor
control and LPS treated animals differed significantly to the levels of-1BA
immunoreactive hypertrophic glia seen for PDTC and LPS treated animalg 0.14
0.05 ir. cells/SCN (P<0.01). Comparison of the IBA hypertrophic glia
immunoreactivity betweegontrol and LPS treated animals and those treated with
200mg/kg PDTC prior to a control i.p. injection which displayed an average
expression of hypertrophic glia of 0.270.08 ir. cells/SCN, revealed no significant
differences between the groups (P>0.0%urther, IBA1 immunoreactive

hypertrophic glia expression levels were not found to be statistically different
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between PDTC and LPS treated animals and PDTC and control treated animals
(P>0.05). (Fig. 3.2).
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Figure 3.12: PDTC administration prior to LPS 5mg/kg decreases the leng
lasting upregulation of IBA1 immunostained cells in the SCNA) Representative
photomicrographs of IBA expression in the SCN of animals treated 3 months
previously with eithePDTC + control,control + LPS orPDTC + LPS(scale bar =

100 pm). Animals were sampled mid subjective day {@)Tfh a 12:12 L:D cycle.
These IBAL immunostained microglia are shown in higher magnification in (B) in
SCNs from eachréatment group (scale bar approx0 pm). Note the very dense
IBA-1 immunostained spherical cells without processes in the SCN of control + LPS
treated animals which are not evident in the SCN of the PDTC + LPS treated
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animals (C) Bar graph illustrating quantification of levels of very den8A1
microdial immunoreactive cells (n =-10for each group) in the SCN* P<0.01.

3.3.6. Examination of immune factors in the posteptic SCN
3.3.6.1. TNF-Uexpression in the poseptic SCN.

Three months following the initial treatment, Integrated Optical DeSD)
measurements and independetest analysis assessed the expression of-NFi n
the SCN (Saline 7, LPS 6), finding no significant difference in T\ pression in
the SCN between saline controls (4#6..55I0D/SCN) and posteptic animals
(2.62 + 1.11IOD/SCN, P>0.05% Figure 3.13, with no alterations in expression seen
in the separate SCN subdivisions, with similar immunoreactivity levels between
groups in the ventrolateral core SCN region (control, 3.99 +1QB/SCNvs. post
septic animals, 2.17 + 0.910D/SCN P>0.05) and the dorsomedial shell region
(controls, 5.29 + 1.70I0D/SCN vs. LPS, 2.92 + 1.220D/SCN, P>0.05,

independent-test).

(A) (B)

lin

200
000-—— v — v —

TNF-a-ir/SCN

= Saline LPS
Figure 3.13: TNF-U expression is not altered in |
treatment (a) Representative photomicrographs of TINF e x pr essi on i n t

animals treated 3mthpreviously with LPS (scale bar approk00 um). (B) Bar
graphs illustrating quantification of levels of TNF i mmu rdedld (36 hfer
each group) in the SCN of the control and LPS treatedgg@at 3mths post LPS
treatment.
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3.3.6.2. NOS2 expression in the pestptic SCN.

Immunohistochemistry coupled with IOD measurements of NOS2 expression
in the SCN of control (n=7) and peseptic aimals (n=7) and subsequent analysis
by independent-test found similar levels of NOS2 immunosignal in the SCN of
postseptic animals (3.0 0.61 IOD/SCN) and saline controls (3.91+ 0.69
IOD/SCN, P>0.05% Figure 3.13. Furthermore, there were no sigoént differences
in NOS2 expression in the core SCN region of saline animals (2.9864
IOD/SCN) vs. LPS (2.8& 0.90, P>0.05), or in the dorsomedial shell SCN subregion
between posseptic animals (3.43 0.72 IOD/SCN) and controls (4.36 + 0.83
IOD/SCN, P>0.05, independentést).

(A) (B)

NOS2-ir/SCN

Saline LPS

Figure 3.14: NOS2 expression is not altered in the SCN 3mths following LPS
treatment. (a) Representative photomicrographs of NOS2 expression in the SCN of
animals treated 3mths prously with LPS (scale bar appro00 um). (B) Bar
graphs illustrating quantification of levels BfOS2 immunostained cells (n =far

each group) in the SCN of the control and LPS treatedpgai 3mths post LPS
treatment.

3.3.6.3. IL-1b expression in the poseptic SCN.

IHC coupled with I measurements assessed the immunoreactivity-of IL
1b in the SCN 3mths following treat ment
finding no statistically significant difference in-llb expression in the SCN between
control (3.06 + 1.210D/SCN) and postseptic animals (4.65 + 0.3®D/SCN,
P>0.05, independenttést Figure 3.1%. 10D followed by independenttést
analysis found no significant differences in the expression of the antigen in the
dorsomedial shell SCN region of LPS treated animals (5.653210D/SCN) vs.
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controls (3.15 + 1.380D/SCN, P>0.05), nor were there any statistically significant

differencesinlk1 b expr essi on

septic animals (2.75 + 0.20D/SCN) and controls (2.62 + 0.48®D/SCN, P>0.05).
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Figure 3.15:IL-1 b expr essi on

treatment. (a) Representative photomicrographs ofllLb
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animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar graphs

illustrating quantification of levels of L b i

mmunostai ned cell s

group) in the SCN of the control and LPS treated psoat 3mths post LPS

tfreatment.

3.3.6.4. IL-6 expression in the peseptic SCN.

Immunohistochemistry followed by IOD measurements and indepentkesit t

analysis examined for statistically significant differences i¥6 lexpression 3mths

posttreatmentin the SCN (Saline 5, LPS 5), finding no significant differences in

expression beteen posseptic animals (1.60 + 1.1@0D/SCN) and controls (3.05 +
1.4810D/SCN, P>0.05; Figure 3.15 Additional assessment of - immunosignal

in the SCN regional subdivisions found no significant differences in expression in
the core of LPS animals.(@ + 0.5910D/SCN) when compared to controls (1.81
0.96I0D/SCN, P>0.05, independenttest). Furthermore, no alterations were seen

in IL-6 expression between LPS and saline treated animals in the dorsomedial shell,
with mean immunoreactivity levels df.92 + 1.37 IOD/SCN and 3.74+ 1.79

IOD/SCNrespectively (B0.05, independenitest).
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Figure 3.1G6 IL-6 expression is not altered in the SCN 3mths following LPS
treatment. (a) Representative photomicrographs of@lexpression in the SCN of
animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar graphs
illustrating quantification of levels of K6 immunostained cells (n = 5 for each

group) in the SCN of & control and LPS treated grps at 3mths post LPS
treatment.

3.3.7. Examination of components of the N B pat hway i n the
following LPS treatment

3.3.7.1.Phosphorylated (p) @ K e x pr es s-septianSCNn t he post

Three months following the initial immunehallenge, IHC followed by
Integrated Optical Density measurements and independest analysis assessed
the expression of-pa K i n the SCN, finBirglno statistically LPS
significant alterations inthe-hba K i mmunosi gnal ashwweghout

between posseptic (6.04+ 1.97 IOD/SCN) and saline animals (11.18 2.47
IOD/SCN, P>0.05 Figure 3.20).
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Figure 3.20: p-1 a é&pression is not upregulated the SCN 3mths following LPS
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treatment. (a) Representative photomicrographs ef @ K expr essi on i n
animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar graphs
illustrating quantification of levels of-p a K i mmunostained cell s
group) in the SCN othe control and LPS treated gmpsi at 3mths post LPS
treatment.

337.2.p1l aB expr esssemnaoSCNn t he post

Similarly, 3mths post LPS treatment, immunostaining and Integrated Optical
Density measurements followed by independerest analysis for 4 @ B
immunoreactivity in the SCN (Saline 5, LPSfélindno significant differences in-p
| @B ex pr e s s seations bveralltbétveeenP@dytic animals (6.4%5 1.13
IOD/SCN) and saline animals (7.26 0.97 IOD/SCN, P>0.05, independenttest
Figure 3.2).
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Figure 3.21:p1l @B expression i s not altered 1in
treatment. (a) Representative photomicrographsef @ B ex pr essi on i n
animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar graphs
illustrating quantification of levels of-p @ B i mmunost ai ned cell s

group) in the SCN of the otol and LPS treated gr@s at 3mths post LPS
treatment.

337.3.p65NFe B expr essisepticSCM. t he post

Immunostaining combined with IOD and subsequent assessment by
independent -test of p65 NFe B | mmunor eacti vity I n t he
following initial treatment (Saline 4, LPS 4) revealed the p65NEF | mmunosi gn.
to be similar in the SCN of saline controls (1:48.3910D/SCN) and postseptic
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animals (1.13- 0.4610D/SCN, P>0.05 Figure 3.22. Analysis of the different SCN
subdivisions found therto be no difference in p65 N&B i mmunor eact i vi |
ventrolateral core region (control, 1.32 0.28 IOD/SCN vs. LPS, 1.11+ 0.54

IOD/SCN, P>0.05, independenttést) or in the dorsomedial shell region (saline,

1.51+ 0.4210D/SCNvs. LPS, 1.19+ 0.51I0D/SCN, P>0.05, independertest)

between groups.
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Figure 3.22: p65 NF-a Bexpression is not &red in the SCN 3mths post LPS

(@) Representative photomicrographs @5 NFa Bexpression in the SCN of
animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar graphs
illustrating quantification of levels gh65 NFa Bmmunostained cells (n = for

each group) in the SCN of the control and LPS treatedpgai 3mte post LPS
treatment.

3.3.8. The longlasting effects of sepsis induction on SCN neuropeptide

expression

The effects of chronic neuroinflammation on the circadian patterns of
expression of the neopeptides arginine vasopressamd vasoaote intestinal
polypeptidewere investigated. These are recognised as playing vital roles in SCN
function.  Perturbation of their expression by neuroinflammation could have

significant consequences for circadian processes.
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3.3.8.1. VIP expression in the poseptic SCN.

Immunostaining for VIP (Saline 6, LPS 6)combined with manual
quantification of immunoreactive nuclei and subsequent analysis by independent t
test revealed VIP expression levels to be similar in the SCN between saline{67.33
11.31ir.cells/SCN and postseptic animals (48.16 12.63ir.cells/SCN P>0.05
Figure 3.23. Further examination of the levels of VIP ir. nuclei in the independent
SCN subregions followed by independantest analysis revealed no difference in
expression in the SCN subdivisionsjttwsimilar expression levels in the core
(saline, 60.16 21.33 vs. LPS, 47.19 14.01ir.cells/SCN P>0.05) and shell regions
of the SCN (controls, 55.978.42 vs. LPS, 47.89 12.02, P0.05).

3.3.8.2. The expression of AVP in the pestptic SCN.

Comparison bAVP immunosignal in the SCN 3 months post LPS 5mg/kg
treatmen{n=6) or vehicle (n=5py immunohistochemistry combined with integrated
optical density measurements of ir. nuclei found levels of expression of AVP
immunoreactive nuclei in the SCN of pesfptic animals analogous to controls, with
mean values of 30.23 + 12.05 and 3237259 ir. cells/SCN respectively £0.05,
independent-test Figure 3.23. Independent-test analysis of mean expression
values of AVP immunostained sections revealedlifierence in expression in the
SCN subdivisions, with similar expression levels in the core (saline, 2558
ir.cells/fSCNvs. LPS, 8.43% 2.97ir.cells/SCN P>0.05) and shell regions of the SCN
(controls 41.94 16.56ir.cells/SCNvs. LPS 37.72 1323ir.cells/SCN P>0.05).
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Figure 3.23: SCN neuropeptide expression in the pagptic SCN. (A)
Representative photomicrograpbf AVPexpression in the SCN of animals treated 3
months previously with either saline or LR&ale bar = 100 m) and kar graph
illustrating quantification of levelsfoAVP immunostained cells (n =& for each
group) in the SCN of the control and LPS treated groups, with no significant
differences in the expression of AVP in the 3&Nveen the treatment groups) (B
Repregntative photomicrographs of VI® morths following LPSr salinetreatment
(scale bar = 100 pm)nd kar graph illustrating quantification of levels of VIP
immunostaned cells (n = 6for each group) in the SCN of tle®ntrol and LPS
treated groups.

3.3.9. Immediate Early Gen@xpression in thgostsepticSCN.
3.3.9.1. ARC expression in the SCN 3mths post sepsis.

Assessmenbf spontaneous expression of ARCthe SCN 3mths post LPS
5mg/kg (n=5) or saline treatmenfn=4) by immunohistochemistry combined with
manualquantification of ir. nuclei found there to be no alterations in the levels of
expression of ARGmmunoreactive nuclei in the SCN of LPS compared to controls,
with mean values of 2.982.18 and 2.33 0.70 ir. cells/SCN respectively $0.05,
independent-test Figure 3.24. Independent-test analysis of measurements of
ARC immunostained sections revealed no difference in expression in the SCN

subdivisions, with similar expression levels in the core (saline, 8.79.43
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ir.cells/fSCNvs. LPS, 1.0% 0.76ir.cells/SCN P>0.05) and shell regions of the SCN
(controls, 1.54+ 0.66ir.cells/SCNvs. LPS, 1.8G 1.44ir.cells/SCN P>0.05).
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Figure 3.24: ARC expression is not altered in the SCN 3mths following LPS
treatment (a) Representative photomicrograptfsARC stainingin the cortexand

SCN of animals treated 3mths previously with LPS (scale bar = 100 um). (B) Bar
graphs illustrating quantification of levels &RCimmunostained cells (n 4-5 for

each group) in the SCN of the control and LPS tregpexips at 3mths post LPS
treatment.

3.3.9.2. EGR-1 expression in the SCN 3mths post sepsis.

Comparison of spontaneously expressed HGR the SCN 3mths post LPS
5mg/kg (n=4) or vehicle(n=4) treatment by immunohistochemistry combined with
manual quantificatiorof ir. cells and independenttest analysiSound levels of
expression of EGR ir. nuclei in the SCN of posteptic animals analogous to
controls, with mean values of 0.340.21 and 1.1 0.73 ir. cells/SCN respectively
(P>0.05 Figure 3.2% Indepedent ttest analysis of measurements of EGR
immunostained sections revealed no difference in expression in the SCN
subdivisions, with similar expression levels in the core (saline, 9225 vs. LPS,
0.21+ 0.13ir.cells/SCN P>0.05) and shell regions of the SCN (controls, G:2253
vs. LPS, 0.33 0.19ir.cells/SCN P>0.05).
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Figure 3.25: EGR-1 expression is not altered in the SCN 3mths following LPS
treatment. (a) Representative photomicrographs of EGRxpression in theortex

and SCN of animals treated 3mths previously with LPS (scale bar = 100 um). (B)
Bar graphs illustrating quantification of levels BGR1 immunostained cellg = 4

for each group) in the SCN of the control and LPS treatedpgat 3mths post LPS
treatment.

3.4. Discussion:

The examination of SCN neurochemistry in the acute and chronic phase
following LPS treatment in the current set of experiments show that the SCN is
acutely responsive following LPS treatment, showing an increase in the expression
of inflammatory mediators, as well as displaying a Hasding upregulation of
microglial markers in thpostsepticSCN.

3.4.1. Examination of SCN Neurochemistry 24hrs post LPS treatment.

These studies assessing changes in the SCN 24hrs following LPS teatme
show that the SCN responds in the acute phase to a substantial peripheral immune
challenge. The current study reveals that LPS treatment induces a significant
upregulation of immunoreactive EGRin the SCN of LPS treated animals in
comparison to conbts 24hrs following treatment, highlighting the effect of the
peripheral immune challenge on the SCN. Various different studies have shown that

acute LPS treatment can alter circadian/SCN function, and the SCN has been shown
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to respond to LPS treatment g;hon and Coogan, 2010; Nava et al., 2000;
Marpegan et al., 2005). The SCN expresses cytokine receptors and regulatory
molecules (Lundkvist et. al., 1999; Sadki et. al., 2007) and in this way, inflammatory
mediators induced by peripheral LPS may impacthuipe SCN causing functional
changes and alterations in clock gene expression following LPS administration.
Peripheral administration of low dose LPS in the eadljective night can result in
phase shifts, along with an increase4Rasexpression inite SCN (Marpegan et al.,
2005), and these LP8duced effects appear to be dependent on TLR4 signalling
(Paladino et al., 2010). AVP production is altered following direct treatment of SCN
slice cultures with LPS, indicating that tB&N may express TLR4ral be capable

of responding directly to LPS (Nava et al., 2000urther, peripheral septic LPS
treatment has been shown to induce a substantial inaredéise expression of the

IEG cFosin the SCN acutely, as well as activation of the p65 subuniieoNf~a B
pathway (Beynon and Coogan, 2010)/e also examined the effector IEG ARC in

the SCN, sincéong-lastingneuroinflammation induced by chronic i.c.v. infusion of
LPS has previously been associated with an upregulation of ARC in the dentate
gyrus (Rosi et al., 2005), however, we observed no evidence of ARC upregulation in
the SCN either in the acute phaseduling LPS treatment or 3 months post sepsis

induction.

It does not appear that the dose of LPS used in this study is inducing cell loss
in the SCN, since no changes were observed in apoptotic markers, as assessed by
TUNEL analysis or cleaved caspa&dammunostaining 24 hours following LPS
treatment. It must be noted that we assessed the SCN alone for apoptosis, and that
there may be alterations in other brain regions in TUNEL positive cells and cleaved
caspas€8 immunoreactivity and this would require ther investigation.
Additionally, it is important to note that neither TUNEL anlaysis nor
immunohistochemical analysis for cleaved casfiasxpression would detect cell
loss in the SCN as a result of necrosis and since we have not assessed neuronal
numbes in the SCN in this study, this remains a possible consequence of septic LPS
treatment.

Studies assessing cell loss in the brain following LPS treatment have
highlighted that apoptosis and neuronal loss following sepsis induction via endotoxin

treatmentis dose dependent, and further, appears teeg®n specific Following
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10mg/kg LPS treatment in rats, TUNEL analysis revealed a significant increase in
apoptotic cells in the brain 24hposttreatmentin the hippocampus, cerebellum,
midbrain and cortexSemmler et al., 2005). At 4hrs or 14days following repeated
treatment with LPS (20ug/100ul), there was no observation of TUpEditive
neurons in the thalamus, cortex or hippocampus (Terrazzino et al. 2002). Further,
treatment of mice with the same daoxin dose as used here and subsequent
assessment of neuronal loss in the cerebral cortex or in the hippocampus 8 weeks
following sepsis induction, observed no evidence of cell loss at this chronic
timepoint (Weberpals et al., 2009). Other experimentak utilizing LPS 5mg/kg
peripheral treatment has shown that neurodegeneration is only seen to occur in the
CNS 7 months after LPS challenge, and that this loss appeared to be of the
dopaminergic neurons in the substantia nigra alone (Qin et al., 2007).

In line with the finding that there was no significant cell loss in the SCN
24hrs post LPS treatment, assessment of SCN neuropeptides three months following
the immune challenge did not find any changes in the expression of AVP or VIP in
the long term irthe postsepticSCN. Alterations in the expression of neuropeptides
that play roles in input to (VIP) and output from (AVP) the SCN or communication
between the SCN subdivisions could result in a decrease in the amplitude of the
central pacemaker and coulchderlie poskeptic circadian behavioural changes.
Levels of SCN neuropeptide have previously been shown to be diminished in the
SCN in ageing (Hofman et al., 2006), and therefore in relation to neuropeptide
expression at this time, the pestptic SCNdiffers from that of the aged SCN.
Other studies however, have shown the neansimitter AVPto be increased in the
SCN followingin vitro treatment of SCN slices with LPS (Nava et al., 2000). We
observe neither an increase nor a decrease ipdseseptic SCN in neuropeptide
expression and so the alterations exhibited in-pegtic circadian behaviour cannot
be attributed to this.

These studies reveal a significant upregulation of F4/80 expressing cells in
the SCN 24hrgpost LPS treatment showing deramified, activated microglial
morphology. These results are in line with findings from other studies where
microglial activation and cytokine release in the CNS have previously been shown in
response to LPS induced sepsis (Godbout et al., 2005; Van ddah, 1992).
Further, in the acute phase following LPS treatment, significant upregulation of

microglia and astrocytes have been shown to be evident in the cortex 8hrs following
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treatment (Jacob et al., 2007), while others have also observed a significa
upregulation of activated microglia following LPS treatment, along with an
upregulation of NOS2 24hrsposttreatment in the striatum, cerebellum,
hippocampus and midbrain, as well as a significant increase in GFAP positive
astrocytes in the cortex, gttum and hippocampus (Semmler et al., 2005). We have
not assessed astrocytic activation in the acute phase in the SCN post LPS treatment
and therefore further work would be required to assess whether reactive astrogliosis
takes place in the SCN at thisne. The activation of microglia in the acute phase
may exert effects on the SCN, since activated microglia are known to release a
variety of neuroinflammatory mediators. Microglia and astrocytes are known to
synthesize complement proteins, and activatibthe complement cascade has been
shown to play roles in the brain following LPS treatment, leading to upregulation of
CD45, TNFU and TLR4, as wel |l as an wupregul ¢
NOS2 (Jacob et al., 2007).Similarly, we find that LPS adely alters NOS2
expression in the SCN of LPS treated animals, with a significant upregulation of
NOS2 in the SCN 24hours following peripheral LPS treatment. NOS2 is the
inducible isoform of nitric oxide synthase and is a source of nitric oxide during
inflammatory processes and appears to play an important role in the pathogenesis of
sepsis. Similar to the significant upregulation of NOS2 in the SCN observed here
24hours following a septic LPS treatment, NOS2 is shown to beegiated
following the indwction of sepsis by other groups (Polito et al., 2011). Additionally,
in mice lacking NOS2, septic shock and organ failure have been shown to be
attenuated (Wei et al., 1995), highlighting the important role that NOS2 plays in
sepsis.

Nitric oxide has ben shown to be involved in the lotasting activation of
the innate immune system following a peripheral immune insult (Weberpals et al.,
2009) and appears to play important roles in the development of neuroinflammation
and cognitive alterations induced beripheral inflammation. An increase in nitric
oxide production has been associated with the activation of microglia (Zielasek and
Hartung, 1996). Indeed, we observe both an upregulation of NOS2 and microglial
activation in the SCN 24hrs peseatment.However, the upregulation of NOS2
observed in the SCN in the acute phase following septic LPS treatment in these
studies is seen to have returned to control levels 3mths after the peripheral immune

challenge, while an upregulation in microglial markempamms evident within the
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SCN at this time. Studies performed by Weberpals and colleagues show that 8
weeks post LPS treatment, there was a significant upregulation of activated
microglia in the CNS, which was seen to be absent in N©8&ficient LPS trated

mice, indicating that nitric oxide derived from NOS2 plays a role in the sustained
microglial changes and inflammatory state in the brain following LPS 5mg/kg
treatment (Weberpals et al., 2009). It is possible that NOS2 may mediate the effects
of LPSon the SCN initially, leading to an upregulation in microglia, however the
long-lasting microglial changes in the pestptic SCN must then be being mediated
further by another mechanism.

There are various mechanisms by which NOS2 might impact upon the
circadian system. Cytokines such as TMF st i mul ate glia to
models of SE (Jacob et al., 2007), leading to an increase in NO levels, which may
play a role in neuronal dysfunction. Excess NO can disturb the coupling between
blood flow and netabolism by altering regulation of cerebral blood flow, and can
alter synaptic transmission, leading to neuroendocrine, behavioural activity and
memory formation perturbations (Jacob et al., 2011). In rat models of SE, NOS2
plays roles in systemic hemawhmic derangements (Kadoi and Goto, 2004).

NOS2 induction may play roles in LPS induced apoptosis, and a variety of
studies have highlighted that NOS2 causes apoptosis as well as delayed loss of
neurons (Czapski et al., 2007; Arimoto and Bing, 2003). &@w, in the current
study, we do not observe any evidence for neuronal loss in the SCN 24hrs following
LPS treatment and therefore do not attribute any alterations in circadian function to
NO induced neuronal loss in the SCN. Additionally, NOS2 derivgt oxide is
suggested to be involved in long term LPS induced cognitive alterations (Weberpals
et al., 2009), as well as the inflammatory suppression of LTP (Mori et al., 2001,
Togashi et al., 2001; Wang et al., 2004).

NOS2 synthesis has been suggeste a possible factor in impairment of the
HPA axis that is seen in studies of septic shock in rats and in humans, whereby a
reduction in ACTH synthesis is found (Polito et al.,, 2011), and NOS2 increase
during septic shock could impact upon rhythmic codierone and feedback to the
SCN. Further, increases in NO levels have been shown to impact upon circadian
resetting (Melo et al., 1997). The specific inhibition of nitric oxide prior to treatment

with LPS would be interesting along with long term assest of circadian
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resetting given the important role attributed to NOS2 by other studies in the long

lasting activation of the innate immune system following a peripheral immune insult.
3.4.2. Long-lastingincrease in microglial markers in th@ostsepticSCN

We observelong-lasting changesn the expression of microglial markers in
postseptic animaldn various regions of the brain, including in the SGMth a
significant upregulation oF4/80, CD11b and IBA1 in the SCN. Importantly, in
comparison to the gxession of activated microglia we observe in the SCN acutely
following LPS treatment, the morphology of the cells expressing F4/80 antil&D
does not appear to be that of activated microglia at this time, Jogttreatment
but rather these cells exiii a resting phenotype, expressing a ramified morphology.
The current results are in line with recent studies by Puntener and colleagues
(Puntener et al ., 2012) , whodés | mmunohi s
CD11c, MHC11 and MHCL1 indicatesahfollowing peripheral infection, microglia
within the CNS are activated transiently, appearing to return to their resting
morphology 3 weeks following the peripheral immune challen@tudies have
suggested thatumbers of activated microglia can des®aipon resolution of the
activating stimulus by apoptosis and/or these may lose their activation markers,
subsequently returning to the resting state (Jones et al., 1997; Streit et al., 1999). It
is therefore possible that the previously activated miagight change into a
ramified form and this could account for the upregulation of F4/80 and 1kD
immunoreactive microglia exhibiting ramified morphology at 3npbsttreatment
in the postseptic SCN. The use of another microglial marker was theredqréred
to further assess the state of theregulated microglia, and therefore, we further
examined the morphology of the immunostained glia when assessing the levels of
activated microglia in the SCN 3months post sepsis, further quantifying those
appearing to be hypertrophic, as carried out in other studies assessing microglial
activation (Lemstra et al., 2007), through the utilization of the ionized calcium
binding adapter molecule 1 (Hg immunoreactive microglial marker. The
activation of microgh sees the cells progress through a series of morphological
phenotypes, the end stage of which they appear hypertrophic and are seen to
resemble phagocytic cells (Kreutzberg, 1996). Compared to resting microglia,
activated microglia exhibit a larger cddbdy with processes that are shorter and
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denser than those seen to project from resting microglia (Dheen et al. 2007; Kaur and
Ling 1991; Kaur et al. 1985). Reactive microglia are generally evidenced as small,
spherical cells with no processes, however @ameboidlike or rodshaped
morphology may also be observed (Davis et al. 1994). Overall, there was no
significant difference in the levels of IBA microglial staining in the SCN 3mths
following LPS 5mg/kg treatment. However, both active and restingoglia
express IBAL (LalancetteHerbert et al., 2007), and this may account for why we do
not observe a significant difference between saline treated andgpiit animals in

IBA-1 immunoreactivity in the SCN. Further examination of these sections unde
high power allowed inspection of the morphology of the {BAnmunostained cells,

and it became clear that at 3 months post LPS treatment, these animals displayed
small, spherical glia without processes, a morphology that has previously been
described ashe characteristic reactive microglial morphology (Davis et al., 1994),
and the increased expression of these glia was found to be significant in the SCN at
this 3 month time point in the LPS treated animals, but not in the SCN of saline
treated controlsFurther, when IBAL immunoreactivity was assessed in the SCN of
animals treated with PDTC prior to LPS compared to those treated with a control
injection and LPS, it was found that this upregulation of reactive microglia was
diminished following the admistration of PDTC prior to LPS treatment, while the
upregulation of the densely stained hypertrophic glia remained significant in the
SCN of control and LPS treated animals. In line with these results, studies have
shown that LPS treatment results inustained microglial activation in the frontal
cortex 8 weeks following the peripheral immune challenge (Weberpals et al., 2009),
while other studies have shown that chronic i.c.v. infusion of LPS in rats has been
shown to cause Bng-lastingupregulation of microglia 37 days following the last
LPS administration (Haus#&/egrzyniak et al., 2000). Further, activated microglia
have been shown in the brains of human sepsis patients, irrespective of age (Lemstra
et al., 2007). The current stutigds no evidence of astrogliosis in the pssptic

SCN, evidenced by no changes in expression of the astrocytic marker, GFAP,
keeping our findings in line with those experiments undertaken by Weberpals and
colleagues (Weberpals et al., 2009), who alsondb observe any evidence for
astroglial activation in the hippocampus, frontal cortex or cerebellum §oks
septicLPS treatment (Weberpals et al., 2009).

145



Microglial activation in the CNS parenchyma seems to be vital for
communication between the immei system and the brain (Konsman et al., 2002;
Combrinck et al., 2002), playing either harmful or beneficial roles. Following CNS
insult, microglia activation may play a beneficial role by the release of neurotrophic
molecules, promoting aspects of regatien Streit et al., 1999Schwartz, 2003
Ekdahl et al., 2003 In the current study, those immunomediators seen to be up
regulated in the SCN 24hrs post sepsis, namely NOS2 afdate known to play
important roles in the activation of microglia (Hsek and Hartung, 1996;
Kreutzberg, 1996), and NOS2 derived NO production or increas&deipression
may play a role in microglial activation in the SCN. Additionally, aattpd
microglia release inflammatory mediataviich are shown to be neurotoxrcvitro
(Ekdanhl et al., 2003) such as-1Lb , -6, TNFU , nitric oxide, and
species (Pocock and Liddle, 20anisch, 2002GebickeHaerter, 2001; Vallieres
et al., 2002) as well as induce the activation of the complement cascade, asich h
been shown to play roles in the brain following LPS treatment, leading to
upregulation of CD45, TN&®d and TLR4, activated microg
al., 2007).

Alterations in cognitive function are seen following the activation of
microglia. Peripheral LPS treatment and subsequent microglial activation and
cytokine release is associated with behavioural deficits (Bluthe et al., 1992; Godbout
et al.,, 2005; Combmnick et al., 2002). Administration of low dose endotoxin to
healthy volunteers results in an increase in levels of systemic proinflammatory
cytokines, along with alterations in behaviour and memory perturbations
(Reichenberg et al., 2001; Krabbe et al.0®20 Further, neuroinflammation and
microglial activation have been implicated in the pathogenesis of various disorders
associated with cognitive impairment such as AD, Lewy body dementia, and AIDS
dementia (Nelsost al., 2002; Katsuse et,a2003; Pery et al., 2003).

Assessment of the state theseregulated microglia exist in warrants further
investigation.  In situations of pexisting pathology, such as in chronic
neurodegenerative disease or in ageing whereby priming of microglia is observed, an
enhanced consequence of neuroinflammation is seen (Godbout et al., 2005; Perry,
2004; Cunningham et al., 2005). Evidence points to systemic inflammation elicited
by infection or injury in the periphery, in the activation of already primed microglia

in the normal healthy ageing brain or in the brains of AD patients, and this can
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subsequently impact upon the cognitive decline seen in these patients and further,
can result in delerium (Perry et al., 2003). Studies have also shown an enhanced
activation of meroglia upon central administration of cytokines in old rats compared

to young and middle aged rats (Deng et al., 2006). Given the chronic alterations in

the CNS in microglial mar kers foll owing

microglia in thepostsepticSCN may show enhanced activation to further immune
challenges. Further, some of the alterations we observe in circadian locomotor
behaviour are similar to those exhibited in normal ageing, which exhibits a low grade
neuroinflammation and primgnof microglia. Certain aspects of this will addressed

in Chapter 5.

It is not possible for us to confirm from the current study the role that the
long-lasting activated microglial expression played in the alterations in circadian
behaviour, or whethein fact it played any role at all. Examination of additional
inflammatory mediators that are known to be released by activated glia such as
MCP-1 orreactive oxygen species warranted in th@ostsepticSCN at this time.
Further, assessment of phagocybir fully activated microglia utilizing the ED
antibody which is known not to stain ramified microglia may be beneficial (McClain
et al., 2011). It would be interesting to assess whether the LPS inducdddting
upregulation of microglial markers ithe SCN resolves itself over time, and if so,
the exact period length of this increase irregulated microglial markers in the
SCN, and whether normal circadian behavioural resetting might be restored upon
resolution of the immunomodulation. Furthiégrywould be interesting to investigate
whether administration of a specific inhibitor of activated microglia such as
minocycline would ameliorate thlenglasting upregulation of microglial markers
observed in the SCN and theng-lasting behavioural altetions, and would shed
further light as to whether the chronic microglial activation played a role in the post
sepsis circadian behavioural alterations, or whether these effects were being
mediated by another mechanism.

3.4.3. Proinflammatory cytokine expressio in the SCN in the acute phase

following LPS treatment and long term, in the peséptic SCN

Examination of the SCN in the current study revealed there to be no changes
in the expression of the proinflammatory cytokine, T™F ei t her 24hr s
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LPS 5ng/kg treatment, or 3 months following the initial immune challenge. -UNF

has previously been outlined to play a principal role in the mediation of the effects of

LPS on the brain post sepsis, and has been proposed as a potent mediator of the
chronic neuwninflammatory state (Qin et al., 2007; Bossu et al., 2012). Previous
studies utilizing LPS i.p. treatment have showaraylastingupregulation of TNFU

in brain homogenates for many months following the peripheral immune challenge,

while levels of TNFUin the periphery were shown to return to baseline levels within

7 days following LPS treatment (Qin et al., 2007). TMIF was al so s hown
upregulated in the brain in the hippocampus and frontal cortex 7 days following LPS
treatment and this signifimt upregulation was seen to remain up to ten months
following LPS (Bossu et al., 2012). Studies by Weberpals and colleagues
(Weberpals et al., 2009), utilizing the same endotoxin dose used in this study, have
shown along-lastingupregulation of proinflamatory cytokines in specific regions

in the CNS post sepsis, including a significant upregulation o-OINFMRNA i n t h
cerebellum, cortex and hippocampus 2 montbsttreatment(Weberpals et al.,

2009). Furthermore anincrease irlllb i s e v fromtel cdrtex iwoe madnthse

following septic LPS treatment (Weberpals et al., 2009). Examination of the
proinfammatory cytokine 1 b i n t he c ur r-septit SChNtrevedlgd i n t
that there were no alterations in expression of this cytokine 3 syposiitreatment

The expressionof TNE antb liLn t he SCN have not beet
in the long term following sepsis induction, and so it may be that@NFa n-db | L

are only upregulated in specific CNS regions following sepsis and tha® @ is a

region that does not show alterations iRlllb o r-U TeNFpr essi on f ol |
treatment. That TN i s not f-requlatetl intthe S@Neitselfi goes not

mean that it does not play a role in the LPS induced effects on cimdad@motor

behaviour, actingutside of the SCN to induce changes in the early stages which

then inducdong-lastingeffects. TNFU a n-H arel khown to activate the NFB

signalling pathway (Beg et al., 1993), andthe p65NB s ubuni t has bee
be acutel up-regulated in the SCN following peripheral LPS treatment (Beynon and
Coogan, 2010) and therole of TNF i n medi ating the eff ec
treatment has been documented, and sugdésat the cytokine plays a role in the

early stages followin@ septic LPS treatment activating microglia within the CNS,

which then results in a sgbiropelling neuroinflammation (Qin et al., 2007).
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The current study observes a significant upregulation f ih the SCN in
the acute phase following a peripheral septic LPS treatment, however 3mths
following the initial immune challenge, 16 expression levels are seen to be in line
with those of contils. Similar to these findings, other studies have shown that in the
acute phase, 4hrs following the induction of sepsis by peripheral LPS, levels$ of IL
expression are significantly wegulated in cortex, cerebellum and hippocampus
(Beurel and Jope, 200, as well as being upegulated following central injection in
the CNS (Beurel and Jope, 2009)L-6 is suggested to play a dual role within the
CNS, with both detrimental and beneficial effects (Gruol and Nelson, 1997),
probably determined bits levd of expression and the duration of-tggulation
(Beurel and Jope, 2009). -k carries out various functions including playing a role
in the immune response, being involved in the regulation of inflammation,
haematopoesis and cell differentiation, alawith being considered a signal in the
activation process of microglia (Kreutzberg, 1996). Indeed, mice which overproduce
human 11-:6 in neurons known as NSEhILénice, spontaneously show increased
microglial reactivity as well as spontaneous developmensesere astrogliosis
(Fattoriet al, 1995). Further, glia play a role in mediating the effects-6f (Beurel
and Jope, 2009). The significant upregulation of6lland activated microglia
observed in the SCN 24hrs following LPS treatment in our expatsrage in line
with these studies. Since-B is known to play roles in the activation of microglia
(Kreutzberg, 1996), this may play a role in the expression of activated microglia in
the SCN following LPS treatment. An increase in6llhas been assated with
severe cognitive impairment (Campbell et al., 1993; Heyser et al., 1997; Dantzer et
al., 2008) and additionally, in the CNS,-Lis suggested to be involved in tbag
lastingeffects of sepsis on the brain, including cognitive and behavialiemhtions
and neuronal loss (Semmler et al., 2007). It may be that the significant upregulation
of IL-6 in the acute phase following LPS treatment activates glia within the SCN,
leading to further release of other proinflammatory cytokines, that maycirapan
circadian timekeeping processes and behaviour, however sin& i$L not
upregulated in the long term the increased microglial expression at this time cannot
be attributed to this.

While we ourselves have not assessed the levels of proinflammatory
cytokines in the periphery following LPS treatment, other studies using the same

endotoxin dose as that used in these experiments have shown that proinflammatory
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cytokines are seen to rise in the periphery and in the brain early following LPS
treatment, bt these levels are seen to subside in the periphery approximately one
week following LPS treatment, after the acute response, but to stay elevated in the
brain (Qin et al., 2007; Bossu et al., 2012). Studies by Bossu and colleagues (2012)
haveshown TNF) t o be upregul ated 7 days follow
hippocampus and frontal cortex, but not in the hypothalamus. These studies further
highlight the region specificity of cytokine alterations following septic LPS
treatment in the long termand have shown both TNF a n-1B tolbé upregulated

in the hippocampus, cerebellum and frontal cortex 10 months following treatment,
however examination of these inflammatory mediators in the hypothalamus again at
this time point does not reveal angrsficant upregulation.At thesetimepoints,in

the longterm following LPS treatmentyhen circulating levels of proinflammatory
cytokines have returned to baseline levels, the elevation of inflammatory mediators
in the brain is therefore independenttbé initial systemic reaction, and is being
propelled in the CNS itself, leading to the view of a -petipelling
neuroinflammation (Qin et al., 2007; Bossu et al., 2012). We can therefore assume
that any alterations observed in SCN neurochemistry oradimno locomotor
behaviour, which are assessed following recovery from the acute phase of septic LPS
treatment are not due to alterations in circulating cytokine levels. The molecular
mechanisms underlying the potentiation of the chronic neuroniflamynsitde have

not been fully elucidted, but mechanisms have been put forward by other groups
and suggest the involvement of TNF a't the early stages i
treatment, activating microglia in the brain and leading to a-psefelling
neuroinflamnation by the further induction of cytokines in the CNS such as-ONF

IL-1 b6 ( Qi n et alB (Bpssuzbal,2012),deading to b loss of neurons

in the later stages following peripheral inflammation (Qin et al., 2007; Semmler et
al., 2007) anddsting behavioural alterations (Bossu et al., 2012).

In support of a selpropelling neuroinflammation, there may be alterations in
inflammatory mediators in the long term following LPS treatment that are not seen
in the early stages following treatment-or example, IE18 has recently been
implicated in thelonglasting inflammatory response following a single LPS
treatment, and is found to be significantly increased in the cerebellum, hippocampus
and frontal cortex 10 months after peripheral LPS treatpwith no alterations in its

expression 1 week following treatment (Bossu et al., 2012). Furthermel®8, Has

150



been shown to be involved in delayed neuroinflammation in experimental models of
trauma and brain ischemia (Jander et al., 2002; Yatsiv, @2082) and has also been
found to be expressed following LPS treatment in microglia and astrocytes (Conti et
al., 1999; Wheeler et al.,, 1999). Assessment el8Land other inflammatory
cytokines in the SCN not undertaken in the current set of exp@snveould be
interesting. There may be alterations in regions of the brain that the SCN projects to
such as the PVN, both acutely or 3mths following septic LPS treatment and these
could mediate the chronic effects of LPS induced sepsis on locomotor d@havi
Indeed, in the PVN following both i.v. or i.p. LPS treatment, levels of TNFa nd | L
6 are significantly increased in the acute phase following treatment, following an
ACTH increase (Kakizaki et al., 1999). The chemokine MCW®hich acts as a
chemodtractant for T cells, basophils, monocytes/macrophages, and NK cells (Jacob
et al., 2011) is shown to be wwpgulated in the brain in the acute phase following
LPS treatment (Thompson et al., 2008; Qin et al., 2008). @Ry play important

roles in theactivation of the neuroinflammatory response following a peripheral
immune challenge, since in MEP KO mice treated with 5mg/kg LPS an
exaggerated peripheral response has been shown, with an upregulation in cytokines,
but a decrease in microglial actiat, CNS levels of chemokines and the
proinflammatory cytokines HL b andJ, TNaH ong with a r educ
corticosterone levels are also observed (Thompson et al., 2008).

Attenuations in central cytokine expression may also impact upon the HPA
axis and activation of the HPA axis is one of the key events in the inflammatory
response (Mathias et al., 2000; Takebe et al., 1966). Indeed, inhibition of brain
cytokine expression following a septic peripheral endotoxin treatment in MK®
mice has beerhewn to reduce serum corticosterone levels (Thompson et al., 2008).
Further, in adrenalectomized mice there is an increase in plasthh@®IL and) TNF
levels after LPS treatment along with an increase in mortality which has been shown
to be reversed by treaent with glucocorticoids (Beishuizen and Thijs, 2003) and
glucocorticoids have been shown to inhibit the induction of NOS2 (Kleinert et al.,
1996), which is known to play roles in theng-lastingeffects of sepsis (Weberpals
et al., 2009), by decreasirgytokineinduced activity of N B ( Kl ei ner t e
1996), highlighting the importance of HPA axis activation in response to LPS
treatment. Alterations in cytokines and signallers such as NOS2 in the SCN may

therefore impact upon the HPA axis, leading atbenuations in glucocorticoid
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expression and neuroendocrine feedback to the SCN which could underlie the long

lasting changes in the circadian system following the induction of sepsis.
3.4.4. TheinvolvementoftheNfe B pat hway i n thesgsisrcadia

Although evidence suggests thatthe®B si gnal |l i ng pat hway
the SCN in the acute phase following sepsis (Beynon and Coogan et al., 2010; Leone
et al., 2006) we do not observe a significant upregulation in components of the NF
9 B p ayinthepostsepticSCN. The translocationof N&«B t o t he nucl e
the cytosol is prevented by tight association with inhibitors known askhe& p p a B0 s
(Il eaBs) (Baeuerle and Baltimore 1988). I
the enzyme lappaB Ki nase (1 8aK) becomes act
phosphoryl ates | aB wwBi cam dd ibsescaoaneast edse gfr racd
NFFeB to transl ocate to tohBe DmNUAc | beiunsd i anngd as
induction of the transcription of different mponents of the inflammatory response
including cytokines such asHg , NOS, i mmunogl obul ins, R ¢
and neurotransmitters, along with various other genes (Beg et al.,, 1993; Verma,
1995; Nomura, 2001; Marpegan et al., 2004). Cytokirtevaton of the NFo B
complex might cause an upregulation in components of the BF pat hway i n
SCN, however, in the long term following a septic LPS treatment, our assessment of
three components of this pathway including the p65NE s u bluaaKdtpd o B
found no significant upregulation of these in the egitic SCN.It does appear that
the distribution of expression of bothlps K alnedB pmay be al-tered
septic SCN, however this requires further investigation.

NF-e B has bcatednin themyp$ effects on the circadian system
(Marpegan et al., 2004, 2005, Paladino et al., 2010) and application of sulfasalazine,
anNFe B inhibitor, has |block peripherad LPB indlueed n s h ¢
phase shifts in the early subjective nigimt mice (Marpegan et al., 2005),
highlighting theroleof N B i n medi ating the effects ¢
the SCN itself does not show upregulation of-?NB pat hway componen
long term following LPS treatment, the NFB s i g n al |doeas gppgaratt h way
play a role in mediating the effects of LPS in the acute phase following LPS
treatment, sincdts inhibition by adninistration of 200mg/kg PDTCa potent
inhibitor of the NFe B pat hway, prior to LPS 5mg. kg

152



impact of the septic LPS treatment on the SCN and on circadian behaviour in the
long term. In line with this, reducing the inflammation that occurs during sepsis has
been shown to alleviate the pathogenesis of sepsis (Jacob et al.,, 2010).
Administration of PDTC, could prevent the inflammation associated with septic
encephalopathy, thereby preventing paeptic neuroinflammation and inhibiting the
alterations observed in the circadian pattern of locomotor activityargglasting
microglial activation flowing the induction of sepsis. As mentioned previously,
PDTC treatment was also shown to prevent the high sepsis scores elicited in LPS

treated animals, with a significant decrease in sepsis scores between animals treated

with PDTC prior to LPS compardd those treated with a control injection prior to
LPS, and this was probably due to a decrease in the induction of proinflammatory
cytokines. Additionally, the upregulation in hypertrophic microglial cells is shown
to be attenuatedy administration oPDTC prior to LPS treatment, and values were
seen to be in line with control animals, along with the attenuations in circadian
resetting exhibited by poseptic animals. The possible decrease in the activation of
the inflammatory mediators in the SCN mawderlie the decrease in microglial
activation in the SCN of animals treated with PDTC prior to LPS. Indeedh BF i s
known to regulate 116 expression (Steinbrecher et al., 2005) and the induction of
NOS2 following LPS treatment (Xie et al., 1994), tliere, inhibition of the NFe B
signalling pathway by PDTC administration may inhibit these in the SCN in the
acute phase following sepsis. A decrease in inflammatory mediators in the SCN

might also account for the unaltered circadian resetting in PDTC S ttéated

animals. Further, N B has been implicated in disrurg

following its activation by cytokines (Pace et al., 2007), and this could possibly play
a role in the LPS induced attenuated behavioural resetting and itstiorhiby
PDTC may account for why circadian resetting is in line with controls in PDTC and
LPS treated animals.

Assessment of NOS2 and-f_levels and microglial activation in the SCN in
the acute phase following administration of PDTC prior to LPS Smghairhent
would shed further light on this. It is worth noting that-BIB s i gnal | i ng
the transcription of a wide variety of mediators involved in the immune and
inflammatory response (Beg et al., 1993; Verma, 1995; Nomura, 2001)tsand
inhibition may serve to prevent the induction of these, which may play a role in the

expression of normal circadian behaviour following PDTC treatment prior to a
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peripheral septic LPS dose. Additionally, it would be interesting to assess whether
PDTC administratiorprior to LPS might diminish the increased expression of the
effector IEG, EGRL in the SCN at 24hrgosttreatment Additional work must be

carried out in order to establish the mechanisms by whickeMF si gnal | i ng

involved in thdong-lastingalteratons in the SCN and the circadian system.

Overall, we observe that the SCN responds to the substantial peripheral
immune challenge, however on the whole, there were no major alterations in the
SCN between posteptic and LPS treated animals 3months follgwihe initial
immune insult. Therefore, the observed alterations in circadian locomotor behaviour
seen in posseptic animals at this time indicate that kbieg-lasting perturbations in
circadian behavioural rhythmicity exemplified by these studies amggbmediated
by other factors.

Attenuations in various other mechanisms may then underlie the
perturbations in circadian resetting exemplified by these studies. As previously
suggested, cytokine mediated alterations of the function of the HPA axis and
glucocorticoid receptor function may play a role, further modulating inflammation
(Capuron and Miller, 2011), and this alteration in endocrine function may feedback
to the SCN, impacting upon circadian function. Inflammatory mediators induced by
peripherh LPS may impact upon the SCN inducing functional changes and
alterations in clock gene expression following LPS administration, and the ability of
LPS to impact upon clock gene expression has been shown by various different
studies (Takahashi et al., 2Q0¥arpegan et al., 20032alomba and Bentivogljo
2008; Okada et al., 2008). The examination of clock gene expression iteChap
will clarify whether alterations in clock gene expression could underlie the long
lasting changes in behavioural resettirggtpsepsis.  Additionally, in the SCN or
regions it projects to such as the PVN, attenuations in the expression of other factors
involved in the inflammatory response not examined in these studies may play roles
in mediating the effects of LPS followirtge induction of sepsis. The assessment of
cholinergic transmission in the SCN post sepsis would be interesting. The
cholinergic antinflammatory pathway plays roles in the modulation of
inflammation, stimulating the parasympaibetnervous systemto relkease
acetylcholine which regulates the immune response (Pavlov et al., 2003). Given that

cholinergic input to the SCN is involved in the function of the circadian system (Hut
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and VanderZee 2011), itds possible thauch alter
as the loss of cholinergic fibres previously shown in rats following high dose
endotoxin (Semmler et al., 2007) could play a role in the behavioural alterations.
Attenuations in synaptic plasticity in thpostsepticbrain could play a role in the
attenuations in circadian behaviour. Two months following a single LPS treatment,
synaptic alterations are evidenced in plostsepticbrain, possibly mediated through
nitric oxide production (Weberpals et al., 2009) and given the upregulation we
observei n NOS2 =expression in the acute pha
possible that synaptic alterations could underlie the alterations in circadian behaviour
exhibited post sepsis. Further, microglia induced nitric oxide has been shown
vitro to affect he anterograde axonal transport of synaptophysin, which is a synaptic
protein involved in synaptic plasticity (Stagi et al., 2005). LPS induced cytokine
modulations could also perturb neurotransmitter function or brain circuitry since
alterations in neuteansmitter expression have been found in the rat brain during
sepsis (Freund et al., 1985), and alterations in these may underlie the perturbations in
behaviour in posseptic animals (Capuron and Miller, 2011).

Additional studies assessing these patanseare required in order to fully
assess the mechanisms by which LPS exerts its effects on the circadian system. The
results from the assessment of the neurochemistry of thesgotst SCN do not
show long-lasting expression of proinflammatory cytokingsown to impact upon
circadian rhythmicity in the SCN of peséptic miceand assert again, that in the
long term following a septic LPS treatment, an underlymagchanism is impacting
uponcircadian locomotor behaviour. It would be tempting to spee@ahechanism
whereby the actionof TNEE i n t he early stages as show
(Qin et al., 2007) leads to activation of the-BlIBB si gnal |l i ng pat hwa
the transcription of inflammatory mediators, including the inductiolN©fS2 and
IL-6 expression in the SCN, leading to either microglial activation that induces a
long-term selfpropelling neuroinflammation as outlined by other groups (Qin et al.,
2007; Bossu et al., 2012), or resulting in alterations in neuroendocrine ¢keba
the SCN through impairment of HPA axis function, or both. Further extensive
studies would be required in order to delineate a mechanism by which this LPS

induced neuroinflammation impacts upon circadian timekeeping processes.
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3.5.Supporting Information

(A)
Saline LPS

Figure S.1.. Immunizing peptide blocking experimerfA) Representative SCN
photomicrographs of animals treated one month previously with either saline or
LPS, illustrating the comparison between normal PER1 IHC stained sections and the
staining of sections when the PER1 anibody was neutralized with th& PER
immunizing blocking peptide, confirming that rgpecific staining did not occur
(scale bar = 100 pm).
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Chapter Four

Analysis of Clock gere and Immediate Early Genegproduct

expression in the posteptic SCN.

4.1. Introduction:

Inflammatory mediatorsnduced by peripheral LPS may impact upon the
SCN, inducing functional changes. Treatment with LPS and other inflammatory
mediators may attenuate the molecular oscillations of clock gene expression that
underpin circadian rhythmicity, both in the masteceaaker itself, and in the
periphery, and in this way can impact upon timekeeping processes.

4.1.1. LPS treatment impacts upon central and peripheral clock gene expression

Treatment with endotoxin impacts upon rhythmic clock gene expression both
in the SCN and irthe periphery, and the ability of LPS to influence molecular
oscillations and timekeeping processes has been shown by various different studies
(Takahashi et al.,@D1; Marpegan et al., 200Murphy et al., 20070kada et al.,

2008). While a low dose LPt&eatment is seen not to affédtrlor Per2expression

in the SCN (Takahashi et al., 2001), peripheral 1mg/kg LPS treatment temporarily
suppresses bother2andDBP mRNA expression levels in the SCN in rats, as well

as the expression éferl, Per2mRNA and other genes under circadian control in
the periphery, with restoration of expression patterns on the second day after the
immune challenge, showing that endotoxin treatment transiently suppresses
circadian timekeeping molecular oscillations (Okada ¢t2608). Yamamura and
colleagues (2010), have shown that LPS treatment causes a phase dependent
reduction in the expression BerlandPer2 genes in the heart and the liver. Both
Per2andBmallhave been shown to be significantly upregulated in thiphpey in

equine blood following LPS treatment (Murphy et al., 2007). Further, these studies
have shown LPS induced clock gene alterations to be inhibited by treatment with a
cyclooxygenase inhibitor known to reduce PGE2 levels, implicating a role & the

in circadian resetting (Murphy et al., 2007). Additionally, human subjects treated

with endotoxinin vivo showacute alterations in expression levels of various clock
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genes in peripheral blood leukocytes (PBL) (Haimovich et al., 2010). Treatment of
PER2:luc SCN cultures with either TNE o r in Lit® 8loes not affect rhythmic
expression patterns (Guenthner et al., 2009). Clock gene expression has also been
shown to be altered in other CNS regions in response to LPS treatment. Treatment
wi t h g 0QPSséngdtidn in the subjective night has been shown to ind&éd
expressionin the PVN region at CT15 (Paladino et al., 2010) and at ZT22
(Takahashi et al., 2001), and studies have shown stress signals such as LPS to induce
upregulation of théerlgene in the PVN CRF neurons, but not in the SCN, in mice
(Takahashi et al., 2001).

4.1.2. Inflammatory mediators attenuate clock gene expression in the SCN and in

the periphery.

Inthe SCN, IFNU i s seen to act directly wupo
upon clock gea rhythmicity. Mice treated with I di spl ay a ti me
response, with no alterations observed following-lBN ad mi ni str ati on at
atZT12,IFNU treat ment causes alBmalPartliands i n t
3 (Ohdo et al., 2001).Repetitive administratioof IFN-U r esul ted i n alt
photically inducedPer expression (Ohdo et al., 2001). Further, studies have shown
the expression oBmall and Clock to be dampened in the SCN following IFN
administration, and additionallythis has been seen to cause perturbations in the
expression of the clock controlled gene vasopressin which is involved in mediating
output from the SCN (Koyanagi and Ohdo, 2002). Administration of-ONFwh i ¢ h
is known to be induced following periphetd®S treatment (Zetterstrom et al., 1998)
and is involved in mediating the effects of LPS on theadiian system (Qin et al.,

2007) impacs upon clock gene rhythmicity in the SCN, and subcutaneous-ONF

has been shown to alter S@Xbp expression (Cavadini et al., 2007), and it has been
suggestedthat TNB whi ch has been shown to be nec
delays of locomotor behaviour may elicit these by altering the expression of clock
genes (Leone et al., 2012).

A wealth of literature has shown the ability of administration of
inflammatory mediators to impact upon clock gene expression in the periphery, both
in vivoand in cell linesn vitro. Continuous IFNJ admi ni stration i s
PerlandPer2mRNA levels in tle liver at ZT14 (Shinohara et al., 2008). Treatment

158



withIFN-o at ZT12, but not ZTO0, for @erdays W
expression (Ohdo et al., 2001), while in transgeerl-luc cultures, chronic
treatment (4 weeks) with IFN h a s shdwe &nsignificantly reduce rhythm
amplitude in individual rat neuron&ak et al., 2008 Clock gene expression in
mice has been shown to be altered by the proinflammatory prostaglandins, and PGE2
is suggested to act as an vivo-clock resetting stulus, since peripheral PGE2
treatment is known to phase shift clock genes in the periphearyo, altering the
expression levels dPerl, Reverb-U and DBP (Tsuchiya et al., 2005).In vitro,
NIH3T3 murine fibroblast cells treated with PGE2 inducedtexcand transient
expression oPerl mRNA in a dose dependent manner (Tsuchiya et al., 2005). TNF
U also impacts wupon peri phleriadt emoalcetciunlga
TNFR1 causes the upregulation éferl, Per2, Dec(differentiated embryo
chondrogtes)1 and Cryl, and the downregulation ddbp in fibroblastsin vitro
(Petrzilka et al., 2009). In fibroblasts vitro, and in the liver of micén vivo, the
expression of clock genes that contain E box regulatory elements, i.e. the PAR bZip
genes [dIf, Tef and Dbp and thePer 1, 2and 3 genes have been shown to be
suppressed by TNB ( Cavadini et al ., 2007). Fu
directly affects clock gene expression, treatment of both the human hepatoma HuH7
cell line and human hepatocamoma HepG2 cell ineswith TNB over ni ght r e
in dose dependent increase in CRY1 expression (Tong et al., 2012). These authors
show that TNFU upr egupl @bigugin Spexific Protease)2a, a
deubiquitination enzyme which is responsible for TMfnduced CRY1 protein
stabilization, and suggest that in this way, Usp2a disrupts the circadian clock in
responseto TNl and additionally, suggest that
for chronic TNFU suppression of t he ciwagasdi an ¢
shown to be decreased following TNF t r e a t meRet2 promotardriven h e
luciferase reporter activation by BMAL1/CLOCK overexpression was shown to be
suppressed in the Huh7 cell line (Tong et al., 2012). More recently, treatment of
human filvoblast cells with TNFJin vitro has been shown to significantly increase
the expression oPER3 and DBP, while reducing the expression biPAS2and
ARNTL2(Kouri et al., 2013).

Both IL-1 b a #6 evhich &re known to be induced in response to LPS both
cerrally and peripherally (Zetterstrom et al., 1998) impact upon clock gene

expression. k1 b has been found to cause signifi
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Dbp and Per3 in fibroblastsin vitro (Cavadini et al., 2007), and treatment of a
human hepatomcell line (HuH7) with IL-6 results in significant induction éferl
gene expression (Motzkus et al., 2002).

In vivo, the activation of CD40 leads to the production of proinflammatory
cytokines, and CD40 stimulation has been shown to lead to alterations in clock gene
expression in the liver and is dependent on TNFR1 signalling (Taraborelli et al.,
2011). Upon inductionf experimental arthritis in mice using a mixture of dpgie
Il collagen (antiCll) mAb and LPS, clock gene mRNA expression was disrupted in
the spleen, including that @&mall, Perland Per2 and Dbp, while PER2 protein
expression was disturbed in thectei of synovial cells (Hashiramoto et al., 2010).

Recent studies by Bellet et al (2012) have suggested there to be communication
betweenthe N B pat hway and cl| oc Kk -defcre® masepr es s
embryonic fibroblasts show alterations in th@nscription of clock genes. [@lock

mutant mouse embryonic fibroblasts that express alterations in tee NF p at hway
component, RelB, attenuations in the transcription of clock genes are shown in
response to TNE) treat ment , wi t hPer2 amohDbp mRNAsv el s o
observed in comparisonto TNF t reated wild type cell s,
between the circadian clock and dFB pat hway components [
regulating clock gene expression (Bellet et al., 2012).

Together, these studiesighlight the impact of immune mediators on
molecular clock gene oscillations, highlighting the ability of these factors tadmp

upon timekeeping processes.
4.1.3. Clock gene alterations are observed in chronic inflammatory conditions

Attenuations in the exprdss of clock genes have been observed in
conditions with an inflammatory component, both in humans and experimental
animal models. In male patients with acute Q fever as a result of bacterial infection
with the Coxiella burnetii (C. burneti), Per2 has ben demonstrated to be -up
regulated in the blood (Mehraj et al., 2012), while in female mice infectedGvith
burnetii, the expression of the clock ger@sckandArntl was shown to be reduced
in the liver, accompanied by an upregulatiorPef2 (Textoriset al., 2010)In both
preclinical and clinical AD, the rhythmic expression of clock gepexd, Cryland

Bmallis diminished in the pineal, whiléryl mRNA was increased in clinical AD
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(Wu et al., 2006)Obesity is associated with systemic inflammatioaf(¥ et al.,
2004), andhe expression patterns BallandReverbU wer e seen to be
the brainstem of obese mice (Kaneko et al., 200@)e recently, the expression of
clock genes has been shown to be disturbed in the synovial membrane of
Rheumatoid Arthritis (RA) patients (Kouri et al., 2013), while experimental arthritis
is seen to be exacerbateddry deficient mice, resulting in ineased serum levels of
matrix metalloproteinas®8, TNFU, -6lahd I-1 b, Il ndicating t ha
rhythmicity plays a role in the pathogenesis of arthritis (Hashiramoto et al., 2010).
The expression dPer2 has been shown to be altered in the periphethe liver of

mice with experimental autoimmune encephalomyelitis (EAE) which is
characterized by the infiltration of immune cells into the CNS and the presence of
inflammatory lesions as well as axorlaks in the brain (Buenafe, 2012In an
experimenal rodent model of African trypanosomiasigypanosoma brucei brucei

(Tb bruce) hasbeen shown to impact upon clock gene expression in peripheral
oscillators, to induce alterations @ock mRNA in the pineal gland, as well as a
reduction inBmall mRNA in the spleenn vitro (Lundkvist et al., 2010). Further,
these authors observe a shorteRedl-luc period in the pituitary gland, however
only 21% of SCN tissues showed flRerl-luc rhythms. In ageing, which is
associated with a lograde centralneuroinflammation Godbout and Johnspn
2009), BMAL1and CLOCK have been shown to be altered both in the SCN (Asai et
al., 2001) and in extr&CN sites (Wyse and Coogan, 2010). Taken together, these
studies highlight the impact of inflammatory conditicarsd diseases on circadian

timekeeping processes.

Given that oscillations of components of the molecular clock in both the SCN
and sites of other oscillators are known to drive circadian rhythms of behaviour, and
that immune mediators, including LPS, hdoez=n shown cause functional alterations
in the SCN (Marpegan et al., 2005; Beynon and Coogan, 2010; Palomba and
Bentivoglio, 2008; Sadki et al., 2007), and to alter clock gene rhythmicity, and the
current study observes perturbations in behavioural canathiythms in response to
a septic LPS treatment, we examined the oscillations of core molecular clock
components in the SCN to determine whether a molecular correlate exists for the
behavioural phenotype shown by pesptic animals. These experimentaraine
the diurnal expression of the clock gene protein products PER1, PER2 and CLOCK
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and further, examine-Eos expression patterns in the SCN, to assess qapic
SCN responsiveness and function. Perturbations in these parameters could be

responsibledr attenuated behavioural resetting in psegbtic animals.
4.2. Materials & Methods

4.2.1. Animals and Housing:

For assessment of IEG and clock gene expression in S§N
immunohistochemical analysis, male C57Bl/6 (obtained&ivgeks old) mice from
either Harlan (UK) or Charles River (UK) were used that had bgeyup housed as
outlined in &ction 22.2 For the purposes of retine reporting of circadian gene
expression, B6.1295Ber?™/J mice were utilized. B6.12958r2™1J have a
firefly luciferase [uc) gene inserted h r ame i nto the 36 end
mPer2gene between exon 23 and the three primeuttrans ed r egi on ( 360
et al, 2004 This allows the observation of the expression of the
PERIOD2:.LUCIFERASE (or mPER2::LUC) fusion peit in realtime. The
mPer2"® knockin mice are therefore utilized as a real time reporter of circadian
rhythms in mice.Homozygous individuals were thembtained from JAX mice
(USA) via Charles River (U.K), and a breeding colony established in NUI
Maynaoth. Mice homozygous for this mutation show no alterations in the circadian
behaviour or in mtrainment parameters (Yoo et al., 2R04At the beginning of each
experiment these animals were between 8 and 10 weeks old and were used for the
duration of tlese experiments up until the age of approximately 4 months.

4.2.2. Analysis of clock gene expression following induction of sepsis

In order to assess whether previous induction of sepsidongdasting
effects on the profiles of clock genes expression in the SCN across the 24hr circadian
cycle, adult male mice were group housed in colonies of ten in cages equipped with
appropriate environmental enrichment under a 12:12 LD (150 lux, lights on 0700h)
cycle for two weeks prior to treatment to allow for habituation. Animals were then
treated with either LPS 5mg/kg i.p. injection (n=3 or 4 per time point) or saline
vehicle (n=3 or 4 per time point). The animals were allowed to recover from the

immune challege for one month, during which time they were maintained under the
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12:12 LD cycle. Following this, they were transéa into constant darkneg3 lux)
for two cycles.

On the third cycle, the animals were sampled in dim red light (<1 lux) every
4 hours aarss the twenty four hour circadian cycle. Animals were terminally
anaesthetizd with 0.1ml i.p.sodium pentobarbital under dim red light (<1 lux) and
underwent transcardiac perfusion (outlined in sec8¢h3 at CT2, CT6, CT10,
CT14, CT18 and CT22 as tined previously (Beynon and Coogan, 2010). All
brains gathered were subsequently processed for immumciesnical staining
(outlined in sectior3.2.4 for the clock gene protein products PER1, PER2, and
CLOCK and the immediate early genéas. Detailof all primary antibodies used

are detailed in Table 4.

Table4: Primary Antisera used for Immunohistochemical analysis:

Antibody | Dilution | Raised in| Supplier Product Code

c-Fos (4) | 1:2000 | Rabbit Santa Cruz s¢52
Biotechnology

Per1(N20)| 1:500 Goat Santa Cruz sc-7724

Biotechnology
Per2 (E 1:1000 | Rabbit | Alpha Diagnostics, PER2IA

20) Texas USA.
Clock (H | 1:500 Goat Santa Cruz sc25361
276) Biotechnology

For each individual animal and each antibodye 3CN images were
examined by means of visugliantification of the number of immunoreactive nuclei
in the SCN, viewed with the light microscope asvyously outlined in section 3.2.5
and a mean value obtained for each animal at each time point for each clock gene
protein antibody for all SCN regisnof interest. These values were calculated for
each animal by two researchers. The observers were blinded to the experimental
procedure during quantification of immunoreactive cells per SCN. The means
calculated for each animal in both groups at eacle fooint were compared and
analysed by two way between groups ANOVA, with circadian time and treatment as
the between groups factors. Results are given as mean values (immunoreactive cell
number per SCN slice} standard error of the mean, statistical gigance was
accepted at P<0.05.
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4.2.3. Cosinor Analysis:

In order to analyze the individual 2¥cycle of expression of each clock gene
protein productdn the SCN and confirm if the rhythm was indeed circadian in
nature, a previously described cosinor method was utilized (Nelson et al., 1979).
The CircWave 1.4 analyses software (developed by Dr. R.A. Hut, 2007,
http://www.euclock.org) employs a forwalitear harmonic regression to calculate
the profile of the wave with a 24hr period for independent samples utilizing the

following function:

fy=a+3 Sp sini2p%+qi Cogzp%g

i=1

Where: a=average; i=1, 2, 3, indicating the fundamental wave, the first harmonic,
the secod h ar mo n-1)"tharmdhic; pis the sine coefficient of the-{i)"
harmonic and ghe coefficient of the {1)"h ar moni c; t =ti mepoi nt
f(t) is the calculated function value at time point t. Where: y is the fitted value for
time point t; a and b are linear estimates for the sine and cosine contribution to a flat
line (when i=0), the fundamental wave (i=1), first harmonic (i=2), second harmonic
(i=3), etc. A 24 hour rhythm was confirmed if the null amplitude hypothesis was
rejectel from an F test producing a significant value P<0.05. Values for the
amplitude, acrophase and rhythm adjusted mean level during the 24 hour cycle were

also provided through the cosinor analysis.
4.2.4. PER2::LUC Experiments

In order to assess circadian dynamitseaktime in postseptic animals and
saline controls, adult male mPEf2knockin (B6.129S6Per2™1J) mice from the
NUI Maynooth breeding colony were utilized. Adult male and female
mPer2"® knockin (B6.129S6Per?™71J) mice previously obtained from Charles
River, UK., were bred Hhouse. After weaning, animals were group housed
according to sex in colonies of 3 in cages equipped with appropriate environmental
enrichment and habituated to a 12:12 LD cycle for 2 wdé&k® lux, lights on
0700h) prior to experimentation. The animals were treated with either LPS 5mg/kg

intra peritoneainjection (n=4) or saline (n=5). The animals were allowed to recover
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following the induction of sepsis and were maintained for 1 montter a 12:12 LD
cycle.

For the purposes of culturing SCN explants, 70% ethanol was used to
sterilize any reusable equipment prior to use, these were then placed for 30min under
ultraviolet (UV) light in a sterile tissue culture hood to ensure sterilizati@ll
procedures described below were carried out rapidly to ensure the tissue remained
living.

One month following the initial LPS 5mg/kg treatment, at Al4animals
were culled by means of cervical dislocation, brains were carefully and rapidly
removel and placed on filter paper (Whatman, Sigma, UK) and a few drops of ice
cold Hankdés Bal anced Sal't Solution (HBSE
salt solution 10X, H1641, Sigma, U.S.A.; 4.7ml sodium bicarbonate solution (7.5%,
Sigma); 10ml 1M HEPESuUffer (Sigma) and 10ml penicillistreptomycin (10,000
unit/ml-10,000 pg/ml, Gibco, Invitrogen, U.S.A., dissolved in autoclaved gilli
water with the total volume adjusted to 1 litre and kept &t @gfior to usg added
immediately. The brain was cut calig removing the cerebellum and rostrally to
remove the preoptic region with a single edged razor blade. The brain was then
fixed onto the metal block of a manual advance Vibratome (World Precision
Instruments), using the least amount of cyanoacrylate gecessary (Bostik) with
the caudal cut surface attached to the block. The ventral aspect of the brain was
positioned to face the vibrating double edged blade, which was angled at 180°. The
block was then fixed in place in the vibroslice, and the blo# attached tissue
submerged in ice cold HBSS for sectioning.-3 Zoronal sections of 300um
thickness containing the SCN were cut through the live brain. The 300um live brain
slice containing the optimum mid SCN region was selected and viewed under a
dissecting microscope (Accuscope) and the paired SCN nuclei and retrochiasmatic
area identified and isolated from the slice with the aid of two salp&ach
individual tissue sample was then placed aseptically onto a Millicell culture
membrane (Milliporejreland)in a 35mm petri dish (Corning, U.S.Anith 1ml of
sterile recording medium consisting of Dulbeccos Modified Eagles Medium
(DMEM, with L-glutamine, 1000mg glucose, without phenol red, supplemented with
3.5g of Dglucose powder, Sigma), 4.7ml soni bicarbonate solution, (7.5%,
Sigma), supplemented with 10 mM Hepes buffer (pH 7.2, Sigma), and 2.5ml
Penicillin-streptomycin (10,000 unit/ril0,000 pg/ml, Gibco). All contents were
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dissolved in autoclaved MilQ water and the final volume adjustedliditre and
stored at 4°C prior to use. 0.1 mM beetle luciferin potassium salt (Promega, U.S.A.)
was then added just prior to the luciferase activity assay. The medium was used at a
temperature of 37°C.Autoclaved vacuum grease (Sigma) was applied ardha

edge of the culture dish and a 40mm coverslip lid (VWR) placed on top to seal the
dish, providing an airtight environment, preventing evaporation of the medium and
therefore equipped with the appropriate nutrition, moisture and oxygen supply for
mairtenance of the slice. A waterproof, light tight,°’G7incubator (Memmert,
Schwaback) fitted with Photomultiplier Tube (PMT) detector assemblies (Hamamtsu
Photonics. U.K., LTD.) was utilized for continuous monitoring of bioluminescence
rhythms from individial SCN culture explants for each animal in both treatment
groups for a period of ten days.

The bioluminescence emitted from each individual SCN tissue culture was
immediately calculated using Living Image 3.2 software (PMTmonTTL Software by
Dr. Shin Yamaaki) and bioluminescence value recorded for one of every two
minutes over a period of ten days. An adjacent averaging method with three hour
running means was utilized to smooth the data. Data sets waended, whereby
the 24hr running average wasbgacted from the raw data. A twenty four hour
running average was then calculated from thdreleded data, from which a 3hr
running average was subsequently calculated. The 3hr running average data was
then used for analysis with software developed®byR. Refinetti downloaded from

www.circadian.org The Cosinor software (Cosinor.exe, version 2.03; designed by

Dr. Refinetti) utilizes the cosinor method to calculate the mean amplitude and
acrophase of the rhytin The LSP software (Lsp.exe, version 2.07; designed by Dr.
Refinetti) utilizes the LomiScargle periodogram procedure to calculate the
circadian period of the rhythm. A mean value was therefore obtained for each
individual culture for the period, amplide and acrophase of the bioluminescence
rhythm. The means calculated for each culture for each treatment group were
compared and analysed by independent samgkest.t Results are given as mean

valuest standard error of the mean, statistical signif@awas accepted at P<0.05.
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4.2.5. Photic induction of immediate early gene expression in the SCN.

In order to assess thienglasting effects of sepsis induction on SCN
functional activity, neuronal activation was examined following photic stimulation.
In order to examine circadian function in this case, two groups of experimental
animals were analysed under different experimentalopoté, one where photic
stimulation occurred while the animals were held under constant dark conditions,
and the other where the experimental animals were maintained under a 12:12 LD
cycle. All animals were treated with either LPS 5mg/kg i.p. injectro8adine and
were left to recover from the immune challenge prior to experimentation.

For the purposes of the experiments under a 12:12 LD cycle, animals were
group housed in colonies of ten with appropriate environmental enrichment and
habituated to a 122 light dark cycle (150lux, light on 0700) for 14 days prior to
treatment. One month after treatment animals received a 30min light pulse (150 lux)
at either ZT15 (Saline 7, LPS 5) or ZT22 (Saline 4, LPS 4). Animals were placed
back in darkness for 30imto allow for expression of-Eos and were culled by
means of cervical dislocation one hour after commencement of the light pulse.
Brains were carefully removed and, immersion fixed in 4% PFA and processed for
immunohistockmistry as outlined in sectid3.2.4

For assessment of photic stimulation under constant dark conditions, 16 adult
male mice singly housed in running wheel cages used for construction of the phase
response curve were placed into a 12:12 LD cycle and maintained under this
photoperiodor 14days. The animals were transéel into constant darkneg3 lux)
conditions for two cycles. On the third cycle, animals received a 150 lux, 30 min
light pulse at either CT15 (Saline 4, LPS 4) or CT22 (Saline 4, LPS 4). Animals
were placed back idarkness for 30 min to allow for expression of timenediate
early genes -€o0s, Arc and Egfd, before being culled by means of cervical
dislocation one hour after commencement of the light pulse. Brains were carefully
removed, immersion fixed and procedsfor immunohistochemistry as outlined in
sectiors 3.2.3 and 3.2.4

For each individual animal,-8 SCN images were examined by means of
manual quantification of the number of immunoreactive nuclei in the SCN as
previously outlined in sectio.2.5 and amean value obtained for each animal for

each antibody for all SCN regions of interest. These values were calculated for each
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animal by two researchers blind to the experimental procedure and the means for
each groups were compared and analysed by indepesdmples-test. Results are
given as mean values (cell number)standard error of the mean, statistical

significance was accepted at P<0.05.

4.3. Results

4.3.1. Analysis of clock gene expression following the induction of sepsis

The molecular correlates of behavioural circadian rhythmicity were examined
by assessing the rhythmic expression of clock genes following sepsis induction.
Changes in the behavioural rhythm may be mimicked by the cycle of clock gene
expression in the SCNLhe experiment examined whether the induction of sepsis
alters the expression of clock gene protein products PER1, PER2 and CLOCK and
the IEG expression patterns in the SCN {z&gisis.

4.3.1.1. PER1 expression across the 24hr circadian cycle

Two Way Repeated/leasures ANOVA was utilized to assess statistically
significant differences between groups in the mean expression of the clock gene
protein product PER1 across the circadian cythere was a main effect of time on
PER1 expression in the SCNs@=14.77 P<0.001), but no effect of treatment
(F126=2.32, P>0.05) and no significant interaction effect »f0.60, P>0.05).
Analysis of the separate SCN subdivisions found there to be a significant effect of
time on PER1 expression in the SCN corg,11.91, P<0.001), but no effect of
treatment (E26=0.35, P>0.05), and no interaction effect {&£0.54, P>0.05). There
was a significant effect of time on PER1 expression in the SCN shkeh=(14.47,
P<0.001), but no effect of treatment; gE=3.25, P®.05) and no interaction effect
(Fs26=1.44, P>0.05).(Figure 4.1).

Co-sinor analysis of PER1 expression in the SCN revealed the acrophase of
expression to be at CT15.87 in controls and CT 16.27 ingedic animalsThe
percentage of variance in PER#pression accounted for by a 24 howsote wave
was found to be 91% in controls and 66% in fsEgitic animals.

168



(A)
CcT2 CTé CT10 CT14 CcT18 CT22

Saline
S
i l
:,:| |
LPS
(B)
400.00—
=z ’ Saline
8 300.00— [] rs
&
E 200.00—
o
S
T 100.00—
&
o
w
o 0.00-
é ‘6 1‘0 1‘4 1‘8 2‘2
Circadian Time (h)
()
. Saline 250.00- . Saline
3 125.00- (] Lrs 5 []Lrs
N N 200.00-
E 100.00~ B
— —_ i
) E 75.00- T = 150.00
e o %
— 00— . 100.00-
=0 50.00 =0
- -
' 25.00- 14 50.00-
w 1]
o o

0.007 I 1 ) I 1 1 0.00-
2 6 10 14 18 22
Circadian Time (h)

2 6 o 14 18 2
Circadian Time (h)

Figure 4.1: Effects of previous sepsis on the expression of the clock gene product,
PERL1 in the SCN across the 24hr circadian cycl&xpression patterns of PER1,
were examined in the SCN of animals treated one month previous with either saline
or LPS and then samgd every 4 hours across the 24 hour cycle in DB).
Representative photomicrographs of PER1 expression in the SCN efeptst
animals (n=34 per timepoint and control animals (n=24 per timepoint) at CT2,
CT6, CT10, CT14, CT18 and CT22 (scale bar ® 10n). (B) Graph illustrating
quantification of levels of PER1 immunoreactive nuclei in the SCN at CT2, CT6,
CT10, CT14, CT18 and CT22 and illustrating the expression rpatieross the
circadian cycle (C) Graphs illustrating quantification of levels d?PERL1
immunoreactive nuclei in the SCN core and shell subdivisions at CT2, CT6, CT10,
CT14, CT18 and CT22, illustrating the expression pattern across the circadian
cycle.
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4.3.1.2. CLOCK expression across the 24hr circadian cycle

Two Way Repeated Measures ANOMras utilized to assess statistically
significant differences between groups in the mean expression of the clock gene
protein product CLOCK across the circadian cydleere was neffect of time on
CLOCK expression in the SCN {p=1.99 P>0.05), no effe¢ of treatment
(F12671.22, P>0.05) and nimteraction effect (F»g=0.23 P>0.05). Analysis of the
separate SCN subdivisions found #h&v be nceffect of time on CLOCK expression
in the SCN core #¢=1.20, P>0.0} no effect of treatment (&=2.02 P>0.05), and
no interaction effect @»¢=0.79 P>0.05). There was no effect of time on CLOCK
expression in the SCN shells((5=2.33, P>0.0§ no effect of treatment (Rg=1.01,
P>0.05) and no interaction effec@5=0.20 P>0.05). (Figure 4.2).

Assessment of CLOCK expression in the SCN across the circadian cycle by
Co-sinor analysis found the percentage of variance in CLOCK expression accounted
for by a 24 hour csine wave to be similar in control (0%) and in pseptic
animals (0%), since CLOCis not rhythmically expressed in the SCN (Gekakis et
al., 1998).
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