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ABSTRACT

The presence of endotoxin in animals and humaggers a sequence of acute phase
responses, which include the synthesis and releapeo-inflammatory cytokines from
immune cells, followed by the development of vasi@ymptoms of sickness including
fever and an array of behavioural responses, corynogferred to as sickness
behaviours. Most experimental investigations examg the mechanisms mediating
fever and sickness behaviour responses have us#i@glipopolysaccharide (LPS), the
glycolipid pyrogenic moiety of the Gram-negativectaial membrane, to trigger the
innate immune system. Results obtained from ssugseng specific antagonists to block
the action of cytokines synthesized following sgste administration of LPS, have
uncovered important roles for pro-inflammatory ¢éytes, such as interleukin (IL)31
IL-6, tumour necrosis factor-alpha (TNB-and leptin, in mediating fever. Although it
has been shown that administration of pro-inflanumatytokines can induce sickness
behaviour in experimental animals, no clear role been identified for these cytokines

as endogenous mediators of sickness behaviourseddollowing LPS administration.

Using rats as experimental animals and endogenygiakioe antagonism, | therefore
investigated whether endogenously released BL-1L-6, TNF-a and leptin are
physiologically active not only in the generatiohfever, but also in the generation of
two specific sickness behaviours, lethargy and exar induced by subcutaneous (s.c.)
administration of LPS. Lethargy, anorexia and fewere measured as changes in

voluntary wheel-running, food intake and body terapg&e respectively. | antagonized
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the biological action of these cytokines in theip®eery following s.c. administration of
LPS by injecting rats intraperitoneally (i.p.) witpecific anti-rat sera to one of the
following: TNF-a, IL-1[3, IL-6 or leptin. Peripherally-released leptin apped to be an
important mediator of both fever and anorexia,hasgresence of leptin antibodies in the
circulation abolished both the anorexia and femduced by s.c. administration of LPS.
In contrast though, whereas the presence of ILttbagies in the circulation abolished
the LPS-induced fever, suppression of voluntariwegtwas reversed by the presence of
IL-6 antibodies only to the extent of 27%, and djpelso was not returned to normal
levels in the presence of IL-6 antibodies. Thus6 Imay be an essential component of
LPS-induced fever, but an additional factor or dast possibly working in parallel with
IL-6, may be required to mediate the lethargy amor@xia induced by s.c. administration
of LPS. Injecting rats i.p. with TNBE-antiserum or IL-B antiserum had no effect on
LPS-induced lethargy and LPS-anorexia, indicatimgt if these cytokines are working
with peripherally-released IL-6 to induce sickndsshaviour, it is likely due to their

synthesis in the brain.

Injecting species-homologous rat 13-&nd IL-6 into the brains of conscious rats, | aime
to identify whether either of these two cytokinemncact within the brain to induce
lethargy and anorexia in the absence of an infectidntracerebroventricular (i.c.v.)
administration of either IL{1 or IL-6 before the night-time active period deced
voluntary activity in the rats in a dose-dependashion, whereas only ILBldecreased
food intake and body mass of the rats. It is ipbsgherefore, that increased levels of
IL-1B in the brain may be working in parallel with ILy&éleased in the periphery to

induce lethargy and anorexia following s.c. adnmraitson of LPS.
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Thus | antagonized the biological action of thesgokines endogenously by
administering species-specific antiserum to ILI6§AS) i.p., and a caspase-1 inhibitor,
which prevents the cleavage of pro-IB-Xo biologically active IL-B, i.c.v. and
monitored the symptoms of sickness induced by Lt they ceased, so as to determine
the cytokine involvement not only in the inductioh these responses, but also in the
resolution of these responses. Pre-treating réts @ither IL-6AS i.p. or a caspase-1
inhibitor i.c.v. attenuated the magnitude and theation of the anorexia and lethargy
induced by LPS administration. LPS-induced fevaswompletely abolished in rats pre-
treated i.p. with IL-6AS, while it was only partiialattenuated in rats pre-treated i.c.v.

with a caspase-1 inhibitor.

In conclusion, there appears to be some distirftgrdnces in the cytokine-mechanisms
regulating fever and sickness behaviours inducetRfy. Identifying the physiological
mechanisms mediating fever and sickness behavidursng illness may provide
clinicians with more insight into managing not otie thermal, but also the non-thermal
responses to infections, responses which may beamtrenental to the host if they
continue for a prolonged period. My observatiomattiheducing either IL-6 in the
circulation or IL-B in the brain significantly enhances the resolutcdranorexia and
lethargy, but does not completely prevent them fiaoourring, appears to indicate that
while individual cytokines are possible targets foerapies aimed at alleviating these
sickness responses in patients with bacterial tiofies, to abolish them multiple

cytokines may need to be targeted.
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PREFACE

Having cared for a sick child or animal caregivegsognize that most often it is the
dramatic changes in behaviour that provide sigrd their child or pet is ill. Sick
humans and animals often are “feverish”; they do feel like eating food, have an
increased sensitivity to pain and lose intereghgir physical and social environments.
They feel fatigued and are reluctant to engagleir normal daily activities. Their sleep
is also often fragmented and they develop a depdessood. Each of these sickness
symptoms negatively impact on the sick individualsiality of life and are extremely

uncomfortable, which is often what necessitatesica¢thtervention.

The discovery that these non-specific behaviouyalpgoms are not only particular to
patients with a “common cold” or flu, but in fadsa appear to occur in patients with
some of the most harmful, costly and debilitatingedses currently experienced in the
Western World: coronary heart disease, cancer, itgbetype |1l diabetes and

neurodegenerative disorders associated with adiag, enhanced the effort of basic
scientists and clinicians to identify the pathopblggical mechanisms causing these
behavioural symptoms, with the view to developimgatment strategies aimed

specifically at managing them.

A major breakthrough in identifying the possible amanisms involved in mediating

illness-induced behavioural symptoms arose seréndgly from clinical studies in

which proteins important for immune function, knows pro-inflammatory cytokines,

XXili



were used in the treatment of the immunosuppresgi@sent in cancer patients.
Injecting cancer patients with these cytokines poedl a suite of sickness responses,
including fever, fatigue, malaise, headaches, atm@rand depression, similar to those
noted during infection. From these clinical stsdighowing that pro-inflammatory
cytokines, molecules produced by immune cells efltbst in response to a variety of
disease-causing pathogens, can induce dramatigetan behaviour resembling those
seen during infection, the question has arisenoawhether these proteins are likely
mediators of sickness responses. The use of atgattspecifically block the synthesis
of cytokines in animal models of simulated Gramateg bacterial infection has
successfully been used to identify the involvemehtcytokines in mediating fever
induced by a variety of disease-causing pathogenscontrast to the important role
established for cytokines as endogenous mediatdever, no clear picture has emerged
as yet regarding their involvement as endogenoubatwes of anorexia and lethargy, two

brain-controlled sickness behaviours, also knowbpetanduced during an infection.

The main aim of this thesis was therefore to syaterally investigate the involvement of
four principal cytokines, TNk IL-1p, IL-6 and leptin in mediating not only fever, but
two specific behavioural symptoms of sickness, ngnethargy and anorexia, in an
animal model of simulated Gram-negative bacten#ddtion. As sickness and recovery
processes are ultimately governed/controlled bybtlaén, a secondary aim of this thesis
was to investigate the action of cytokines withia brain, on voluntary activity and food

intake in the absence of a simulated infection.
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In Chapter 1 | review the studies which have thus far examitiexcontribution of the
four principal pro-inflammatory cytokines, ILB1 IL-6, TNF-a and leptin, in mediating
fever and sickness behaviours, specifically anar@xid lethargy, induced by peripheral
administration of LPS Chapters 2-4 contain publications that form the main body & th
thesis. InChapter 2 | administered species-and cytokine-specific ardigze examine
whether peripherally-released cytokines, R-11L-6, TNF-a and leptin are
physiologically active in the generation of thehkatgy, anorexia and fever induced by
subcutaneous administration of LPS in rats. Toetis direct effects in the brain of IL-6
and IL-18 in mediating sickness behaviours, | injected sgebiomologous rat IL-6 and
IL-1p directly into the brains of conscious rats andnexad the dose-response effects on
their voluntary activity, food intake and body teangture inChapter 3. Chapter 3 also
looks at whether IL-6 and ILflact synergistically within the brain to mediateges in
voluntary activity, food intake and body temperaturin Chapter 4 | investigate the
effects of inhibiting the action of peripherallyigased IL-6 and ILi in the brain on
lethargy, anorexia and fever induced by subcutamadministration of LPS. IGhapter

5, the experimental results presented in the tresisummarized, unresolved issues are

discussed, and conclusions and recommendatiorgvae.
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CHAPTER 1

INTRODUCTION



Pathogenic microorganisms which succeed in ovenegritie physical barriers to access
the human body trigger a set of immune, physiolagienetabolic and behavioural
responses in the host, known collectively as thieaghase response (Dantzer, 2004). Of
these acute phase responses, fever is the mostaudgnnecognized and it is identified
by physicians and patients alike as an elevatidsodly temperature. Not only will most,
if not all patients have high body temperaturesimdurinfectious and inflammatory
iliness, but so too will they experience a clustenon-specific behavioural changes such
as lethargy, depression, increased sleepinessangdgnd suppression of appetite (Hart,
1988; Dantzer, 2001; Johnson, 2002). These betaliohanges, collectively referred to
as “sickness behaviour” are now well-establishegpeoases to infection and together with
fever constitute a highly organized and evolveditsgy used by the host to fight

infection (Hart, 1988).

Part of the innate immune system’s response tatiofe includes the production of pro-
inflammatory cytokines, the involvement of which the pathogenesis of fever was
identified in the late 1970’s (Dinarellet al., 1977; Dinarello, 1999). The pro-
inflammatory cytokines thought to have significaoies in fever include tumour necrosis
factor (TNF), interleukin-1 (IL-1) and interleuki®- (IL-6), synthesized by
monocytes/macrophages and lymphocytes (Luheshi gaviRsl, 1996). Approximately
ten years after a role for cytokines in fever wasavered, evidence began to emerge that
cytokines also may be involved in the inductionhed sickness behaviours accompanying
fever. The evidence came from clinical trials ihieh purified or recombinant cytokines

were used in the treatment of patients with camcer chronic viral infections such as



hepatitis B and C. Administering cytokines to #a@atients produced a number of side-
effects which included lethargy, weakness, malagtegep changes as well as fever
(Renault & Hoofnagle, 1989; Dinarello, 1997). itickly became apparent to clinicians
and researchers that these effects observed watersic administration of cytokines
were akin to those experienced by sick animalstandans. Since these observations
obtained from clinical studies, experimental adstmation of pro-inflammatory
cytokines to animals has confirmed that most compts of sickness behaviour can
indeed be induced by pro-inflammatory cytokines,particular IL-1 (for review see

Dantzeret al., 1998; Dantzer, 2004).

Although exogenous administration of cytokinesnmaals and humans induced sickness
behaviour, there nevertheless remained doubt as/hether cytokines synthesized
endogenously during infection mediated sicknessawehnr. It was proposed that the
injection of recombinant cytokines may be at phamwh@gical doses, inducing effects
which are not necessarily representative of the piaysiological effects occurring in an
infected individual. Moreover, during an actualsanulated infection not only one, but a
number of different cytokines are synthesized &ede cytokines can affect the synthesis
and secretion of each other (Cartmell & MitcheD08). Thus it became clear that an
understanding of the cytokine mechanisms mediafexgr and sickness behaviour
during an infection would need investigations itibe@ contribution of each individual

cytokine in mediating sickness responses.



The development of techniques which allowed specdntagonism of individual
cytokines, such as receptor antagonists, neutngliaintibodies against cytokines and
their receptor molecules, and gene knockout tedgypl assisted researchers in
undertaking investigations into the respective saécytokines. These techniques were
combined with an established animal model of siteglanfection induced by a powerful
activator of the innate immune system, lipopolysaccle (LPS), the glycolipid
pyrogenic moiety of the Gram-negative bacterial roeane, injected into various animal

species via various routes (Ulevitch & Tobias, 1995

This introductory chapter summarizes the curresvgion how the response of the innate
immune system to administration of LPS leads to ghethesis of pro-inflammatory

cytokines, and it reviews the literature on prdanfmatory cytokines as mediators of
fever and sickness behaviours, specifically anarexid lethargy, induced by LPS. The

guestions to be addressed in this thesis alsaeed:.

1.1 Bacterial-host inter actions

A substantial portion of our knowledge on host de& responses and inflammatory
mediators during an infectious episode has beenatefrom studies investigating host
responses to LPS administration (Heumann & Rog602P The interest in this

molecule and the mechanism of its biological achame significant clinical application,

as Gram-negative sepsis in humans is caused byobBatgeriaceae such Bscherichia

coli and Klebsiella species (Bochud & Calandra, 2003). LPS is compasfetwo



chemically dissimilar structural regions: the hyghilic repeating polysaccharides of the
core and the O-antigen structures, and a hydrophddonain known as lipid A. Lipid A

is the biologically active moiety of LPS (HeumannRbger, 2002). Of the different
components (LPS, peptidoglycan, porins, pipopratelipopeptides, lipid A-associated
proteins, pili, flagellin, DNA (CpG motifs) and eoibxins) of Gram-negative bacteria
known to induce inflammation, LPS is proposed tothe most potent (Heumann &

Roger, 2002).

1.1.1 Detection of Gram-negative bacteria througjlutar receptors

Once bacterial components have entered the hestnttate immune system recognizes
the presence of a given pathogen by the so-callfibgen-associated molecular patterns
(PAMPSs) present on microbes, but not expressechbyhost (Janeway & Medzhitov,
2002; Kapetanovic & Cavaillon, 2007). PAMPs areafic, structurally conserved
components of certain broad groups of microorgasigRomanovskyet al., 2006).
Classical bacterial PAMPs include LPS of Gram-niegabacteria and lipoteichoic acid
or peptidoglycans from Gram-positive bacteria. dogbn of PAMPs present on
microbes is mediated by pattern recognition reaspeapressed on the surface of innate
immune cells of the host (Kapetanovic & Cavaill@@07). The pattern recognition
receptors for PAMPs are germ line encoded recegtnosvn as Toll-like receptors
(TLR), which are transmembrane proteins that réayiPs-induced signals across the

cell-surface membrane (Kapetanovic & Cavaillon, 200



There is substantial evidence to indicate that BEXS via the TLR-4 receptor subtype of
the TLR family (Chowet al., 1999). However, for LPS in plasma to confirm
responsiveness via its TLR, its lipid A domain t@abind at least two non-signalling host
accessory proteins: the constitutive serum protéis-binding protein (LBP), and
soluble or membrane-bound CD14 (see below) (Cart&eMitchell, 2005). LBP
dissociates LPS aggregates to form LPS/LBP complesech are transferred to CD14.
The primary role of LBP is therefore to functionaaBpid-transfer protein, increasing the
rate at which LPS interacts with soluble or membraound CD14 (Pugiat al., 1993).
CD14 exists as a protein anchored in the outeleleaf the plasma membrane (mCD14)
present on monocytic cells (CD14-positive cellff)also exists in the form of a soluble
plasma protein (sCD14) that attaches LPS to CDhtnee cells, such as endothelial
cells present in blood and fluids (Heumann & Rod#02). CD14 cannot induce
activation without a transmembrane signal transtycio-receptor, identified as TLR-4
for LPS (Kapetanovic & Cavaillon, 2007). The mearm®-bound CD14 which binds
LPS, conveys it to MD-2, a key protein needed fur TLR-4 dependent intracellular
signalling (Kapetanovic & Cavaillon, 2007). As Hig 1 illustrates LPS therefore
initiates its effects through a heteromeric recegtmmplex containing CD14, together
with the transmembrane protein TLR-4 (Medzhitov &@éway, 1997), and at least one
other protein, MD-2, which is essential to confdP3. responsiveness via its TLR
(Shimazuet al., 1999). The importance of TLR-4 in mediating tihremune response to
LPS has been confirmegh vivo with the finding that TLR-4-deficient mice do not
respond to LPS (Hoshinet al., 1999). While TLR-4 appears to be the primary

mechanism mediating LPS recognition, other recepsauch as CD11/CD18 beta-2



integrin and cell-surface proteins known as scagemgceptors may also be involved

(Romanovskyet al., 2005).

Once LPS binds to TLR-4 present on the surfaceeaotdcytes, this leads to signal
transduction via receptor associated proteins, Hedeptor-associated kinase, myeloid
differentiation factor 88 (MyD88) and TNF receptmssociated factor (TRAF6), resulting
in the activation of transcription factors (nucldactor«B and activator protein 1)
(Cartmell & Mitchell, 2005). Although TLR-4 sigrialg can also occur through a
MyD88 independent pathway, the MyD88 pathway depiagh Figure 1 is essential for
the inflammatory response mediated by LPS. Thast@ption factors control the
expression of immune response genes, which ultlgnetads to the synthesis and release
of cytokines (Heumann & Roger, 2002; Cartmell & éhiell, 2005; Kapetanovic &

Cavaillon, 2007).

The focus of the discussions of this review willdsethe involvement of four principal
cytokines (TNFe, IL-1p, IL-6 and leptin) as endogenous mediators of feaeorexia

and lethargy induced by LPS.



\ Membrane

TRAF6 Cytoplasm

Figure 1. Lipopolysaccharide aggregates are dtsat by LBP to form LPS/LBP
complexes which are transferred to CD14. A smgdkaine rich secreted glycoprotein,
MD-2, is essential for TLR-4 signalling, which leatb signal transduction via receptor
associated proteins, IRAK, MyD88 and TRAF6, resgitiin the activation of
transcription factors (NkB and AP-1). The transcription factors control éxgpression
of immune response genes, which ultimately leadght synthesis and release of
cytokines. Abbreviations: Lipopolysaccharide (LPEPS-binding protein (LBP), Toll-
like receptor 4 (TLR4), IL-1 receptor-associatedddge (IRAK), myeloid differentiation
factor 88 (MyD88), TNF receptor-associated factqifRAF 6), nuclear factokB (NF-
kB), and activator protein 1 (AP-1) (modified fronai@nell & Mitchell, 2005).



1.1.2 From LPS-induced synthesis to detection tdleges through cellular receptors

The experimental model of systemic infection, tisahtravenous (i.v.) or intraperitoneal
(i.p.) administration of LPS to laboratory animalgs been by far the most popular
model used to investigate fever and sickness bebavesponses. The rationale for
administering LPS systemically is that it mimicsspenses induced by bacterial
septicaemia, in which the exogenous pyrogen iseptes the circulation. Injection of
LPS into a pre-formed subcutaneous airpouch is asexh experimental model of sterile
localized infection. In this experimental modes #fxogenous pyrogen remains at the site
of administration, and so does not enter the cteuh. In response to i.v. or i.p.
administration of LPS, TNe-appears first in the circulation, followed by &a@mounts
of IL-1B and large amounts of IL-6 (Givaloet al., 1994). Injection of LPS into a
preformed subcutaneous airpouch induces a signtfielevation in the concentration of
TNF-0, IL-1p and IL-6 (in that sequence) at the site of infact(that is within the
pouch), but IL-6 is the only cytokine detected Ine tcirculation (Milleret al., 1997b;
Cartmellet al., 2000). Thus the pattern of cytokines inducedhia circulation during

experimental models of systemic and localized ind@cappears to differ.

Not only have pro-inflammatory cytokines been detécin the circulation following
systemic administration of LPS, but they also appethe brain (Rivestt al., 2000). It
has been suggested that these cytokines in the dwaid be derived from the periphery
or they could be synthesizelk novo within the brain following the systemic immune

challenge. Potential sources of cytokine synthasighe brain include microglia,



astrocytes, neurones and endothelial cells (Rothetedl., 1996). Whether in the
periphery or the brain, cytokines produce theiestle biological effects by binding to
specific membrane-bound receptors, thereby triggea cascade of events, leading to
signal transduction which promotes transcriptiord arpregulation of expression of
specific target genes, for example those for theh®sis of cyclooxygenase (COX) (a
detailed description of the signal-transductionhpatys for IL-1, TNF and IL-6, is

provided in the review by Cartmell & Mitchell, 2005

The IL-1 cytokine family consists of two agonisté;la and IL-13, and a highly
selective endogenous IL-1 receptor antagonist (H)-IDinarello, 1991). In vivo all
three cytokines are synthesized initially as preets, of which pro-IL-& and pro-IL-1ra
are biologically active. Pro-ILfl is inactive as it lacks a signalling peptide, and
therefore remains inside the cell in which it wgsteesized (Thornberrgt al., 1992;
Burnset al., 2003). To be biologically active, pro-Il3Xequires proteolytic cleavage by
an enzyme known as caspase-1 or interleukin-1-¢tngeenzyme to active mature IL-
1B, which is then secreted from the cell (Thornbegtrgl., 1992; Fantuzzi & Dinarello,
1999; Burnst al., 2003). There are no differences between thiedcal actions of IL-
18 and IL-1o (Dinarello, 2005b). However, ILelis thought to remain mainly cell-
associated, while IL{l is secreted and therefore, more likely to playoke rin the
physiological responses such as fever and sickmefsaviour (Dinarello, 2005b). ILel
IL-1B and IL-1ra all bind the same IL-1 receptors ogearcells: type | (IL-1rl) and type
[l (IL-2rl) IL-1 receptors (Dinarello, 1991; Conét al., 2004). IL-1 exerts its biological

effects through initial interaction with the IL-1lréceptor to form a functional signalling
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receptor complex (Simet al., 1993; Langet al., 1998). The IL-1rll receptor acts as a
“decoy” molecule binding IL-1 with high affinity yet fails to activate the signalling

cascade (Langt al., 1998).

Like IL-1, TNF occurs in two formsy andf (Cartmell & Mitchell, 2005). Of the two
different forms, TNFe is proposed to be primarily involved in the physgcal
responses of fever and sickness behaviour. Therédwa transmembrane signalling
receptors, type | (TNFRI, p55) and type Il (TNFR3#Z5), by which TNF mediates its
pleiotropic effects (Bazzoni & Beutler, 1996). Aird soluble receptor also exists that

acts endogenously as an antagonist of TNF acf{iMimmleret al., 1990).

The biological effects of IL-6 are mediated by a@fic receptor complex that consists of
two functionally different subunits: a specific digd-binding receptor (IL-6R), not
capable of transducing activity; and a non-ligamdlimg signal transducing glycoprotein
(gp 130) (Cartmell & Mitchell, 2005). Together-@R and gp 130 form a high-affinity
IL-6 binding site that triggers specific transdoctisignals (Kishimotcet al., 1995).
Soluble forms of the ligand-binding IL-6 receptarbsnit have also been discovered
(Rivestet al., 2000; Rothet al., 2004b). These soluble IL-6 receptors can biné &nd

associate with cellular gp130 to initiate signahsduction (Rotlet al., 2004b).

Leptin is a 16kDA pleitrophic protein encoded bg tf gene, which belongs to the long-

chain helical cytokine family that also includes@Land is produced mainly by white

adipose cells (Zhangt al., 1994). The biological effects of leptin are iodd by
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signalling via the long isoform of the leptin retap ObRb (Bate&t al., 2003; Batest
al., 2004). The ObRDb receptor has signalling actesisimilar to those of the IL-6 type

cytokine receptors (Vaisgtal., 1996).

Receptors for IL-1, IL-6, TNF and leptin have begentified on peripheral cells and they
have been localized in the brain of rodents (HopldnRothwell, 1995; Zabeaet al.,

2003). Having discussed the interactions betwde8 &nd immune cells, which lead to
the synthesis of pro-inflammatory cytokines in @sge to systemic administration of
LPS, the subsequent sections summarize the findibgsned from studies using genetic
ablation or physiological antagonism of a particalgtokine or its receptor to investigate
the action of specific cytokines, released in teaghery and the brain, in mediating the
sickness responses of fever, anorexia and lethadyced by peripheral administration
of LPS. These findings also are compared withdra#ained from the more commonly

used pharmacological approaches of cytokine adtramisn.

1.2 Cytokines as mediator s of fever induced by L PS

It is generally believed that the febrile respoissmostly beneficial to the host acutely, as
an increase in body temperature has been showwotentmte specific immunological

responses and inhibit the growth of at least sored wnd bacterial pathogens (Hart,
1988). The increase of body core temperaturedbatirs during a fever appears to be
due to a regulated elevation of the temperaturepssit resulting from changes in the

firing rates of neurones localized in the preoptiea of the hypothalamus (Costial.,

12



2004). It has been suggested that during fevenganic molecules decrease firing rates
of warm-sensitive neurones, and increase firingsraif cold-sensitive neurones (as a
consequence of synaptic inhibition), thereby sugpgirg heat-loss responses and
enhancing heat production and heat-retention resgso(Mackowiak & Boulant, 1996).
These changes in firing rates have been reportstudies usingx vivo protocols, which
included administration of recombinant TNfF4L-1p and IL-6 to hypothalamic tissue
slices, and are similar to the responses observedriscious febrile animals (Shibata &
Blatteis, 1991). Thus it has been proposed thaindftammatory cytokines are the likely
pyrogenic molecules acting within the hypothalanwsicrease the temperature set-point
during fever, which results in the relative changediring rates of thermo-sensitive
neurones (Horet al., 1988; Nakashimat al., 1989; Nakashimat al., 1991; Shibata &

Blatteis, 1991; Xin & Blatteis, 1992).

1.2.1 Interleukin-f

IL-13 was the first cytokine considered to be an endogernpyrogen. The initial
evidence was based on the findings that periptardlcentral injections of recombinant
IL-1p into various laboratory animals induces fever @asbeet al., 1989; Murakamet

al., 1990; Cacet al., 2001). Although IL-f may be a potent pyrogenic cytokine when
injected systemically (Dascomlse al., 1989), there remains uncertainty concerning its
involvement as an endogenous pyrogen mediating r femduced by systemic
administration of LPS. The uncertainty surroundind.p as an endogenous pyrogen has

arisen because of the poor correlation noted betweefever response and plasma fL-1
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concentrations (Kluger, 1991), the repeated faibfrenany studies to detect biologically
active IL-18 in plasma during simulated infections (Hopkins &rkphreys, 1989, 1990)
and the contradictory findings obtained from stadrewhich IL-13 antagonism was used
to investigate the involvement of IL31lin LPS-induced fevers. In support of IB-1
acting as an endogenous pyrogen, are the repattéetrer in response to peripheral LPS
administration is inhibited by: (i) peripherally rathistered IL-B antiserum or IL-1ra
(Longet al., 1990b; Smith & Kluger, 1992; Luhesétial., 1996; Milleret al., 1997a) and
(i) centrally administered IL{1 antiserum or IL-1ra (Kliret al., 1994; Luheshet al.,
1996; Milleret al., 1997a; Cartmeltt al., 1999). Reports not in favour of IL3Bcting as
an endogenous pyrogen are the findings thatpllkfhockout mice, mice which are
deficient in IL-18 production, respond with only a slightly reduc&dZak et al., 1995b)
or even enhanced (Alheiet al., 1997) fever following LPS administration, and mic
deficient in the IL-1 type | receptor respond watintually the same fevers as wild-type
mice (Leonet al., 1996; Labowet al., 1997). Therefore, IL{1 appears to play a role,
though perhaps not an essential role in fever iaddxy systemic and local administration

of LPS.

1.2.2 Interleukin-6

In contrast to the minor role proposed for Ig4h mediating LPS-induced fever, the role

of IL-6 appears to be a major one. The first pseckevidence in support of IL-6 as an

endogenous pyrogen in both humans and experimeaahals came from the

observations of excellent correlations betweennfagnitude and duration of the fever
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response and plasma IL-6 concentrations (Nijstenl., 1987; LeMayet al., 1990).
Moreover, injecting recombinant IL-6 into the bminf rats (LeMayet al., 1990;
Dinarello et al., 1991) and systemically in rabbits (Heke al., 1988) induced fever.
Since these early findings, a critical role for egenous IL-6 in LPS-induced fever has
been confirmed by the finding that IL-6 knockoutceyi mice carrying a null mutation in
the IL-6 gene and therefore defective IL-6 produttido not develop a fever when
injected with a low dose of LPS (50 kg') (Chaiet al., 1996; Kozaket al., 1998).
Having established that IL-6 is indeed a criticatiegenous pyrogen, the question arose
as to whether the fever response induced by systarmd local administration of LPS
required the central (brain-based) or peripheral pbIL-6. The finding that central and
not peripheral administration of IL-6 induced fevier wild-type mice, lead to the
speculation that it is the action of IL-6 withinethbrain which is important for fever.
However, more recently the studies of Cartneell., (2000) and Rummaet al., (2006)
have shown that neutralizing the action of IL-&he periphery using a species-specific
IL-6 antiserum, completely prevented fever from wcog following localized
administration of LPS. Thus there is direct evimiethat not only centrally released, but

also peripherally-released IL-6 can act as an ¢is$aignal to the brain to induce fever.

1.2.3 Tumour-necrosis factor

The body temperature effects of IB-And IL-6 always are those of an increase in body

temperature. TNIe-on the other hand, has been reported to havetwaty temperature

raising (pyrogenic) and body temperature loweriagtipyretic) actions. In favour of a
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pyrogenic action for peripherally-released TiFre reports that LPS-induced fever is
attenuated in: (i) rabbits treated with monoclomalF-a antibodies (Kawasakit al.,
1989), (ii) rolipram, a type-1V phosphodiesteraskibitor that inhibits the production of
TNF-a (Mabika & Laburn, 1999) and (iii) guinea-pigs teeé with a TNF-binding
protein known to be a potent inhibitor of TNF(Roth et al., 1998). In contrast an
antipyretic action of peripherally-released TMFs supported by reports that: (i)
neutralizing the peripheral action of endogenoysigduced TNFet using antiserum
against TNF or soluble TNF receptors, enhancedeter induced by LPS administration
in rats (Longet al., 1990a; Kliret al., 1995), (ii) systemic administration of a low dade
TNF-a (which on its own has no effect on body tempegtattenuated LPS-induced
fever in rats (Longet al., 1992; Klir et al., 1995; Kozaket al., 1995a) and (iii) mice
lacking both the TNF p55 and p75 receptors develdasger fevers in response to LPS

administration, than did wild-type mice (Leenal., 1997).

It has been proposed that the pyrogenic or antijgyeffects of TNFe. may depend on
the species of experimental animal used, as clsamination of the results presented
above show that TNE-appears to be a pyrogenic molecule in rabbits qandea-pigs,
but not in rats and mice. Moreover, the differaations of TNFe in the fever pathway
also may be related to the dose of the fever-imtpeigent used, as injection of a low
dose (50ug kg’ i.p.) of LPS produced similar fever responses betwTNF p55/p75
knockout mice and wild-type mice, while injectiohabhigher dose of LPS (2.5 mgkg
i.p.) resulted in larger fevers in TNF p55/p75 kkaat mice (Leonet al., 1997).

Injecting rats with high, septic-like doses of LPBS5 mg kg') produces significantly
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greater concentrations of TNFin serum compared to that measured when injecting
lower doses of LPS (Long al., 1990a; Sharmet al., 1992). It is possible therefore, that
feedback mechanisms exist which are activated Bycthncentration of the cytokine
itself, whereby moderate increases in circulatifddo act to increase body temperature,
while greater concentrations of circulating TMFact as a signal to reduce body

temperature (Klugest al., 1995; Contet al., 2004).

1.2.4 Leptin

Following reports that circulating concentrationis leptin increase acutely with LPS
administration (Sarraét al., 1997; Faggionkit al., 1998; Fincket al., 1998) and in a
similar fashion to known pyrogenic cytokines suehlla-6, a number of investigations
examining the role of leptin in the fever pathwagrer undertaken. Initial evidence in
support for leptin as an endogenous pyrogen wasdbas the findings that the febrile
response to systemic administration of LPS waselgrgttenuated in Zuckda/fa rats,
rats in which the receptor-mediated transport arichcellular signalling of leptin are
defective (Rosenthakt al., 1996). Moreover, peripheral and central injectioh

recombinant leptin into rats induced fever (Luhesial., 1999).

Studies undertaken subsequently have revealedhbsg¢ early findings supporting the
involvement of leptin in the fever pathway may heee be more complicated to
interpret than was initially thought, as the febresponse of Zuckda/fa rats varied

depending on the ambient temperature at which tingies were conducted (lvanov &
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Romanovsky, 2002; Steiner al., 2004). Injecting these mutant rats systemioaith a
low dose of LPS resulted in a polyphasic fever theamally neutral environment, but an
attenuated fever in a cool environment (lvanov &rRoovsky, 2002; Steinest al.,
2004). 1t is known that in a cold environment rdégpend on brown fat thermogenesis
not only to regulate body temperature normally &lsb to produce a febrile response
(lvanov & Romanovsky, 2002). Zuckg&r/fa rats are not capable of activating brown fat
thermogenesis however, as their brown fat is mdgghcally and functionally defective
(Seydouxet al., 1990). The attenuated fever response observetlicker fa/fa rats
housed in a cool environment, may therefore betdue lack of thermogenesis, rather
than the absence of leptin signallipgr se. That these mutant rats responded with a
polyphasic fever similar to that noted in non-mataats in a thermally neutral
environment, suggested that leptin signalling i$ remuired in the febrile response.
These negative findings should be viewed with ceubiowever; studies have shown that
the fatty mutation in Zucker rats may in fact permit nornfahctioning of the leptin
receptor in at least some experimental paradigman@\et al., 1998; Ivanov &

Romanovsky, 2002).

More substantial evidence in support of leptin aseadogenous pyrogen has emerged
with the use of antibodies to antagonize circutatileptin following peripheral
administration of LPS; LPS-induced fever was sigaifitly attenuated (Sachet al.,
2004). Under some experimental conditions perghereleased leptin therefore does
appear to contribute to mediating the fever respanduced by systemic administration

of LPS.
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1.2.5 The relative contributions of cytokines reks@in the periphery and the brain in

mediating LPS-induced fever

Table 1 summarizes the research findings discuss® sections above where the roles
of cytokines released in the periphery and thenbrai mediating fever induced by
systemic and local administration of various dosésLPS were investigated using
techniques which allowed selective inhibition oodkade of cytokine actions or effects.
To account for the involvement of cytokines in natiig fever being dependent on the
magnitude of the fever response, the studies iedud Table 1 administered LPS over a
broad range of doses (140y kg™t - 2500 ug kg?). In these studies the relative
contribution of a particular cytokine is rated bhether the fever response is abolished,
attenuated or not affected (-) when the cytokirfecefis absent. Clearly the findings of
no effect, attenuation or abolition obtained frolmdges using techniques which allowed
selective inhibition or blockade of cytokine acsoar effects need to be interpreted in
light of the fact that the results may depend oretiver the dose of the antagonist used
completely neutralized the action of a given cymekiwithin the specific compartment
(peripheral or central) into which it is injecte@f the findings presented in Table 1 the
most prominent are the complete abolition of theef@esponse when the effect of IL-6 is
absent. The creditability of these findings arerggthened by the observations that: (i)
the use of two different techniques to block théoacof IL-6, genetic ablation and
immunological antagonism, yielded similar findiramd (ii) the study of Cartmedt al.,
(2000) reported undetectable concentrations of Ih-he plasma of rats that received

LPS and the IL-6 antiserum.
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Table 1. The effect of antagonizing the action of cytokinesreleased in the periphery and the brain on fever induced by L PS

Fever LPSdoseand route Animal species References

I nterleukin-6

Peripheral administration of:
IL-6 antibodies Abolished  100pg kg*, i.po. Rats Cartmelét al., 2000
Rummelet al., 2006

Central administration of:

IL-6 antibodies Attenuated  1000ug kg*, i.p. Rats Rothwelkt al., 1991
IL-6 knockout mice Abolished  50pg kg*, i.p. Mice Chaiet al., 1996
IL-6 knockout mice — 2500pg kg, i.p. Mice Kozaket al., 1998
Interleukin-1p

Peripheral administration of:

IL-1ra Attenuated  100pg kg?, i.p. Rats Luheshét al., 1996
IL-1p antibodies Attenuated  10pg kg*, i.p. Rats Longet al., 1990b
Central administration of:

IL-1ra Attenuated  100ug kg?, i.p. Rats Luheshét al., 1996
IL-1ra Attenuated  100ug kg, i.po. Rats Cartmelét al., 1999
IL-1B antibodies Attenuated 50 pug kg*, i.p. Rats Kliret al., 1994
IL-18 knockout mice Attenuated  2500pug kg*, i.p. Mice Kozaket al., 1995b
IL-1 type | knockout mice — 50 ug kg*, i.p. Mice Leonet al., 1996

IL-1 type | knockout mice -_ 2500ug kg, i.p. Mice Leonet al., 1996




Table 1. continued

Fever LPSdoseand route Animal species

References

Tumour necrosis factor-a

Peripheral administration of:
TNF-o antibodies
TNF-binding protein
TNF-receptor antagonist
TNF-o antibodies

TNF soluble receptors

TNF double-receptor knockout mice

L eptin

Peripheral administration of:
Leptin antibodies

Leptin receptor-deficient rats
(Koletsky rats)

Leptin receptor-deficient rats
(Koletsky rats)

Zucker fa/fa) rats

Attenuated  0.625pg kg™, i.v. Rabbits
Attenuated  10pug kg?, i.a. Guinea pigs
—_ 20 ug kgt, i.m. Guinea pigs
Enhanced  10pg kg, i.p. Rats
Enhanced  50ug kg?, i.p. Rats
—_ 50 ug kg, i.p. Mice
Attenuated  100pg kg®, i.p. Rats
—_ 10 ug kg*, i.v. Rats
—_ 100pg kg?, i.v. Rats
—_— 10 ug kg*, i.v. Rats

Kawasakt al., 1989
Rotht al., 1998
Rotht al., 1997

Longet al., 1990a
Kliret al., 1995

Leonet al., 1997

Sachott al., 2004
Steineet al., 2004
Steineet al., 2004

Ivanov & Romanovsky, 2002

I.po. = intrapouch, i.p. = intraperitoneal, i.vintravenous, i.a. = intra-arterial, i.m. = intraraukar

- = No effect

Studies of the present thesis are excluded frogtéiile
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The attenuated responses noted when the effedt-bp Wwas absent appeared also to
accurately reflect the contribution of Il31in mediating LPS-induced fever, as most of
the studies reported that increasing the doseetitokine antagonizing agent did not
produce a greater attenuation of the LPS-induceer fd.uheshiet al., 1996; Cartmelkt

al., 1999). The role of TNIle-in mediating LPS-induced fever appears more coxple
and less clear than that of IL-6 and IB;las findings obtained from studies in which
complete neutralization of TNé&-was confirmed, found attenuated (Retlal., 1998) or
enhanced (Longt al., 1990a) fevers. Not only is there uncertaintyaayning the role of
TNF-o in mediating LPS-induced fever but so too for ilept While peripheral
administration of leptin antibodies attenuated LiR@iced fever no effect was noted in
leptin receptor-deficient rats (Steinext al., 2004) and Zucker rats (lvanov &

Romanovsky, 2002).

From the findings presented in Table 1 it therefappears that while other cytokines
released in the periphery and the brain may plagtribmtory roles, endogenous
circulating IL-6 is likely to be the major endogersgpyrogen mediating fever in response
to systemic and localized infection induced by L(B& and 10Qug kg?). Irrespective of
the relative roles played by the various endogemgtakines in fever, the question arises
as to whether cytokines are the final mediatorewér and if not which other molecules

are the most likely candidates for this function.
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1.2.6 Brain mediators of cytokine effects on bagiypperature

Exposure of the host to an exogenous pyrogen suitf?& not only results in the release
of pro-inflammatory cytokines, but also resultghe release of a number of enzymes that
catalyse the formation of small signalling molesutich as prostaglandin BPGE).
The formation of PGEdepends on the activity of the cyclooxygenase (Cézyme,
which exists in two isoforms, the constitutivelypegssed COX-1 and the inducible form
COX-2 (lvanov & Romanovsky, 2004). The synthedisPGE, via the induction of
COX-2 is a key event in the fever response, aggt teen shown that mice which lack
PGE synthesizing enzymes do not develop a fever ipamse to LPS administration (Li
et al., 1999; Engblonet al., 2003). It is likely that endogenous cytokineduoe fever
following peripheral administration of LPS via theneration of these PGEynthesizing
enzymes, as neutralization of endogenous circgjatin6 also attenuates COX-2
upregulation in the cerebral microvasculature dé r&Rummelet al., 2006) and the
changes in firing rates of thermoregulatory neusomeluced with administration ILB1
and IL-6 to tissue slices obtained from guinea f@gd rats, is prevented by concurrent

administration of COX inhibitors (Host al., 1988; Xin & Blatteis, 1992).

1.3 Cytokines as mediator s of the anorexia induced by L PS

Loss of appetite and the concomitant decreasead fotake is frequently observed in

sick humans and animals, and along with fever fatmsmost common sign of infection

observed in both the clinical and experimentalatian (Plata-Salaman, 1996a). The
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anorexia experienced during illness appears to lvebast phenomenon that occurs
throughout a broad variety of species, as well ragesponse to various different
infectious agents. It is a valuable short-termpoese aimed at supporting the
immunological response of the host to eliminategathogen (Murray & Murray, 1979;

Hart, 1988; Exton, 1997) and it does not appedret@ consequence of fever, as it can

occur in the absence of fever (McCarthwl., 1985; O'Reillyet al., 1988).

It is generally believed that iliness-related an@eesults from the modulation of normal
homeostatic processes that regulate feeding irthyemdividuals (Langhans, 2007). As
such it has been proposed that the loss of appetiserved during infection must
eventually result from signalling to a final pathyfar appetite control that resides within
the brain (Plata-Salaman, 1998a). Injection ofokiytes into the hypothalamus and
cerebral ventricles of rats has been shown to infeleding (Kentet al., 1994; Sontiet

al., 1996). It is likely therefore that cytokines tmact as these signalling molecules
within the brain to reduce food intake during irifen. A common and related effect of
infection and cytokine administration is a decregsbody mass (Bluthét al., 1992b;

Bluthé et al., 1994a; Leoret al., 1996), which at least acutely, is thought toeetflthe

decreased food intake.

1.3.1 Interleukin-f

Reports from numerous studies have compellingly atestrated that IL{

administration is particularly potent at reducingpeatite in humans and experimental
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animals (Plata-Salaman & Ffrench-Mullen, 1992; lmantset al., 1993; Plata-Salaman,
1996b; Sontiet al., 1996; Montkowskiet al., 1997; Pecchet al., 2006). The loss of
appetite is observed when I3-1s injected into the periphery or the brain of exmental
animals, indicating that IL{l can act from both sites to induce anorexia (Ketrdl.,
1996). The anorexigenic responses induced wittatimeinistration of IL-B are similar

to those seen following LPS administration (PlasdaBanet al., 1988). Subsequent
studies have shown however, that the anorexigemspanses observed with
administration of IL-B do not appear to reflect the pathophysiologicatimaism by
which systemic administration of LPS induces aniarex Administration of IL-1ra
peripherally or centrally, failed to attenuate axa induced by systemic administration
of LPS in rats (Kenét al., 1992b). Moreover, mice genetically deficientlinl or the
IL-1 type | receptor demonstrated similar reductian food intake and body mass
following systemic administration of LPS as thodewold-type mice (Kozaket al.,
1995b; Leonet al., 1996). Although IL-B may be able to induce anorexia when
injected, it appears to be of little importanceenms of mediating the decrease in food

intake observed with systemic administration of LPS

There have been a few notable exceptions thoughhich studies have identified some
involvement of either peripherally-released or calht released IL-f in mediating the
depressing effects of LPS on food intake and bodgan Central administration of IL-
1ra attenuated the reduction in food intake indumgdystemic administration of LPS in
mice (Layéet al., 2000), peripheral administration of IL-1ra attated the reduction in

body mass induced by systemic administration of ilP&ts (Bluthéet al., 1992b) and
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the appetite suppressive effects of centrally,nmitsystemically, administered LPS were
attenuated in IL--converting enzyme-deficient mice, mice which d¢ m@duce active

IL-1p (Burges=t al., 1998).

Taken together, these findings are therefore natpatible with an exclusive role of
endogenous IL{1in mediating the effects of bacterial productsf@md intake and body
mass. The most likely explanation for the negativelings showing no or little
involvement of IL-B in mediating LPS-induced anorexia in the gene koot mice
studies (deficient IL-f, IL-1 type | and IL-B-converting enzyme) and the IL-1ra studies,
is that one or several other pro-inflammatory cytek compensate for the absence of IL-
1B8. An obvious candidate cytokine to compensatettier lack of IL-B is TNF-«, as
synergistic effects between Il3land TNFe have been noted in inducing anorexia and

decreasing body mass in rats and mice (Bletlag., 1994a; Sontét al., 1996).

1.3.2 Tumour-necrosis factor

Although it has been shown that TNFean act directly within the brain to suppress food
intake and decrease body mass in rats (Bleth&, 1994a; Sontét al., 1996; Paliret al.,
2007), as with IL-8, the evidence in support of an exclusive roleliF-o. in mediating
anorexia induced by LPS is not convincing and meeealso contradictory. TNF
double-receptor knockout mice responded with alamreduction in food intake and
body mass as wild-type mice to systemic administnabf LPS (Leonet al., 1997),

whereas rats treated with specific TM@&ntagonists responded with attenuated anorectic
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responses to systemic administration of LPS (Shastnzh., 1992; Portert al., 2000;

Tollneret al., 2000).

Closer examination of the results from these studeporting an attenuated anorectic
response revealed two important points, which gl®wsome insight into understanding
the role of TNFe in LPS-induced anorexia. Firstly, it appears tha degree of
attenuation depends on the dose of LPS administasetleating rats with the nonspecific
phosphodiesterase inhibitor pentoxifylline, whicthibits the production of TNE-in
vivo (Porteret al., 2000), completely abolished the anorectic eftdatp. injected LPS
(100 pg kgh), but only attenuated the anorectic effect indubgda higher dose of i.p.
injected LPS (25Qug kg*) (Porteret al., 2000). Secondly, following treatment with a
TNF-binding protein, the attenuation of the anosmexand body mass loss was
predominantly noted during days two and three &fierLPS injection (Tollneet al.,
2000). Similar findings of a gradual attenuatidrine decrease in food intake and body
mass have also been reported in rats pre-treatdd MiF-o monoclonal antibodies
(Sharmaet al., 1992). The attenuated responses noted in thesestudies occurred
however, during a period when TNFwould not have been detectable in plasma (Kozak
et al., 1997b). Moreover, neutralizing the biologicatiaty of TNF-a did not facilitate
complete recovery of LPS-induced anorexia, as tloel fintake and body mass of rats
injected with LPS and the TNF- binding protein rmexeached the values of the control
rats injected with saline. Itis likely that pdrgrally-released TNk-is therefore exerting

its effect by inducing secondary endogenous mediatwhich then participate in this
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anorectic response. One likely mediator is lemimormone known to regulate feeding

behaviour (Friedman & Halaas, 1998).

1.3.3 Leptin

Leptin, the product of theb gene has been shown to be an important centrabuer
system signalling factor for the control of enefgplance and body adiposity (Friedman
& Halaas, 1998). The concentration of leptin ie ttirculation primarily indicates the
production of leptin by white adipocytes, and retdeboth long-term (days) and short-
term (hours) changes in leptin production (Ste&a&omanovsky, 2007). Changes in fat
storage regulate long-term changes in leptin prboilmcand influences the quantity of
food consumed relative to the amount of energy edeé (Friedman & Halaas, 1998).
The role of leptin and its receptors in the homasistof body mass is demonstrated by
the observations that rodents that have mutatioresther their signalling receptors (i.e.
db/db mice orfa/fa Zucker rats) or in leptin production (i.eb/ob mice) are extremely
obese (Campfieldet al., 1995; Halaaset al., 1995). Short-term changes in the
concentration of leptin in the circulation can acmdependently of body fat mass or loss
(Steiner & Romanovsky, 2007). Leptin productiondecreased a few hours after the
onset of fasting, and during conditions of negatereergy balance acts as an anti-
starvation signal to suppress energy expenditurd stimulate appetite (Steiner &

Romanovsky, 2007).
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The observation that daily i.p. administration eptin decreases food intake and body
mass in both obese and non-obese mice (Hatas 1995; Pelleymountest al., 1995),
together with the finding that LPS and pro-inflamargt cytokines increase the
production of leptin in adipose tissue, promptegkstigations into the possible role of
leptin in mediating the appetite-and body mass-cedueffects of LPS (Grunfelet al.,
1996; Faggionet al., 1997; Fincket al., 1998). These studies showed that the increase in
leptin in the circulation and leptin mRNA in adigosssue following LPS administration
correlates with the decrease in food intake (Gildnée al., 1996), and leptin receptor-
deficient @b/db) mice are partially resistant to LPS-induced axiaréFaggioniet al.,
1997). In support of the findings noted in leptieceptor-deficient mice db/db)
suggesting some involvement of leptin in mediatuR$-induced anorexia, others found
that neutralizing the biological activity of leptin the circulation significantly attenuated
the LPS-induced decrease in food intake and bodsnmarats (Sachat al., 2004). Not
only did reducing the biological activity of leptin the circulation prevent LPS-induced
anorexia, but it also attenuated the up-regulatioi-1 in the hypothalamus of the rats
(Sachotet al., 2004). It is possible then that leptin coulddeéing in the hypothalamus to

induce anorexia by increasing Il3-there (Layéet al., 2000; Sachadt al., 2004).

As noted with the studies investigating the roléeptin in mediating LPS-induced fever,
the findings for LPS-induced anorexia in animalthvgenetic defects in the leptin system
are not always in full agreement with those obtairieom studies in which leptin
antiserum was administered. Leptin deficiesti/¢b) mice and obesddg/fa) Zuckerrats

do not exhibit attenuated anorectic responsesvialigp LPS administration (Faggioset
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al., 1997; Lugariniet al., 2005). It is unclear why discrepancies have breported on
leptin’s role in LPS-induced anorexia. It has bgeaposed that humoral mediators,
other than leptin such as Il3land TNFe (Sachotet al., 2004), may compensate for the
absence of leptin in animals with genetic defectthe leptin system. Moreover, due to
the importance of food intake for survival, the toh of food intake is not solely
dependent on a single pathway, but rather is régullby different pathways involving
mediators other than leptin, such as cholecystokinsulin and glucagon. It is possible
therefore that the absence of the leptin-mediatathway occurring early on in
development of mutant animals may merely resulbtimer pathways involved in food
intake homeostasis compensating. These alternpéitrevays could be activated during
pathological conditions like LPS stimulation, leaglito the observed anorexiadb/db
mice andfa/fa Zucker rats. In general, while leptin may notebeecessary prerequisite
or the final mediator of the anorectic responsesystemic administration of LPS, it

nonetheless appears to contribute to the resporter some experimental conditions.

1.3.4 Interleukin-6

Of the pro-inflammatory cytokines investigated thifas as mediators of LPS-induced
anorexia, IL-6 has emerged as the least likelylagoto be involved. It can decrease
food intake in rats when injected peripherally entrally, but less in comparison to the
effects noted when other cytokines are administgf@chobitz et al., 1995; Plata-

Salaman, 1996b; McCarthy, 2000a). Moreover, ILR6dkout mice responded with the

same decrease in food intake as that noted for-tyydd mice following systemic
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administration of LPS (Fattoret al., 1994; Swiergiel & Dunn, 2006). Interestingly
though, it appears that peripherally-released lis-6nvolved in mediating the loss of
body mass induced by systemic administration of iP&ats (Strassmanet al., 1993;
Bluthé et al., 2000b). Whether the involvement of IL-6 in meifig the LPS-induced
decrease in body mass reported in the studies fagsptaret al., (1993) and Bluthét
al., (2000b) was related to changes in food intakenisertain, as food intake was not
measured in these two studies. Body mass lossc@rgplex variable however, that is
dependent not only on food intake, but also on ebam of faeces and urine, and
increased metabolism (Lennie, 1998). It has bémemed that patients infused with IL-
6 exhibit a number of the metabolic changes foundatabolic states (Stouthagtal.,
1995) and rats injected with IL-6 have reducedrgasmptying (McCarthy, 2000b). IL-
6 may therefore contribute to the cachexia assegtiatith chronic diseases, in which a
significant part of the severe weight loss is dughe metabolic changes occurring during
the illness (Strassmann & Kambayashi, 1995; Plataran, 1996a; Baltgalviet al.,

2008).

1.3.5 The relative contributions of cytokines reks@in the periphery and the brain in

mediating LPS-induced anorexia

Table 2 summarizes the research findings discusstn® sections above where the roles
of cytokines released in the periphery and thenbnaimediating anorexia induced by
systemic administration of LPS were investigatedngistechniques which allowed

selective inhibition or blockade of cytokine acsoor effects. Studies investigating LPS-
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induced anorexia have assessed feeding responsats iand mice by measuring either
the amount of food pellet or sweetened milk conslirt@®wiergiel & Dunn, 1999).
Although milk and food pellet intake are both measuof feeding which are affected
during infection, milk intake has been shown tolégs susceptible to disruption by
infection than food pellet intake (Swiergietl al., 1997). The findings reported in this
review were therefore restricted to those in whmbd intake was used as a measure of
feeding. The attenuated responses noted wherifdwt ef IL-1p in the brain and TNfe-

in the periphery were absent appeared to accuragdlgct the contribution of these
cytokines in mediating anorexia induced by systeamdininistration of LPS, as the
studies reported that the particular cytokine was aetected in the brain or plasma
following administration of the respective cytokime cytokine receptor antagonist
(Sharmaet al., 1992; Layéet al., 2000; Tollneret al., 2000). The study of Sachettal.,
(2004) in which leptin antiserum was administeredgherally, did not however provide
any evidence of the degree of neutralization addewith the dose of antiserum

administered.
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Table 2. The effect of antagonizing the action of cytokinesreleased in the periphery and the brain on anorexia induced by L PS

Anorexia  LPSdoseand route Animal species References
I nterleukin-6
IL-6 knockout mice - 1000ug kg, i.p. Mice Fattoriet al., 1994
IL-6 knockout mice — 1 pg mousé, i.p. Mice Swiergiel & Dunn, 2006
I nterleukin-1p
Peripheral administration of:
IL-1ra —_ 400pug kg*, i.p. Rats Kenkt al., 1992b
Central administration of:
IL-1ra - 400ug kg*, i.p. Rats Kentt al., 1992b
IL-1ra Attenuated By mousé, i.p. Mice Layeéet al., 2000
IL-1B knockout mice — 2500pg kg, i.p. Mice Kozaket al., 1995b
IL-1 type | knockout mice —_— 2.5ug9 mousé, i.p. Mice Bluthéet al., 2000a
IL-1 type | knockout mice — 50 ug kg, i.p. Mice Leonet al., 1996
IL-1 type | knockout mice — 2500ug kg, i.p. Mice Leonet al., 1996
IL-1B-converting enzyme-deficient mice —_— 10 ug mousé, i.p. Mice Burgesst al., 1998
Tumour necrosis factor-a
Peripheral administration of:
TNF-o antibodies Attenuated  3000pug kg, i.p. Rats Sharmat al., 1992
TNF-binding protein Attenuated  5000pug kg*, i.p. Rats Téllneret al., 2000
TNF-binding protein —_— 1 pg mousé, i.p. Mice Swiergiel & Dunn, 1999
TNF-binding protein + IL-1ra —_— 1 ng mousé, i.p. Mice Swiergiel & Dunn, 1999
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Table 2. continued

Anorexia  LPSdoseandroute Animal species References
Central administration of:
TNF-binding protein —_— 1 ng mousé, i.p. Mice Bluthéet al., 2000a
TNF double-receptor knockout mice —_ 50 pg kg*, i.p. Mice Leonet al., 1997
TNF double-receptor knockout mice —_— 2500pg kg, i.p. Mice Leonet al., 1997
Leptin
Peripheral administration of:
Leptin antibodies Attenuated  100pg kg®, i.p. Rats Sachot al., 2004
Leptin-receptor deficient micelly/db) Attenuated 11g mousé, i.p. Mice Faggionet al., 1997
Leptin-deficient micedb/ob) —_— 1 pg mousé, i.p. Mice Faggionet al., 1997

I.p. = intraperitoneal
— = no effect
Studies of the present thesis are excluded frogtéiile
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As such it is possible that the degree of attennatoted in their study may not represent
the complete contribution of peripherally-releadegtin in mediating LPS-induced
anorexia. The research findings presented in T2lappear to reflect the complexity of
the interactions between cytokines and/or otheremdés in mediating food intake
during illness, as anorexia induced by systemic iadtnation of LPS is mostly not
affected by the absence of individual cytokines ain it is affected, the response is

attenuated only and not abolished.

Whilst important, these studies, unlike those itigasing LPS-induced fever, have only
used an experimental animal model of systemic tidecto investigate the role of
cytokines in mediating LPS-induced anorexia. Ddfe patterns of cytokines have been
shown to be induced during systemic and localinéection/inflammation (Fattowt al.,
1994). Thus the role of cytokines in mediating rem@ may differ depending on the
origin of the infection. The involvement of cytokis in mediating anorexia induced

during a localized Gram-negative bacterial infettas however, not been investigated.

1.3.6 Brain mediators of cytokine effects on fegdin

Cytokines can directly (via neuronal mechanismsindirectly (via modulation of brain

chemistry) change the activity of hypothalamic oe@s involved in the control of food
intake (Plata-Salaman & Ffrench-Mullen, 1994; Ragdaman, 1996a, 1998b). The
neurones are sensitive to changes in the concentralt glucose in the blood (Guyton &

Hall, 2000). An increase in the concentration lobld glucose increases the rate of firing
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of glucose-sensitive neurones in the satiety centtee ventromedial nuclei (VMN) of
the hypothalamus (Guyton & Hall, 2000). The sameradase in blood glucose
concentration simultaneously decreases the firihglacose-sensitive neurones in the
hunger centre of the lateral hypothalamic area (LK@Buyton & Hall, 2000). These
responses predict that inhibition of LHA and adiwa of VMH will result in anorexia.
Injecting rats i.c.v. with IL-13 or TNF-u specifically suppresses the neuronal activity of
the glucose-sensitive neurons in the LHA (Plataf®ahnet al., 1988), whereas IL{l

excites the glucose-sensitive neurones in the VKititijamaet al., 1990).

The control of feeding also is associated with masineurotransmitter and neuropeptide
systems in the hypothalamus. There is substadag to show that cytokines can
modulate hypothalamic chemistry by stimulating gynthesis of mediators such as
prostaglandins, and interacting with various nearmitters and neuropeptides within
the brain. Although the exact contribution of #nerect and indirect actions of cytokine
mechanisms in mediating the decrease in feedinggliunfection is yet to be established,

some of the proposed interactions are discusseavbel

1.3.6.1 Prostaglandins

In rats the anorexia induced by systemic administiaof LPS is significantly attenuated

with selective pharmacological or genetic blockafl€eCOX-2-generated prostaglandins

(Johnsoret al., 2002). The partial, rather than complete, atdéion of food intake has

lead to the suggestion, that unlike the fever resppprostaglandin-dependent pathways
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do not seem to be crucially involved in mediatir®S-induced anorexia. Consistent with
this observation in laboratory animals, is the ichh observation that patients with
infections/inflammation receiving antipyretic thpya still exhibit anorexia (Plata-
Salaman, 1996a). In contrast, selective pharmga@bor genetic blockade of COX-2
generated prostaglandins are very effective anfatgponof anorexia induced by
administration of IL-B and TNFe (Bluthé et al., 1992a; Langhanst al., 1993;
McCarthy, 2000a; Pecclat al., 2006; Elandeet al., 2007). The differential importance
of prostaglandins in mediating LPS versus cytolimeiced anorexia, not only identifies
distinct mechanisms of action, but also is conststéth the view that endogenous I[3-1

and TNFe are not exclusive mediators of the anorectic ¢&fe€LPS (Langhans, 1996).

1.3.6.2 Neuropeptides

The interaction between cytokines and neuropeptideshe regulation of feeding
responses to microbial products such as LPS iyetdully understood, but a number of
cytokine-neuropeptide interactions have been pmgpdeanghans, 2007). ILBlhas
been implicated in interactions with two specifieunopeptides, neuropeptide Y (NPY)
and corticotrophin releasing factor (CRF). NPYaispotent orexigenic or feeding-
stimulating neuropeptide (Salat al., 1988) and it has been suggested thatfLcan
modulate feeding by reducing hypothalamic NPY Is\&bnghans & Hrupka, 1999). In
support of the involvement of CRF, a known anorerig neuropeptide (Uehagsh al.,
1989), as a cytokine-induced mediator of anorexiand infection, are the findings that

hypothalamic CRF mRNA was increased following irgection of IL-13 (Sudaet al.,
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1990) and anorexia induced by IB-Wvas attenuated by i.c.v. administration of a CRF

antagonist (Ueharet al., 1989).

1.3.6.3 Neurotransmitters

Serotonin and histamine are components of impornaatotransmitter systems involved
in the control of feeding. Administration of ILB1TNF-o and IL-6 have been shown to
increase central serotonergic (5-HT) activity knotwndecrease food intake (Gemmta
al., 1991; Zalcmanet al.,, 1994; Clementet al., 1997; Wang & Dunn, 1999) and
pretreatment with a highly-specific 5-bJ receptor antagonist blocked the anorexia
induced by both peripheral and central injectiohsRS or IL-18 in rats (von Meyenburg
et al., 2003a, b; Asariast al., 2007). Unlike serotonin, the involvement ofthmine as

a downstream mediator of cytokines in LPS-inducewbrexia has not yet been
investigated. The findings in rats that changesdnronal histamine modulate feeding
behaviour (Ookumat al., 1993) and that peripheral administration of R_tdcreases the
hypothalamic histamine turnover rate (Kagical., 1995), has lead some to hypothesize
that IL-18 could be inhibiting feeding during infection bycreasing the synthesis and

release of histamine in the hypothalamus (PlatarBah, 1998a).

1.4 Cytokines as mediator s of lethargy induced by LPS

Not only may sick individuals experience a feved drave little interest in eating food

but they also may feel lethargic. Lethargy is @esiof hypoactivity characterized by a
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general feeling of fatigue and an unwillingnesgéoform normal daily routine activities
(Hart, 1988). As with the febrile and anorexicpasses of the host to infection, it has
been proposed that inactivity during infection nfieya valuable response, which also is
aimed at supporting the immunological responseheftiost to eliminate the pathogen
(Hart, 1988). By engaging in less muscular agtithie energy reserves which are needed
for the increased metabolic costs of fever are ewesl (Hart, 1988). Moreover, by
resting and not moving around, less heat is loat convection, which aids the heat
production required for the fever response (H&888). It is likely that cytokines could
mediate the lethargy experienced during infectias, administration of cytokines
increases the sensation of fatigue reported bytthedluman subjects at rest (Spath-
Schwalbeet al., 1998) and reduces general locomotor activityaits (Schobitzt al.,

1995; Montkowsket al., 1997).

1.4.1 Interleukin-f and interleukin-6

Although limited, there is some evidence which iitgales IL-B as a possible mediator
of lethargy. Central administration of IB1lin rats decreases locomotor activity
(Montkowski et al., 1997) and the time to fatigue during forced tresdidrunning
(Carmichaelet al., 2006). In support of IL-6 as a mediator of lethyaare the findings
that: (i) central administration of IL-6 decreasesomotor activity in rats (Schobitt
al., 1995), (i) administration of human recombinaln6l induces a sensation of fatigue
in healthy humans at rest (Spath-Schwad#beal., 1998), (iii) treatment with IL-6

antibodies induces an immediate disappearancesgfqusly debilitating fatigue reported
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by patients with multicentric Castleman disease,diaease characterized by a
dysregulated overproduction of IL-6 (Nishimadioal., 2000; Nishimotcet al., 2005) and
(iv) fatigue in patients with cancer is positivelgrrelated with circulating levels of IL-6
(Schubertet al., 2007). Despite the above reports from studiesvstg that IL-3 and
IL-6 can induce fatigue and decrease activity lgvéhere has been no evidence to
support the involvement of either of these two kites in mediating the lethargy
induced in response to microbial products suchRS.LMice genetically deficient in IL-
1B or the IL-1 type | receptor demonstrated similaductions in locomotor activity
following systemic administration of LPS as did dviype mice (Kozalet al., 1995b;

Leonet al., 1996).

1.4.2 Tumour-necrosis factor

In contrast to the lack of evidence in supportle tnvolvement of IL-f and IL-6 in
mediating the lethargy induced in response LPSretheave been some, albeit
contradictory, reports suggesting a role for pesrghy-released TNIe- in mediating
LPS-induced lethargy. Pre-treating rats and migth WNF-o inactivating agents
(antiserum to TNFx or a TNF soluble receptor) did not prevent therelase in
locomotor activity induced by LPS, but did seenidailitate a faster recovery to normal
activity levels (Kozaket al., 1995a). In contrast, others have found that LRiBeed
lethargy is not attenuated in rats treated witiN&-binding protein (To6lineet al., 2000)

or mice which lack functional TNEk-receptors (Leost al., 1997).
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1.4.3 The relative contributions of cytokines reks@in the periphery and the brain in

mediating LPS-induced lethargy

Table 3 is a summary of the research findings dised in the sections above where the
role of cytokines in mediating lethargy induceddygtemic administration of LPS were
investigated using techniques which allowed seleathibition or blockade of cytokine
actions or effects. These studies investigating-ilRluced lethargy have quantitatively
assessed the hypoactivity, characteristic of ae stditlethargy, in rats and mice by
measuring general locomotor activity of the expenal animal in its home cage. The
research findings presented in Table 3 appearfiectehe complexity of the interactions
between cytokines and/or other molecules in medjaethargy during illness, lethargy
induced by systemic administration of LPS is mostly affected by the absence of IB-1
and TNFe. Whilst important, these studies, as with thaseestigating LPS-induced
anorexia, have only used an experimental animal einad systemic infection to
investigate the role of cytokines in mediating LiA8uced lethargy. Moreover, the
investigations have not comprehensively investdjak the likely cytokine mediators.
IL-6 has been implicated as a putative mediatoletthargy in an animal model of
localized inflammation induced by turpentine (Kozetkal., 1997a). What, if any,
involvement IL-6 may have in mediating lethargy undd during a localized Gram-

negative bacterial infection is unknown.
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Table 3. The effect of antagonizing the action of cytokinesreleased in the periphery and the brain on lethargy induced by L PS

L ethargy

LPSdoseand route Animal species

References

Interleukin-1p

IL-1B knockout mice
IL-1 type | knockout mice
IL-1 type | knockout mice

Tumour necrosis factor-a

Peripheral administration of:

TNF-a antibodies Attenuated
TNF-binding protein —
TNF-a soluble receptors Attenuated

TNF double-receptor knockout mice
TNF double-receptor knockout mice

2500pug kg*, i.p.

50 ug kg, i.p.
2500pg kg, i.p.

2500pg kg*, i.p.
5000pg kg, i.p.
2500pg kg, i.p.

50 ug kg, i.p.
2500pg kg, i.p.

Mice
Mice
Mice

Mice
Rats
Mice

Mice
Mice

Kozaket al., 1995b
Leonet al., 1996
Leonet al., 1996

Kozaket al., 1995a
Tollnert al., 2000
Kozaket al., 1995a

Leonet al., 1997
Leonet al., 1997

I.p. = intraperitoneal
- = no effect
Studies of the present thesis are excluded frogtéiile
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1.5 Mechanisms of action by which peripherally-released cytokines signal the brain

From the discussions in the sections above thesgigficant evidence that cytokines
present in the circulation can act as important ¢nainmediators of the brain-controlled
fever mechanism. Figure 2 below shows a schematigentation of the three proposed
humoral mechanisms by which signalling between lages present in the circulation

and the brain can occur.

Centres regulating
behaviour and temperature
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macrophage\ / microglia T
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TNF -a,IL-1B,IL-6

Figure 2. Schematic presentation of the three gegp humoral mechanisms by which
circulating cytokines, synthesized in response @dapperal administration of LPS, can
signal the brain: (A) carrier-mediated transporias the blood-brain barrier (BBB), (B)
access through the circumventricular organs (CvVa@j, (C) synthesis of prostaglandin-
E, (PGE) in cells forming the BBB. Abbreviations: prodammatory cytokines &),
cyclooxygenase-2 (COX-2), cytokine receptlal(  GE2 (o).
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On the one hand, there is experimental evidencehwhas identified distinct carrier-
mediated transport mechanisms to chaperone cykineuding TNFe. (Osburget al.,
2002), IL-18 (Bankset al., 1989; Bankst al., 1993), IL-6 (Bankt al., 1994) and leptin
(Banks & Lebel, 2002), from the blood to the braifihe physiological significance of
carrier transport across the blood brain barri@BBhas however, been questioned due
to the finding that this system transports less 8% of the cytokines present in the
blood into the central nervous system (Elmqaist., 1997; Cartmell & Mitchell, 2005).
The reason for this small proportion appears tbd&eause these transport mechanisms
are very slow and easily saturable (Cattal., 2004). The concentrations of TNFand
IL-1p in the circulation do not usually exceed 100 pg’nit patients during a nonfatal
infectious episode (Rothwedt al., 1996). In contrast plasma concentrations of itaé
often reach 10-2Q)g mL™ during fever in experimental animals and in hum@uthwell

et al., 1996). Although it may allow significant quareg of IL-6 to enter the brain, it is
unlikely that the carrier-mediated transport ofipleerally-released TNk-and IL-13
across the BBB is the primary mechanism by whi@séhtwo cytokines signal the brain
to evoke fever and sickness behaviour. During mibranfection however, when
endogenous cytokines are elevated for extendeddseaf time in the circulation or when
the BBB is breached, direct entry of these circatptcytokines may be of greater

physiological importance (EImquistal., 1997; Cartmell & Mitchell, 2005).

An alternative humoral pathway is the access ablages through the circumventricular

organs (CVOs), a specialized neural region alorgntlargins of the ventricular system

that has fenestrated capillaries and thereforeloadkbrain barrier (BBB). The absence
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of a BBB for these CVOs enables cytokines in tlieutation to come into contact with
the cells of the CVOs (Quan & Banks, 2007). Itpisssible that cytokines in the
circulation may enter the perivascular space pabsand interact with specific receptors
located on the surface of glial cells, perivascutacrophages or endothelial cells. These
cells may produce additional pro-inflammatory cybt@s or secondary mediators such as
PGE, which would act directly or indirectly on neur@néhat project to other brain
structures or disseminate into adjacent brain mdrgna by volume diffusion (Komalt

al., 1992; Rothet al., 2004a; Rummeét al., 2005b). In addition to cytokines in the
circulation acting on the CVOs, the observatiort #gradothelial cells in the CVOs also
constitutively express CD14 and TLR4 means that gossible that bacterial fragments
themselves can induce the synthesis of pro-inflatomecytokines at the level of the

CVOs (Laflamme & Rivest, 2001).

The two mechanisms discussed thus far, have mioolysed on cytokines present in the
circulation having to gain access to the brainutsstself to be able to signal
thermoregulatory neurones. Over the last ten yearsther mechanism whereby
cytokines present in the circulation do not actubfive to gain access to the brain tissue
to signal thermoregulatory neurones, but rathery tban mediate the induction of
cytokine synthesis and other signalling moleculéhiw cells of the BBB, which can
then penetrate into the brain tissue, has gainedhipence (Quan & Banks, 2007).
Endothelial cells of cerebral microvasculature tibuisvely express receptors for TNE-
(Nadeau & Rivest, 1999) and IL-1 (Konsmeinal., 2004), with the receptor for IL-6

being expressed under inflammatory conditions (®ab & Rivest, 1997). Peripheral
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administration of LPS, IL{}, TNFa and IL-6 has been shown to induce genomic
activation of the brain endothelium leading to éx@ression of COX-2, which is required
for the formation of PGE(Caoet al., 1996; Yamagatat al., 2001; Nadjaet al., 2003;
Rummel et al., 2005a; Rummekt al., 2006). The notion that endothelial cells can
interact with circulating cytokines to release aiddial cytokines, or secondary mediators
such as PGE therefore not only applies to the sensory CVQs, the entire brain

endothelium (Rotlet al., 2006).

In addition to the three humoral pathways by whicflammatory challenges in the
periphery can communicate with the brain, an adtéwve rapid signalling neural pathway,
possibly involving cutaneous and vagal neural dggnahich functions independently of
circulating cytokines, has also been proposed [(Bleat al., 1994b; Blatteis & Sehic,
1997; Rosst al., 2000). The role of the vagus nerve in the trassion of information
from the periphery to the brain has been assesgseddntomy experiments in which the
vagus nerve is sectioned under the diaphragm. i&pitichgmatic vagotomy resulted in
an attenuation of the fever response only when RS administered at a low dose
(Romanovskyet al., 1997) and via the i.p. route (Goldbagthal., 1997). In terms of
mediating sickness behaviours, attenuated respomsglessubdiaphragmatic vagotomy
also appeared to be specific to the abdominal géait i.p. injection), because vagotomy
did not attenuate the behavioural effects of fLsthen this cytokine was injected by
either the s.c. or i.v. routes (Blutbgal., 1996). When activated by peripheral cytokines

the vagus appears to be able to activate speaficah pathways in the brain which are
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involved in fever and sickness behaviour and tonglte microglia in the brain to

produce cytokines (Layét al., 1995; Bluthéet al., 1996; Rotlet al., 2006).

Having established that vagal afferents may be lu@eb in mediating the effects of
peripheral cytokines under some experimental cawdif the question arose as to
whether this response was specific to afferentalesignals from the viscera. To block
the signals of cutaneous afferents induced by LRj8ction into an air pouch, an
experimental model of localized subcutaneous inffeation, a local anaesthetic was co-
administered with the LPS. Using this experimeragbroach it was found that
cutaneous afferents, as with vagal afferents, tmre as a communication pathway to
the brain, but again only when low (1@ kg?) and not high (10@uig kg') doses of LPS
are administered (Ros# al., 2000). A possible explanation for the apparewk |of
involvement of neural signals when LPS is admimneteat high doses could be that these
doses induce a greater increase in circulatingkayes, known humoral mediators, which
can override the lack of a neuronal signal (RotB&Souza, 2001). Although the relative
importance of these different humoral and neurghways by which peripherally-
released cytokines can communicate with the bienmains an area of much debate, it is
accepted that cytokines synthesized in the penplaee an important pathway for

communication to the brain during a peripheral immghallenge.
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1.6 Thesisaims

Having reviewed all the studies investigating tbkes of endogenous ILB1IL-6, TNF-
and leptin in mediating fever induced by systenmd &bcal administration of LPS in the
sections above, it is evident that peripherallgaskd cytokines, in particular IL-6, are
important endogenous mediators in the fever pathwaycontrast, although it has been
shown that systemic administration of pyrogenicokiytes can induce anorexia and
lethargy in experimental animals, no clear role b@sn identified for these cytokines as
endogenous mediators of anorexia and lethargy ewldollowing systemic and local
administration of LPS. Using proven techniques aighly quantifiable measures of
each response | therefore set out to try and glané role of endogenous pyrogenic
cytokines in mediating anorexia and lethargy induimdlowing local subcutaneous (s.c.)
administration of LPS. All the measurements wemdrded concurrently, as not only did
| investigate the contribution of cytokines in medig each of the individual sickness
responses (anorexia, lethargy and fever), but ¢ alsestigated if their involvement
differed between responses. Core body temperatasee measured using temperature-
sensitive radiotransmitters which were implantettarabdominally and anorexia was
assessed by measuring the quantity of food consummed a specified time period.
These are both proven measurements techniques vgnmhde highly quantifiable
measures of core body temperature and anorexigernms of lethargy, researchers have
traditionally measured changes in general locomattivity of an experimental animal in
its home cage to identify whether the animal ishdegic or not. The lethargy

accompanying illness, however, not only resultannunwillingness of the individual to
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perform normal daily routine activities, but alsodngage in physical exercise. When
running wheels are attached to the cages of expatahanimals such as rats and mice,
they willingly engage in spontaneous physical eserc Challenging mice with
Corynebacterium parvum or Brucella abortus antigen has been shown to reduce
voluntary wheel-running (Sheng al., 1996; Ottenwelleret al., 1998; Shengt al.,
2001). Voluntary-wheel running and general locanadctivity (measured as cage
activity) are both therefore appropriate measufdstbargy during infection. It has been
noted however, that suppression of voluntary egerés a more sensitive measure of
fatigue and lethargy induced by LPS, than is suggpo@ of cage activity. Voluntary-
wheel running of rats, for example, is almost catgly abolished by a single i.p.
injection of LPS (75ug kg') whereas cage activity is only decreased by ~508p\dod
and Harden unpublished observations). | therefbose to use voluntary wheel-running
as a highly quantifiable and sensitive measureetifargy for the studies presented in

Chapters 2, 3, and 4.

The findings presented in Tables 1, 2 and 3 framdist investigating the involvement of
cytokines in mediating LPS-induced fever and anerexighlighted that acute
pharmacological or immunological antagonism of kytes has generally proven to be a
more physiological and successful approach to usmvinvestigating the contribution of
individual cytokines in mediating specific sicknegssponses, rather than genetic ablation
of a particular cytokine or its receptor. The iptetation of the findings from knockout
mice have often proven to be problematic, as fpadicular gene knockout mouse to

survive to adulthood it is likely that compensatanechanisms would have had to
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develop to enable the mouse to cope with the lbseodeleted cytokine’s action. In the
studies presented in Chapters 2 and 4 | therefqrecifscally chose to use

pharmacological or immunological antagonism of kytes to determine the relative
involvement of individual cytokines in mediating ethsickness responses induced

following LPS administration.

1.6.1 Aim1

Of the pro-inflammatory cytokines released by imewells following systemic and
local administration of LPS, IL-6 has emerged agw@portant circulating mediator of the
fever response (Cartmeét al., 2000). Another cytokine-like hormone, leptin, als
apparently plays a role in LPS-induced fever anorexia in rats (Sachad al., 2004).
However, whether these or other peripherally-redldasytokines are involved in the
lethargy observed following s.c. administrationLéfS remains uncertainThe aim of
the experiments presented in Chapter 2 was therefore to examine whether the LPS-
induced release of the cytokines, IL-13, IL-6, TNF-a and leptin in the periphery is
involved in mediating lethargy, anorexia and fever in rats. To determine the
involvement of each of these cytokines | antagahizlkeir action following LPS
administration by administering species-specifitisema to each individual cytokine
peripherally. Lethargy, anorexia and fever wereasoeed as changes in voluntary
wheel-running, food intake and body temperatur@eesvely. | found, as have others,
that the LPS-induced fever in rats was abolisheeittier IL-6 or leptin antisera were

administered before LPS. In addition, | showed thoe first time that peripherally-
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released IL-6 plays a role in the suppression déintary activity, as well as in the
suppression of food intake induced by s.c. admtisin of LPS. The voluntary activity
and food intake observed after the administratibthe IL-6 antiserum was however,
unlike the fever response, reduced but not abalishi would appear therefore, that
while peripherally-released IL-6 has a criticalerdb play in the events regulating fever,
an additional factor(s), possibly other cytokinasg working in parallel with IL-6 to

regulate the lethargy and anorexia induced by LPS.

1.6.2 Aim 2

As shown in chapter 2 and by others (Ketrdl., 1992b; Kozalet al., 1995b; Leoret al.,
1996; Leonet al., 1997; Swiergiel & Dunn, 1999; Tollnet al., 2000) antagonizing the
action of other peripherally-released cytokines,FidN\and IL-13, has no effect on
lethargy and anorexia in rats and mice during imdecand inflammation. Thus it
appeared likely that if other cytokines are workiimgconjunction with peripherally-
released IL-6 to induced lethargy and anorexia primarily due to their action within
the brain. The first aim of the experiments presented in Chapter 3 was therefore to
determine the direct effects of injecting IL-1p and IL-6 into the brain, on voluntary
wheel-running, food intake and body temperature in rats. The observation that no
single cytokine appears to regulate the responsemarexia and lethargy induced by
LPS, has lead to the proposal that interactionwdst cytokines are required to affect
food intake and voluntary activity following LPSradhistration. In particular, cytokine

interactions observed as physiological synergywimch the effect of a combination of
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substances exceeds the effect of the individuabtdoents, has been demonstraiad
vivo (Bluthéet al., 1994a; Sontet al., 1996; Lenczowskét al., 1999). The second aim

of the experiments presented in Chapter 3 was to assess whether 1L-6 and IL-1f act
synergistically within the brain to mediate changesin voluntary activity, food intake
and body temperature. | injected species-homologous rat IL-6 and p_deparately
and in combination, into the brains of conscious nd examined the dose-response
effects. | found that i.c.v. administration of s@s-homologous rat IL-6 and IL31on
their own before the night-time active period deses voluntary activity and also
increases body temperature in rats in a dose-depénthshion. While i.c.v.
administration of both ILf and IL-6 decreased voluntary activity, only IB-1
administration decreased food intake. Moreovaiehtified new findings regarding the
synergistic relationship between I3-And IL-6 in the brain, by showing that central co-
administration of doses of ILBland IL-6 which, when injected on their own wereno
pyrogenic and did not affect food intake and bodss) induced fever and anorexia when
they were co-injected centrally. It would appdaattthe synergistic action of IL3land
IL-6 in the brain is not inevitable however, asd dot observe a synergistic effect on the

suppression of voluntary wheel-running when botiokipes were co-injected.

1.6.3 Aim 3

From the findings obtained in the studies presemtechapters 2 and 3, | hypothesized

that endogenous brain ILB1s the likely central cytokine, working in pardligith 1L-6

released in the periphery, to induce anorexia atithtgy following s.c. administration of
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LPS. Theaim of the experiments presented in Chapter 4 wasthereforeto determine
the relative contribution of both peripherally-released IL-6 and centrally released
IL-1B in mediating the lethargy, anorexia and fever induced by s.c. administration

of LPSinrats. To decrease the biological activity of IL-6 in ttieculation and IL-B in
the brain | administered species-specific antisetoiri-6 i.p. and a caspase-1 inhibitor,
shown to prevent the cleavage of profllte biologically active IL-B, i.c.v. | found that
both peripherally-released IL-6 and I3-in the brain are involved in the induction and
maintenance of LPS-induced lethargy and anorexid,canfirmed that circulating IL-6

is the primary endogenous pyrogen mediating LP8dad fever.
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CHAPTER 2

I nterleukin-6 and leptin mediate lipopolysaccharide-induced fever and

sickness behavior.

Physiology & Behavior 89:146-55, 2006
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Abstract

Pro-inflammatory cytokines, interleukin (IL)-1p, IL-6 and tumor necrosis factor-alpha (TNF-a) synthesized by activated macrophages and
monocytes in response to administration of lipopoysaccharide (LPS), are considered important mediators of fever and sickness behavior. We
administered rat-specific antisera for TNF-a, IL-1p, IL-6 and leptin, to determine the involvement of peripherally released cytokines in LPS-
induced fever and sickness behavior, measured as suppression of voluntary wheel-running and food intake. Male Sprague—Dawley rats (~200 g)
selected for their predisposition to spontaneously run on running wheels were anaesthetized with a combination of ketamine hydrochloride
(80 mg/kg i.m.) and xylazine (4 mg/kg i.m.) and implanted intra-abdominally with temperature-sensitive radiotelemeters. Rats were injected
intraperitoneally with anti-rat sera to one of the following, TNF-a, IL-1{3, IL-6 or leptin or with pre-immune sheep serum, followed by a
subcutaneous injection of either LPS (250 pg/kg) or sterile saline. Lipopolysaccharide administration induced a ~ 1.3 (0.2) °C fever lasting ~10 h
and reduced voluntary running by 93 (8.6)% and food intake by 51 (21.3)% compared to the saline response (ANOVA, P<0.05). Injection of anti-
IL-6 serum or anti-leptin serum abolished the LPS-induced fever, anti-TNF-a serum affected only the early phase of fever and anti-IL-1p serum
had no effect on fever (ANOVA, P<0.05). LPS-induced suppression of voluntary running and food intake were attenuated in rats receiving anti-
IL-6 serum, while the decrease in food intake was totally abolished in rats receiving anti-leptin serum (ANOVA, P<0.05). Injection of anti-TNF-a
or anti-IL-13 serum had no effect on LPS-induced sickness behavior. Peripherally released IL-6 and leptin therefore appear to be important in

regulating LPS-induced fever and sickness behavior.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Pro-inflammatory cytokines; Antiserum; Endotoxin; Food intake; Voluntary wheel-running

1. Introduction

During an infection host defense mechanisms are activated
in animals and humans, and include both thermal responses,
such as fever, and non-thermal responses, such as sickness-type
behaviors [13]. The behavioral responses accompanying fever
such as sleep, lethargy and anorexia can be observed in
experimental animals following the administration of the Gram-
negative bacterial cell wall product lipopolysaccharide (LPS)
[13]. Systemic administration of LPS activates immune cells in
the periphery to release pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1p and
IL-6 [9,18,38]. A number of hypotheses have emerged on how

* Corresponding author. Tel.: 427 11 717 2462; fax: +27 11 643 2765.
E-mail address: hardenlm@physiology.wits.ac.za (L.M. Harden).

0031-9384/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.physbeh.2006.05.016

peripherally released cytokines may regulate the central
mechanisms of fever and sickness behavior, some of which
include the activation of neuronal afferent pathways and
transport systems from blood to the brain [12,13].

Interleukin-6 has emerged as an important circulating
mediator of the LPS-induced fever response [46]. Neutralization
of endogenous IL-6 in rats [9] and the absence of IL-6 in knock-
out mice [10] attenuate fever induced by LPS. The synthesis and
release of IL-6 into the circulation following LPS administration
may be due to the action of IL-1(3 [9,34], synthesized soon after
LPS administration, at local tissue sites and in the brain, where it
has been shown to mediate fever in its own right
[8,34,35,37,56]. Tumor necrosis factor-a also is synthesized
early on in an LPS-induced febrile episode, but its involvement
in fever is complex, with reports suggesting both pyrogenic and
antipyretic properties [22,29-31,44].
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In contrast to the established importance of peripherally
released IL-6 in mediating LPS-induced fever, the peripheral
involvement of cytokines in regulating sickness behavior is less
clear [7]. Studies showing that central administration of IL-1p
and TNF-a cause decreased body weight and locomotor activity
suggest that cytokines can act in the brain to induce sickness
behavior [6,21]. Another cytokine-like hormone, leptin, also
apparently plays a role in LPS-induced fever and anorexia in
rats [19,36,49]. However, whether these or other peripherally
released cytokines are involved in the behavioral changes
observed following LPS administration remains uncertain.

Many techniques can and have been used to elucidate the
roles of cytokines in the generation of the fever response.
Arguably, the most physiological approach is to antagonize
endogenously released cytokines, following a pyrogenic
stimulus. We have administered species-specific antisera to
examine whether the endogenously released cytokines, IL-1f3,
IL-6, TNF-a and leptin are physiologically active in the
generation of the fever response, and two aspects of sickness
behavior, induced by LPS injection into rats. We monitored
body temperature responses and two disparate, quantifiable
behaviors, voluntary exercise and food intake, after adminis-
tration of cytokine-specific antiserum and a pyrogenic dose of
LPS. We hypothesized that if a peripherally released cytokine is
involved in mediating the generation of fever or sickness
behavior, then endogenous neutralization of this cytokine using
species-specific antisera would attenuate the body temperature
rise, and/or the sickness behavior induced by LPS. Our results
confirm roles for endogenous IL-6, TNF-a and leptin in the
fever response, and uncover roles for endogenous IL-6 in
suppression of voluntary running and food intake and confirm
leptin’s role in the control of feeding behavior.

2. Methods
2.1. Animals

Male Sprague—Dawley rats (initial body mass 100-120 g)
were housed individually in cages to which exercise-training
wheels had been attached, at an ambient temperature of 21+
2 °C on a 12-h:12-h light/dark cycle (lights on 07:00). Food
(pelleted rat chow, Epol, Johannesburg, South Africa) and
water were provided ad [libitum. All procedures were
approved by the Animal Ethics Screening Committee of the
University of the Witwatersrand (ethics no. 2003/39/5).

2.2. Body temperature

Core body temperatures of rats were measured by remote
biotelemetry, using temperature-sensitive radiotelemeters
(TA10TA-F40, Data Sciences, St. Paul, MN, USA), which
were implanted intraperitoneally in animals anaesthetized with
80 mg/kg ketamine hydrochloride (Anaket-V, Bayer, SA) and
20 mg/kg xylazine (Chanazine, Bayer, SA). Transmitter output
frequency (Hz) was monitored at 5-min intervals, by a receiver
plate (RTA 500, Mini-Mitter, Sunriver, OR, USA) situated
beneath the cage of each animal. The frequency received by

each plate was fed into a peripheral processor (Datacol-3
Automated Data Acquisition System, VitalView, Minimitter,
Sunriver, OR, USA) connected to a personal computer and the
output expressed in degrees centigrade. The telemeters were
calibrated against a quartz thermometer (Quat 100, Heracus,
Germany) to an accuracy of 0.1 °C.

2.3. Voluntary wheel-running

The exercise-training wheels had a circumference of 1.06 m
and each wheel was equipped with a counter (cyclocomputer,
Cat eye velo 2, CC-VL200, CAT EYE Co., Ltd., Osaka, Japan)
attached to a sensor (No. 169-9771, CAT EYE Co., Ltd., Osaka,
Japan), which detected complete wheel revolutions when a
magnet (No. 166-5120, CAT EYE Co., Ltd., Osaka, Japan)
placed on the edge of the wheel, passed under the sensor. The
wheels were designed to allow rotation in only one direction.
Night-time running activity was recorded daily at 08:00 and
day-time running activity was recorded daily at 17:00.

2.4. Food intake

Food containers were filled daily with a measured amount
(60 g) of standardized pelleted rat chow. Twenty-four-hour food
intake was measured at 17:00 and quantified by subtracting the
food remaining in the food container and on the cage floor from
the amount of food given the preceding day. Food powder in the
cage was ignored as it has previously been reported to be similar
amongst rats and generally weighs less than a gram [39].

2.5. Pyrogens and antisera

Lipopolysaccharide (LPS) derived from Escherichia coli
endotoxin (serotype, 0111:B4, Sigma, St. Louis, MO, US) was
reconstituted in saline (sterile, pyrogen-free 0.9% saline Sabax,
Johannesburg, South Africa) and injected subcutaneously (s.c.)
at a dose of 250 pg/kg.

We used four rat-specific cytokine antisera; anti-rat TNF-a
serum, anti-rat IL-1{3 serum, anti-rat IL-6 serum, anti-rat leptin
serum (NIBSC, South Mimms Potters Bar, Herts UK) and pre-
immune sheep serum (PIS, NIBSC) for the control injections,
all with an endotoxin content <0.24 ng/ml (2.4 IU) and injected
intraperitoneally in a volume of 1.5 ml. The anti-rat TNF-a,
anti-rat IL-13, anti-rat IL-6 and anti-rat leptin polyclonal
antibodies were raised in sheep as previously described [41,42].
The neutralizing ability of the anti-rat TNF-a, IL-1 and IL-6
sera on rat cytokines was determined in vifro using a two-site
sandwich ELISA as described previously [41]. One hundred
microlitres of the antiserum was found to neutralize up to
10,000 pg of the specific recombinant rat cytokine against
which it was raised (“LM Harden, unpublished observations”).
Results from previous studies using the same anti-rat TNF-a,
IL-6 and leptin sera raised in sheep have confirmed the
neutralizing ability of these specific antisera in vivo [9,49,52].
Each of the cytokine-specific antisera has been shown to not

cross-react with the following rat recombinant cytokines: (rr)
TNF-, IL-6, IL-1p, IL-1-, IL-1ra and IL-10 [41,42].
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Fig. 1. Body temperature of rats injected s.c. with LPS (250 pg/kg) (n=6) or
saline (n=7) and an i.p. injection of pre-immune sheep serum (PIS) (1.5 ml).
***Indicates a significant increase in body temperature of rats injected with LPS
compared to rats injected with saline (P<0.001). The results are represented as
mean (S.D.). The arrow indicates the time of the injection; the black bar
indicates lights out (19:00 clock time).

2.6. Experimental procedure

Rats with a voluntary daily running distance of on average
2 km monitored over a 14-day period were selected for the
study. After surgery for implantation of the radiotelemeters, all
animals were returned to their cages and the running wheels
were locked for a period of 3 days so that animals could not
exercise. Thereafter, the wheels were unlocked and experimen-
tation started a minimum of 10 days post-surgery once rats had
reached their pre-surgery nightly running distance.

Groups of rats (n=6-8 per group) were injected intraper-
itoneally (i.p.) with 1.5 ml of one of: anti-rat TNF-« serum, anti-
rat IL-1p serum, anti-rat IL-6 serum, anti-rat leptin serum or
pre-immune sheep serum (PIS), followed by a s.c. injection of
either LPS (250 pg/kg) or sterile saline (1 ml/kg). All injections
were administered between 17:00 and 18:00 prior to the onset of
the dark phase when rats are most active. Body temperature,
spontaneous running and food intake were monitored for 72 h
before and 24 h after injections.

2.7. Data analysis

All data are expressed as mean (S.D.). The body temperature
responses were plotted as abdominal temperature—time curves
in 15-min intervals. For statistical purposes, the original 5-min
temperature recordings of each rat were averaged over 2 h for
the 10-h period following injections and two-hourly means were
analyzed using two-way analysis of variance with intervention
and time as main effects. A Student—Newman—Keul’s (SNK)
post hoc test was used to detect for differences within and
between groups when the ANOVA detected significant main
effects or interactions. Because of negligible daytime running,
only night-time running distance was analyzed. Running
distance was determined from the number of wheel turns and
was expressed as a percentage change from pre-injection
(average of three nights) running distance. Food intake was

expressed as grams of food consumed per 100 g of rat body
weight. The effect of LPS on the percentage change in running
and grams of food consumed for the night of injection was
analyzed using a #-test with Bonferroni correction for multiple
comparisons. The effect of each antiserum on the LPS-induced
change in running and food consumption for the night of
injection was analyzed using a one-way analysis of variance
followed by a SNK post hoc test.

3. Results
3.1. Body temperature

Fig. 1 shows that s.c. injection of LPS induced a significant
rise in body temperature after a latent period of approximately
2 h. The peak in body temperature (39.3 (0.5) °C) occurred
between 5 and 7 h after the injection. The fever lasted for up to
10 h following injections.

Body temperatures of rats injected with LPS and PIS were
significantly higher than the body temperatures of rats injected
with saline and PIS for most of the observation period. The main
effects of time (F(444)=18.93, P<0.0001), group (F 11)=
102,24, P<0.0001) and interaction (F(444)=6.53, P=0003)
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Fig. 2. Body temperature of rats injected with: (A) saline (s.c.) and anti-TNF-
a (1.5 ml, ip.) n=7) or PIS (n=7); (B) LPS (250 pgkg, s.c.) and anti-
TNF-a serum (1.5 ml, i.p.) (n=8) or PIS (n=6). ***Indicates a significantly
lower body temperature of rats injected with LPS+anti-TNF-a serum 1-3 h
after the injections when compared to rats injected with LPS+PIS
(P<0.001). The results are represented as means (S.D.). The arrow indicates
the time of the injection; the black bar indicates lights out (19:00 clock
time).
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Fig. 3. Body temperature of rats injected with: (A) saline (sc) and anti-IL-13
serum (1.5 ml, i.p.) (n=6) or PIS (n=7); (B) LPS (250 pg/kg, s.c.) and anti-IL-
1B serum (1.5 ml, i.p.) (n=6) or PIS (n=6). No significant differences were
found in the body temperatures of rats injected with LPS+PIS and LPS +anti-
IL-1p serum (P>0.05). The results are represented as means (S.D.). The arrow
indicates the time of the injection; the black bar indicates lights out (19:00 clock
time).

were significant such that rats injected with LPS (250 pg/kg)
developed a fever, while rats injected with saline did not.

3.1.1. Effects of cytokine antisera on body temperature

Fig. 2 shows effects of injection of anti-TNF-a serum or PIS
on body temperature of rats when the sera were administered
i.p. prior to s.c. saline (Fig. 2A) or LPS (Fig. 2B). Anti-TNF-a
serum had no effect on normal body temperature (Fig. 2A), as
no significant differences were found between the body
temperatures of rats injected with saline and PIS and saline
and anti-TNF-a serum (P>0.05). Anti-TNF-a serum injected
before LPS caused a significant fall in body temperature 1-3 h
post-injection compared with rats receiving LPS+PIS ((Fig.
2B, main effects of time (F(4,95=70.57, P<0.00001), group
(F(324)=34.38, P<0.0001) and interaction (F;296=14.76,
P<00001)). For the remainder of the course of the fever there
was no significant difference in the average temperature of rats
receiving LPS with anti-TNF-a serum and rats receiving LPS
with PIS.

Fig. 3 shows effects of injection of anti-IL-13 serum or PIS
on body temperature of rats when the sera were administered
i.p. prior to s.c. saline (Fig. 3A) or LPS (Fig. 3B). Anti-IL-1p
serum had no effect on normal body temperature when saline
was administered (Fig. 3A). Moreover, anti-IL-1{3 serum had no

significant effect on the fever induced by LPS injection (Fig.
3B, P>0.05).

Fig. 4 shows effects of injection of anti-IL-6 serum or PIS on
body temperature of rats when the sera were administered i.p.
prior to s.c. saline (Fig. 4A) or LPS (Fig. 4B). Anti-IL-6 serum
had no significant effect on normal body temperature (Fig. 4A,
P>0.05). Anti-IL-6 serum significantly lowered rat body tem-
peratures, for a 6-h period during the expected peak of the fever,
when compared to rats injected with LPS+PIS ((Fig. 4B, main
effects of time (Fi434)=23.07, P<0.00001), group (F(321)=
15.13, P<0.00001) and interaction (F(;284)=3.68, P=0001)).
Injecting anti-IL-6 serum abolished the LPS-induced fever such
that the average body temperature of the rats for the 10-h
post-injection period was not significantly different from rats
injected with saline+anti-IL-6 serum (P>0.05).

Fig. 5 shows effects of injection of anti-leptin serum or PIS on
body temperature of rats when the sera were administered i.p.
prior to s.c. saline (Fig. 5A) or LPS (Fig. 5B). Anti-leptin serum
had no effect on normal body temperature (Fig. 5A, P>0.05).
Anti-leptin serum injected before LPS in the rats significantly
lowered body temperatures over the entire 10-h period of the fever,
when compared to rats injected with LPS+PIS ((Fig. 5B, main
effects of time (Fi4,84,=25.68, P<0.0001), group (F3,1)= 3.23,
P<0.0001) and interaction (F12,s4)=3.71, P=0001)). Injecting
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Fig. 4. Body temperature of rats injected with: (A) saline (s.c.) and anti-IL-6
(1.5 ml, i.p.) (n=6) or PIS (n=7); (B) LPS (250 pg/kg, s.c.) and anti-IL-6 serum
(1.5 ml, i.p.) (n=7) or PIS (n=6). ***Indicates a significantly lower body
temperature of rats injected with LPS +anti-IL-6 serum for a 6-h period during
the peak of the fever when compared to rats injected with saline+PIS
(P<0.001). The results are represented as means (S.D.). The arrow indicates the
time of the injection; the black bar indicates lights out (19:00 clock time).
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Fig. 5. Body temperature of rats injected with: (A) saline (s.c.) and anti-leptin
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the fever (10 h) compared to the rats injected with LPS+PIS (P<0.01). The
results are represented as means (S.D.). The arrow indicates the time of the
injection; the black bar indicates lights out (19:00 clock time).

anti-leptin serum abolished the LPS-induced fever such that
the average body temperature of the rats for the 10-h post-
injection period was not significantly different from rats
injected with saline+anti-leptin serum (P>0.05).

3.2. Voluntary-wheel running

On average, rats ran between 2 and 4.5 km per night for three
nights before the experimental interventions. Fig. 6(A-D)
shows the effects of s.c. administration of LPS or saline with
anti-cytokine sera or PIS on nightly running distance in rats.
Fig. 6(A-D) shows that injection of LPS+PIS in rats
significantly reduced nightly running distance by 93 (8.6)%.
Saline+PIS injected animals also demonstrated a fall in running
the night after injection (Fig. 6A—D), but only to the extent of
23 (21.01)% which was significantly less than the fall in
running induced by LPS+PIS (r=8.13, P<0.0001).

3.2.1. Effects of cytokine antisera on voluntary-wheel running

Fig. 6A shows that anti-TNF-a serum had no effect on the
night-time spontaneous running irrespective of whether LPS or
saline was co-injected (P>0.05).
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Fig. 6. Percentage change from pre-injection nights, in night-time running
distance of rats after s.c. injection of LPS (250 pg/kg) or saline, and i.p. injection
(1.5 ml) of PIS or: (A) anti-TNF-a serum, (B) anti-IL-1p serum, (C) anti-IL-6
serum, (D) anti-leptin serum. The results are represented as means (S.D.).
***[ndicates P<0.001, LPS+PIS versus saline+PIS; **indicates P<0.01,
LPS+PIS versus LPS+anti-IL-6 serum; “indicates P<0.001, LPS+anti-IL-6
serum versus saline+anti-IL-6 serum.
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Fig. 6B shows similarly that anti-IL-1p serum had no effect
on the night-time spontaneous running irrespective of whether
LPS or saline was co-injected (P>0.05).

Fig. 6C shows that anti-IL-6 serum injected together with
saline had no effect on night-time spontaneous running
(P>0.05). Anti-IL-6 serum injected before LPS caused a
significant attenuation of the LPS-induced decrease in sponta-
neous running (one-way ANOVA, F3,3=24.38, P<0.01).
However, the presence of anti-IL-6 antibodies in the circulation
only partially reversed the LPS-induced suppression of
voluntary running, as distance run still was significantly less
in rats receiving LPS+anti-IL-6 serum, compared to rats
injected with saline+anti-IL-6 serum (P<0.001).

Fig. 6D shows that anti-leptin serum had no effect on the
night-time spontaneous running irrespective of whether LPS or
saline was co-injected (P>0.05).

3.3. Food intake

Food consumed by the rats in the 24-h period before
injections ranged between 10 and 12 g of food/100 g of body
weight. Fig. 7(A-D) shows that LPS+PIS injections in rats
significantly reduced 24-h food intake compared to rats injected
with saline+PIS (1=5.231, P=0.0002).

3.3.1. Effects of cytokine antisera on food intake

Fig. 7A shows that anti-TNF-a serum had no effect on 24-
h food intake irrespective of whether LPS or saline was co-
injected (P>0.05).

Fig. 7B shows similarly that anti-IL-1p serum had no effect
on 24-h food intake irrespective of whether LPS or saline was
co-injected (P>0.05).

Fig. 7C shows that anti-IL-6 serum injected together with
saline had no significant effect on 24-h food intake (P>0.05).
However, anti-IL-6 serum injected before LPS significantly
attenuated the LPS-induced decrease in food intake observed in
the rats when LPS was injected with PIS (one-way ANOVA,
F320=14.06, P<0.05). However, the presence of anti-IL-6
antibodies in the circulation only partially reversed the LPS
+PIS-induced decrease in food intake, as the food intake still
was significantly less in rats receiving LPS+anti-IL-6 serum
compared to rats injected with saline+anti-IL-6 serum
(P<0.05).

Fig. 7D shows that anti-leptin serum injected together with
saline significantly increased 24-h food intake (one-way
ANOVA, F3,5=25.11, P<0.01). Anti-leptin serum injected
before LPS significantly attenuated the LPS-induced decrease
in food intake observed in the rats when LPS was injected
with PIS (P<0.001). The presence of anti-leptin antibodies in

Fig. 7. Food intake of rats for 24 h after s.c. injection of LPS (250 pg/kg) or
saline, and i.p. injection (1.5 ml) of PIS or: (A) anti-TNF-« serum, (B) anti-IL-
1B serum, (C) anti-IL-6 serum, (D) anti-leptin serum. The results are represented
as means (S.D.). ***Indicates P<0.001, LPS+PIS versus saline+PIS;
*indicates P<0.05, LPS+anti-IL-6 serum versus LPS+PIS and saline +anti-
IL-6 serum; **indicates P<0.01, LPS+anti-leptin serum versus LPS+PIS and
saline +anti-leptin serum; #indicates P<0.01 saline+PIS versus saline +anti-
leptin serum.

Food intake (g/100g body weight)

A
=T
I anti- TNF-o
101 L
Fkeke
J L
0
|(n=7) (n=7) | 1 (n=7) (n=7) |
LPS Saline
B
5 =3ris
[ anti-IL1B
10 -
Fekk
1
I(n=7) (n=7) | 1 (n=7) (n=4)|
LPS Saline
C
157
| — )
Janti-IL-6 _|_
-
104 "
- —|_
L
1 (n=7) (n=6)| | (n=7) (n=4)|
LPS Saline
D
154 C3JPIS #
(I anti-leptin
*k
10+ L
Fekeke
J 1
0]
|(n=7) (n=7) | I(n=7) (n=8)|
LPS Saline

151

60



152 L.M. Harden et al. / Physiology & Behavior 89 (2006) 146-155

the circulation abolished the LPS+PIS-induced decrease in
food intake to such an extent that the food intake of the rats
for the 24-h post-injection period was not significantly
different from rats injected with saline+PIS (P>0.05).
However, the 24-h food intake in rats receiving anti-leptin
serum+LPS was still significantly less than the increased food
intake measured in rats receiving anti-leptin+saline (P<0.01).

4. Discussion

We have shown that subcutaneous administration of
lipopolysaccaride (LPS) before the night-time active period in
rats induces fever and sickness behavior. While this observation
is not new, what is novel in our study is the finding that a
particular form of voluntary activity, voluntary wheel-running,
is suppressed after an LPS challenge. Indeed, voluntary exercise
on running wheels was reduced by about 93% by a single
injection of LPS. To our knowledge this is the first report that
voluntary exercise, that is wheel-running, is suppressed as part
of LPS-induced sickness behavior and our results indicate that
this form of voluntary activity is almost completely abolished
by LPS administration. The LPS-induced fever was abolished if
either anti-IL-6 serum or anti-leptin serum were administered
before LPS administration. Injecting rats with anti-TNF-a
serum affected only the early phase of the fever response and
had no effect on sickness behavior and anti-IL-13 serum had no
effect on either fever or sickness behavior induced by LPS.

Our findings support the view that endogenously produced
IL-6 is a primary mediator of LPS-induced fever in rats [9,46].
We can also support the more recently postulated role for
peripherally released leptin in LPS-induced fever [49]. We have
also uncovered, by using injection of cytokine-specific antisera,
roles for peripherally released IL-6 and leptin, but not for TNF-
a and IL-1p, in two specific behavioral changes induced by
LPS, suppression of voluntary physical activity (wheel-
running) and food intake. We have shown for the first time
that peripheral IL-6 plays a role in the suppression of voluntary
physical activity as well as in the suppression of appetite,
following LPS injection. Leptin, on the other hand, and not
surprisingly, affected food intake; not only was the LPS-induced
suppression of food intake reversed by co-injection of anti-
leptin serum with LPS, but injection of anti-leptin serum with
saline significantly enhanced food intake compared to animals
injected with saline+PIS (Fig. 7D).

Our results showing that LPS-induced fever is completely
abolished following systemic administration of anti-IL-6 serum
in rats adds to current evidence confirming the importance of
circulating IL-6 in the development of fever. Interleukin-6
appears to be the only cytokine that is consistently measurable
in significant quantities in the circulation during both systemic
and localized inflammatory responses to LPS [7,9,18,38,44,47].
The importance of IL-6 in LPS-induced fever also is supported
by findings of strong correlations between plasma concentra-
tions of IL-6 and the magnitude of fever [26,45], systemic pre-
treatment with neutralizing IL-6 antiserum abolishing the febrile
response induced by s.c. LPS administration [9] and the failure
of IL-6-knockout mice (lacking the gene for IL-6) to develop

fevers in response to i.p. injection of LPS [10]. Regardless of the
route of LPS administration, it has been proposed that IL-6,
released into the circulation after an injection of LPS, gains
entry to the brain via the sensory circumventricular organs,
specifically the area postrema, and causes direct genomic
activation of target gene transcription in brain cells [47]. Thus,
circulating IL-6 indeed appears to be acting as the afferent
signal for the development of fever [9].

Given the established importance of endogenous circulating
IL-6 in the development of LPS-induced fever, failure to detect
an increase in body temperature following exogenous admin-
istration of IL-6 has lead others to hypothesize that endogenous
IL-6 is not working in isolation but requires additional co-
factors to initiate the febrile response [9]. Co-factors shown to
act with IL-6 to induce fever include IL-13 and the soluble IL-6
receptor (SIL-6R); both increased in animals treated with LPS
[9,26,38,51].

Not only is IL-6, but so too is the cytokine-like adipocyte-
product leptin significantly increased in the circulation
following LPS administration [15,17,50]. Using leptin-specific
antiserum administered i.p., we were able to completely abolish
the fever induced by LPS in rats. The same antiserum, in other
hands, attenuates fever induced by a lower dose of LPS (100 g/
kg, i.p.) in rats [49]. The different degrees of fever suppression
in the two studies may be due to the higher dose of leptin
antiserum used in our study. However, studies in obese (f/f)
Koletsky rats which lack the leptin receptor and (fa/fa) Zucker
rats in which the receptor-mediated transport and intracellular
signaling of leptin are defective, do not support a role for leptin
in LPS-induced fever [20,54]. It has been proposed that humoral
mediators, other than leptin, may compensate for the absence of
functional leptin receptors in obese (fa/fa) Zucker rats, thereby
possibly explaining the reported discrepancies on leptin’s role
in LPS-induced fever [20,49,54].

Unlike IL-6 and leptin, IL-1p is not detected in measurable
concentrations in the plasma following LPS administration, yet
exogenous administration of recombinant IL-1(3 has been
shown to induce fever in rats [1,14]. Surprisingly, therefore,
in our study, we found that administering anti-IL-1{3 serum had
no effect on fever induced by administration of a high dose
(250 pg/kg) of LPS. In other hands, those who administered a
lower dose (10 pg/kg) of LPS, a partial attenuation in the fever
response was found with the administration of anti-1L-13
serum [32]. A number of differences in the experimental design
between our study and that of Long et al. (1990) may explain
these apparently contradictory findings. Firstly, the different
anti-IL-1p sera used in the studies (ours being species-specific)
may have had different neutralizing effects on the IL-1p release
induced by LPS. Secondly, in our study, we used a greater dose
of LPS (25-fold), which could have resulted in LPS entering the
circulation from the site of administration and activating the
same intracellular signaling pathway as IL-1{3 through an
independent receptor, such as toll-like receptor 4 and hence
bypassing the action of IL-1p [11]. Lastly, it has been shown
that IL-1p is primarily produced at the local tissue site
following s.c. administration of LPS where it can induce the
release of IL-6 into the circulation to act as the humoral signal
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for fever induction [9]. Therefore, by administrating the antisera
i.p., we may not have influenced the synthesis of IL-1(3 induced
by LPS at the tissue site of injection or in the brain, and
therefore IL-1p3’s subsequent pyrogenic effects.

In addition to IL-6 and IL-1P, a third pro-inflammatory
cytokine, TNF-a, also is reported to be involved in LPS-
induced fever. However, its exact role in fever is not clear with
studies reporting both pyrogenic and antipyretic actions for
TNF-a [22,29,31,32,44]. Tumor necrosis factor-a is the first of
the pro-inflammatory cytokines to be measurably increased in
the circulation following systemic injection of LPS [18]. Its
concentrations increase within 60 min of LPS injection and
remain elevated for 3 h [18,44]. When we administered anti-
TNF-o serum to rats, together with LPS, we found an
attenuation in the rise in body temperature in the initial 1-3 h
of the febrile episode, corresponding to the reported time period
when plasma concentrations of TNF-a are increased [32,44].
The significantly enhanced peak and plateau phase of the fever
response found by others using peripherally administered anti-
TNF-a serum is in contrast to our findings which support a
pyrogenic role for TNF-a [30,32]. With regards to these
contradictory findings for TNF-q, it has been stated that the
pyrogenic or antipyretic effects of endogenous TNF-a depend
on the dose of the fever-inducing stimulus, the species of
experimental animal and whether species heterologous or
homologous protein is used, as heterologous proteins have
different receptor affinities [53,55]. In our study, we used
species-specific antisera and a greater (25-fold) dose of LPS
than that used by others supporting an antipyretic role for TNF-
a [22,30,32].

In contrast to the data supporting a role for circulating
cytokines mediating LPS-induced fever, few data exist
examining the involvement of such circulating mediators in
LPS-induced sickness behavior. Moreover, the involvement of
circulating cytokines in mediating the suppression of volun-
tary running behavior, a sensitive and highly quantifiable
measure of sickness behavior, known to be different from
general cage activity observed in rats [40], has not been
established. Our results show, for the first time, that circulating
IL-6 plays a role in mediating the reduction in voluntary
activity induced by LPS. In addition, we also found that
administering anti-IL-6 serum attenuated LPS-induced sup-
pression of food intake, a role for IL-6 supported by findings
using IL-6 knockout mice [5].

Interestingly, whereas the presence of IL-6 antibodies in the
circulation abolished the fever response to LPS injection,
suppression of voluntary activity was reversed by the presence
of IL-6 antibodies only by 27%, and appetite also was not
returned to normal levels in the presence of IL-6 antibodies.
Thus, IL-6 may be an essential component of LPS-induced
fever but an additional factor or factors, possibly working in
parallel with IL-6, may be required to mediate sickness
behaviors. Interleukin-13 could be this additional factor; as
intracerebroventricular administration of IL-6 on its own had no
effect on locomotor activity in rats, yet when administered in
combination with a non-pyrogenic dose of IL-1(3, locomotor
activity was significantly reduced [27].

Interleukin-1p also is proposed to act with another proposed
circulating mediator of fever, leptin, to induce sickness behavior
[49]. In this case, circulating leptin could be acting as a
peripheral signal to induce the release of IL-13 in the
hypothalamus to mediate the anorexic effects induced by LPS
[25,36,49]. Results from our study suggest a role for circulating
leptin in mediating the suppression of food intake following
LPS administration, supporting other studies [49] and those
which have used leptin receptor-deficient (db/db) mice [16].
Not only did we completely inhibit the suppression of food
intake induced by LPS, but also significantly increased food
intake in the afebrile rats receiving saline+anti-leptin serum.
The presence of circulating antibodies to leptin, therefore, has a
significant effect on enhancing food intake, in the absence of
illness. Other studies using rats in which the receptor-mediated
transport and intracellular signaling of leptin is defective
suggest that leptin in not the sole mediator of LPS-induced
anorexia, but may rather have a modulatory role [16,33].

Our failure to attenuate LPS-induced suppression of
voluntary running and food intake using antisera raised
against rat IL-1p3 and rat TNF-« is in agreement with findings
from a number of earlier studies [24,28,29,40]. Using the
following knockout mice, IL-1(3, IL-1r] (in which neither IL-
la or IL-1p is able to induce a biological signal) and TNFR
(which lack functional genes for both p55 and p75 TNF
receptors), as an experimental model, it was found that the
same degree of lethargy and anorexia induced by LPS was
observed in both the knockout and wild-type mice [24,28,29].
Tollner et al. (2000) inhibited endogenously released TNF-a
using a TNF-binding protein injected i.p. following LPS
administration, but found no significant effect on the LPS-
induced suppression of night-time activity in rats and only
minimal effects on attenuating the LPS-induced decrease in
food intake. Furthermore, administration of antibodies specific
to TNF-a and IL-13 had no effect on Corynebacterium
parvum-antigen induced suppression of wheel running in mice
[40]. Together with our findings, these observations tend not
to support a role for circulating TNF-a and IL-1p in
regulating sickness behavior. However, central administration
of TNF-a and IL-1( can induce sickness behavior [6,21] and
mRNA expression for TNF-a and IL-13 in the brain is
elevated at time points corresponding to the development of
sickness behavior [40]. Thus, TNF-a and IL-1p may play a
role in regulating sickness behavior, but if they do, then it is
via central rather than peripheral mechanisms.

Irrespective of which cytokines appear to have pivotal roles
in the generation of fever and/or sickness behavior, it is clear
that they must activate brain mechanisms to do so, seeing the
mechanisms regulating body temperature [23], activity [43] and
appetite reside centrally [21]. We, and others, have shown IL-6
to have a key role to play in fever generation [9,10,46], and our
current studies have demonstrated that IL-6 also plays a role in
suppressing appetite and voluntary running, following LPS
administration. The mechanisms by which peripherally circu-
lating IL-6 mediates the centrally controlled responses remain

unclear. It has been proposed that cytokines gain entry into the
brain via an active transport system [2,3] or via sites of the brain
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lacking a blood brain barrier, such as the circumventricular
organs (CVOs) [4,12]. Also, endothelial cells in CVOs are
activated by peripheral cytokines and may result in further
cytokine release in the brain to induce fever and sickness
behavior [4,12,48]. This question is one deserving of further
investigation.

In conclusion, we have used cytokine-specific antisera,
which neutralize cytokines released in response to LPS
injection, to unveil pivotal roles for both IL-6 and leptin, as
peripheral mediators of LPS-induced fever. Peripherally
released IL-6 also has a role in the suppression of voluntary
running and food intake accompanying infection but full
suppression of these sickness behaviors may require synergistic
action of other cytokines, such as IL-1{3. Peripherally released
leptin appears to also have a role, both in inducing fever and
suppression of food intake accompanying infection, but not in
suppression of voluntary running. Suppression of the pre-
disposition to exercise is another behavior induced by LPS
injection and is IL-6-mediated, at least in part. Our results have
contributed significantly to the understanding of peripheral
mechanisms mediating fever and accompanying sickness
behaviors, and have implications for the management of sick
individuals, particularly sick athletes.
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CHAPTER 3

Interleukin (IL)-6 and IL-1f act synergistically within the brain to
induce sickness behavior and fever inrats.
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Abstract

Pro-inflammatory cytokines interleukin (IL)-6 and IL-1B can act in the brain (centrally) to cause fever. Sickness behaviors which
accompany fever also appear to involve the central action of IL-1B. We injected species-homologous rat IL-6 and IL-1f directly into
the brains of conscious rats to examine the effect of these cytokines on fever, and two behaviors affected by sickness, voluntary
wheel-running and food intake. Male Sprague-Dawley rats selected for their predisposition to spontaneously run on running wheels were
used in the experiment. Each rat was anaesthetized and had a temperature-sensitive radiotransmitter implanted intra-abdominally, and a
23-gauge stainless steel guide cannula inserted stereotaxically over the lateral cerebral ventricle. Rats were randomly assigned to receive
intracerebroventricular injections of three doses of either IL-13 or IL-6 (100 ng, 1 ng or 0.1 ng IL-1pB and 200 ng, 20 ng or 2 ng IL-6), or
one of three different combinations of IL-1p and IL-6. Rats receiving either IL-1 or IL-6 showed a dose-dependent increase in body
temperature and decrease in wheel-running (ANOVA, p <0.0001). Only rats receiving the highest dose of IL-1p significantly decreased
food intake and body mass compared to rats receiving vehicle (ANOVA, p < 0.001). Doses of IL-1B and IL-6 which, when injected on
their own were non-pyrogenic and did not affect food intake and body mass, induced fever and anorexia when they were co-injected
centrally. These results show that species-homologous rat IL-6 and IL-1p can act directly within the brain to decrease voluntary activity

and suggest they also can act synergistically to induce anorexia and fever.

© 2008 Elsevier Inc. All rights reserved.

Keywords: Voluntary wheel-running; Anorexia; Cachexia; Pro-inflammatory cytokines; Synergy

1. Introduction

Various brain-mediated behavioral responses, more
commonly referred to as sickness behaviors, are observed
together with the fever response in both animals and
humans during an acute infectious illness (Hart, 1988;
Dantzer, 2001). Some of the behavioral changes typically
observed in sick individuals and animals include a loss of
appetite and interest in social activities, increased sleep
and depressed activity (Dantzer, 2001). Of these behavioral
changes one of the most commonly reported by patients in

* Corresponding author. Fax: +27 11 643 2765.
E-mail address: Lois.Harden@wits.ac.za (L.M. Harden).

0889-1591/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbi.2007.12.006

various disease states or observed in infected animals, is
fatigue accompanied by a decrease in daily activity
(Ottenweller et al., 1998; Johnson, 2002; Hewlett et al.,
2005; Kramer et al., 2005; Schubert et al., 2007).

Activity is routinely assessed in experimental animals by
measuring voluntary wheel-running and recently we and
others have shown that voluntary wheel-running in mice
and rats is markedly reduced during infection (Sheng et al.,
1996; Ottenweller et al., 1998; Sherwin, 1998; Katafuchi
et al., 2003; Harden et al., 2006). Results from a study con-
ducted in our laboratory investigating the functional impor-
tance of endogenous interleukin (IL)-6 in lipopolysaccharide
(LPS)-induced sickness behavior, have shown that peripher-
ally released IL-6 only partially mediates the suppression of
voluntary activity induced by LPS administration (Harden
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et al., 2006). However, administration of human recombi-
nant IL-6 induces a sensation of fatigue in healthy humans
at rest and decreases athletic performance in trained runners;
treatment with IL-6 antibodies induces an immediate disap-
pearance of previously debilitating fatigue reported by
patients with multicentric Castleman disease, a disease char-
acterized by a dysregulated overproduction of IL-6 (Spath-
Schwalbeet al., 1998; Nishimoto et al., 2000; Robson-Ansley
et al., 2004; Nishimoto et al., 2005). These data, obtained
from animal and human studies therefore suggest some
involvement of IL-6 in mediating sickness behavior
responses such as fatigue and the associated reduction in
physical activity thought to be triggered by the brain during
infection. Nevertheless, to date it has been difficult to elicit
sickness behaviors by central administration of IL-6 (Oitzl
et al., 1993; Lenczowski et al., 1999).

In contrast to the lack of evidence for the direct involve-
ment of IL-6 within the brain in mediating sickness behavior,
there is substantial evidence that another pro-inflammatory
cytokine, IL-1, acts centrally to mediate sickness behavior.
Central administration of IL-1B reproduces symptoms of
sickness which include decreased food intake, body mass
and locomotor activity (Anforth et al., 1998; Nadjar et al.,
2005; Carmichael et al., 2006; Pecchi et al., 2006; Elander
et al., 2007). These findings would tend to suggest that IL-
1B is the more likely mediator of fatigue and associated
reduction in physical activity observed during infection.

Cytokines probably do not function independently to
induce host responses to infection, but rather they interact
with other cytokines. In particular, cytokine interactions
observed as physiological synergy in which the effect of a
combination of substances exceeds the effect of the individ-
ual constituents, has been demonstrated in vivo between IL-
1B and IL-6 (Lenczowski et al., 1999; Cartmell et al., 2000).

To discern direct effects in the brain of IL-6 and IL-1f in
mediating sickness behaviors, we have injected species-
homologous rat IL-6 and IL-1B directly into the brains
of conscious rats and have examined the dose-response
effects on voluntary activity, that is, voluntary wheel-run-
ning and food intake. We also measured body temperature
to determine whether the effects of IL-6 and IL-1p on vol-
untary activity and feeding were secondary to fever. More-
over, we further assessed the possible physiological synergy
between central IL-6 and IL-1p in mediating changes in
behavior and body temperature by co-injection of the cyto-
kines. Our results uncover a role for both central IL-6 and
central IL-1P in mediating suppression of voluntary activ-
ity, and identify a synergistic effect of IL-6 and IL-1B in
inducing anorexia and fever.

2. Methods
2.1. Animals

Male Sprague Dawley rats (initial body mass 120-150g) were
housed individually in cages to which exercise-training wheels had been
attached. The rats were kept at an ambient temperature of 21 +2°C
and on a 12h:12h light:dark cycle (lights on at 07:00). Rats with an

average voluntary daily running distance of 1km, monitored over a
21-day training period, were selected for the study. Food (pelleted rat
chow, Epol, Johannesburg, South Africa) and water were provided ad
libitum. All procedures were approved by the Animal Ethics Screening
Committee of the University of the Witwatersrand (Ethics No. 2004/
95/5).

2.2. Surgery

Rats selected for the study (body masses 300-350 g), were anesthe-
tized with an intramuscular (i.m.) injection of 0.4 mg/kg domitor (Nov-
artis, SA) and 40 mg/kg ketamine hydrochloride (Anaket-V, Bayer, SA)
and had a temperature-sensitive radiotransmitter (TA10TA-F40, Data
Sciences, St. Paul, MN, USA) implanted intra-abdominally. Thereafter
the rats were placed in a stereotaxic frame (Stoelting, IL, USA), a heat-
ing pad was placed beneath the rat to maintain core body temperature,
and they were given an injection (0.1 ml) of adrenaline (10 pg) (Merck,
SA) and lignocaine hydrochloride (0.02 g) (Bayer, SA) subcutaneously
over an area of skull. An incision was made in the midline of the cra-
nium to expose the skull. A 23-gauge stainless steel guide cannula (Plas-
tics One, Roanoke, VA, USA) was placed over the right lateral cerebral
ventricle. Coordinates for the guide cannula were 0.8 mm posterior to
bregma, 1.5 mm lateral to the midline and 3.5 mm below the skull sur-
face at the point of entry (Paxinos and Watson, 1998). The cannula was
secured to the skull with three screws and dental cement. After surgery
each rat was given a subcutaneous injection of 0.3 mg buprenorphine
hydrochloride (Temgesic, Schering-Plough, SA) and ringer lactate
(1.5ml) (SABAX, Adcock, Ingram, SA) and allowed a minimum of
21 days for recovery.

2.3. Body temperature

We measured core body temperatures of rats continuously, by remote
biotelemetry using temperature-sensitive radiotransmitters which had been
implanted intraperitoneally (see above). Transmitter output frequency
(Hz) was monitored at 5Smin intervals, by a receiver plate (RTA 500,
Mini-Mitter, Sunriver, OR, USA) situated beneath the cage of each ani-
mal. The frequency received by each plate was fed into a peripheral pro-
cessor (DP-24 DataPort, VitalView, Mini-Mitter, Sunriver, OR, USA)
connected to a personal computer and the output expressed in degrees cen-
tigrade. The telemeters were calibrated by water immersion against a high-
accuracy thermometer (Quat 100, Heraeus, Germany), to an accuracy of
0.1°C.

2.4. Voluntary wheel-running

The exercise-training wheels had a circumference of 1.06 m and each
wheel was equipped with a magnet and a magnetic switch (VitalView,
Mini-Mitter, Sunriver, OR, USA). Each time the wheel rotated the magnet
within range of the magnetic switch, the switch closed and a turn was
counted. The mechanical switches were connected to an activity input
module (QA-4, VitalView, Mini-Mitter, Sunriver, OR, USA) which in
turn was fed into a peripheral processor (DP-24 DataPort, VitalView,
Sunriver, OR, USA) connected to a personal computer which monitored
the number of wheel turns at 5 min intervals using VitalView software ver-
sion 4.1 (Mini-Mitter, Bend, OR, USA).

2.5. Food intake and body mass

Food intake and body mass were measured twice daily at 08:00 (1 h
after lights on) and 18:00 (1 h before lights off). Food containers were filled
daily at 08:00 with 100 g of the pelleted rat chow. Food intake was quan-
tified by subtracting the food remaining in the food container and on the
cage floor from the amount of food measured at the preceding time point.
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Food powder in the cage was ignored, as it has been reported previously to
be similar among rats, and generally to weigh less than a gram (Mueller
et al., 1997).

2.6. Rat recombinant protein

Rat recombinant (rr)IL-6 (Escherichia coli-derived, specific activity
250,000 IU/pg, as measured in a B9 mouse hybridoma bioassay, National
Institute for Biological Standards and Control, Potters Bar, UK) and
rrlL-1B (E. coli-derived, specific activity 100,000 IU/ug, National Institute
for Biological Standards and Control, Potters Bar, UK) were used in the
study. All experiments were carried out using a single batch of IL-6 and
IL-1B. The endotoxin content of the two recombinant cytokines was
<4ng (40 IU)/mg of protein, as measured in a Limulus Amoebocyte
Lysate test. The cytokines were diluted in a vehicle of pyrogen-free saline
containing 0.1% bovine serum albumin (BSA, fatty acid free, low endo-
toxin, Roche, Germany) on the day of the experiment and injected intra-
cerebroventricularly (i.c.v.).

2.7. Experimental procedure

After surgery for implantation of the radiotransmitters and guide
cannulae, all animals were returned to their cages and the running
wheels were locked for a period of 7 days so that animals could not
exercise. Thereafter, the wheels were unlocked and experimentation
started 3 weeks post-surgery once rats had reached their pre-surgery
nightly running distance. During this post-surgery period the rats were
habituated to handling and injection procedures. To confirm correct
placement of the guide cannula a week before i.c.v. injections of the
recombinant proteins, rats were injected i.c.v. (see below) with angioten-
sin 11 (10 ng/5 pl; A-2900, Sigma, St. Louis, MO, USA) and then mon-
itored for a drinking response for 30 min after the injection. Rats with
a positive drinking response (>10 ml of water in 30 min) were used in
the study.

For microinjections into the lateral cerebral ventricle, a 30-gauge injec-
tion stylette (Plastics One, Roanoke, VA, USA), connected by polyethyl-
ene tubing (0.58 mm i.d., 1.27 mm o.d.) to a 50 ul Hamilton gas-tight
microliter syringe (Hamilton, Switzerland) was lowered into the guide can-
nula so that it protruded 0.5 mm beyond the tip of the guide cannula into
the ventricle. Each microinjection was administered to freely moving rats
over a period of 60 s in a volume of 5 or 6 pl of either vehicle or the specific
rat recombinant protein. The injection stylette was left in the guide can-
nula for an additional 5 min to ensure dispersion of the injected substance
within the ventricle.

To determine the dose-response relationship of centrally adminis-
tered IL-1B and IL-6 on wheel-running, food intake, body mass and
body temperature, rats were randomly assigned to receive either
100 ng, 1 ng or 0.1 ng of IL-1f or 200 ng, 20 ng or 2ng of IL-6 i.c.v.
in a volume of 5pl. In addition to the dose-response experiments the
effects of co-administration of IL-1p and IL-6 on wheel-running, food
intake, body mass and body temperature, were also determined, using
three different groups of rats which were randomly assigned to receive
one of the following combinations: IL-1B (0.1 ng) + IL-6 (2 ng), IL-1p
(1 ng) +1L-6 (2ng) or IL-1B (0.1 ng) + IL-6 (20 ng). For the combina-
tion injections IL-1p and IL-6 were prepared separately at the given
concentrations in a volume of 3 pl and then injected as a single bolus
injection of 6 pl, with each rat therefore receiving only one injection.
During both the cytokine dose-response and combination experiments
rats were also randomly assigned to the control group and received
an ic.v. injection of the vehicle solution (5pul). The IL-1f and IL-6
dose-response injections, the IL-6 and IL-1B co-injections and control
(vehicle) injections were therefore administered in a randomized manner
under the same experimental conditions.

All i.c.v. injections were administered between 17:00 and 18:00 before
the onset of the dark phase when rats are most active. Wheel-running,
food intake, body mass and body temperature were all monitored for
72 h before and 12 h after injections.

Rats were euthanized with 1 ml sodium pentobarbital injected intra-
peritoneally (Euthapent, 200 mg/ml; Kyron Laboratories (Pty) Ltd.,
South Africa) and correct placement of guide cannulae was verified
post-mortem by infusion of 5pul of blue dye (Kyro-quick stain, Kyron
Laboratories, SA) through the guide cannula assembly. After 5 min the
brain was removed and placed on ice and the distribution of the ink within
the ventricles was visually inspected in approximately 1-mm sections of the
brain.

2.8. Data analysis

All data are expressed as means + SD. The body temperature
responses to the injections were plotted as temperature-time curves, with
the 5 min recordings averaged over 15 min intervals. For statistical analy-
sis of the dose-response relationship, we calculated thermal response
indexes (TRI, °C h) for each rat over 12 h (19:00-07:00), a time interval
chosen in order to exclude the stress-induced hyperthermia that occurred
after handling and injections. The TRIs were calculated as the area
between the temperature-versus-time curve following an injection and
the curve depicting the mean nychthemeral temperature rhythm for that
rat, obtained for the 3 days before the injection. Because of negligible day-
time running, only night-time running distance was analyzed. Night-time
running distance (19:00-07:00) was determined from the number of wheel
turns and was expressed as a percentage change from the mean running
distance measured over three nights before the injection. Food intake
was expressed as grams of food consumed per 100 g of rat body mass.
Change in body mass was determined by subtracting the body mass mea-
sured 12 h after the injection from the body mass measured immediately
prior to injection. The effects of central injections of IL-6 and IL-1f on
the TRIs, percentage change in wheel-running, food consumption and
body mass gain for the night of injection were analyzed using a one-way
analysis of variance followed by a Student-Newman-Keul’s (SNK) post
hoc test.

3. Results
3.1. Voluntary wheel-running

On average, rats ran between 1 and 4 km per night
(19:00-07:00) during the three nights before the experimen-
tal interventions. Fig. 1A shows that the inhibition of
night-time running activity was dependent on the dose of
IL-6 injected i.c.v. (one-way ANOVA, F3,p =319,
p <0.0001). The decrease in running activity of rats receiv-
ing 200 ng was significantly different to the decrease in run-
ning activity of rats receiving 20 ng (p <0.01, SNK) and
2 ng (p <0.001, SNK). Furthermore, the decrease in run-
ning activity of rats receiving 20 ng was also significantly
different to the decrease in running activity of rats receiving
2 ng (p <0.05, SNK). Rats injected i.c.v. with each of the
three doses of IL-6 (200 ng, 20 ng and 2 ng) significantly
decreased their nightly running distance compared to rats
receiving vehicle (p <0.01, SNK). Of the three doses of
IL-6 injected, rats receiving the highest dose of IL-6
(200 ng) showed the greatest decrease in nightly running
distance (85 + 10.7%).

Fig. 1B shows that the inhibition of night-time running
activity was dependent on the dose of IL-1p injected i.c.v.
(one-way ANOVA, F3,0=92.5, p<0.0001). The
decrease in running activity of rats receiving 100 ng was
significantly different from the decrease in running activity
of rats receiving 1ng (p<0.001, SNK) and 0.1 ng
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Fig. 1. Percentage change from that on pre-injection nights, in night-time
running distance of rats after i.c.v. injection of vehicle (n = 6) or: (A) IL-6
at 3 doses 200 ng (n =6), 20 ng (n =6), 2 ng (n=6); (B) IL-1P at three
doses 100ng (n=6), Ing (n=25), 0.1ng (n=7). The results are
represented as means 4+ SD. “Significant decrease in running distance of
rats receiving either IL-6 (200 ng, 20 ng and 2 ng) or IL-1f (100 ng, 1 ng
and 0.1 ng) compared to rats receiving vehicle (p < 0.01, SNK). *Signif-
icant decrease in running distance of rats receiving either the highest doses
of IL-6 (200 ng) or IL-1B (100 ng) compared to rats receiving the middle
and lowest doses of IL-6 or IL-1p (p < 0.01, SNK). *Significant decrease
in running distance of rats receiving the intermediate doses of IL-6 (20 ng)
or IL-1PB (10 ng) compared to rats receiving the lowest doses of IL-6 or IL-

1B.

(p <0.001, SNK). Furthermore, the decrease in running
activity of rats receiving 1 ng was also significantly different
to the decrease in running activity of rats receiving 0.1 ng
(p <0.001, SNK). Rats injected i.c.v. with each of the three
doses of IL-1B (100ng, 1ng and 0.1 ng) significantly
decreased their nightly running distance compared to rats
receiving vehicle (p <0.001, SNK). Of the three doses of
IL-1pB injected, rats receiving the highest dose (100 ng)
had the greatest decrease in nightly running distance
(93 £ 8.6%). Injection of the vehicle (0.1% BSA) appeared
to induce a small significant decrease (~22%) in running
activity, for reasons which are not known, as the percent-
age change in running activity of rats receiving vehicle on
the night of injection was significantly different to zero
(t=10.5, p <0.0001). Injection of the vehicle did not have
any effect on any of the other measurements taken (body
temperature, food intake and body mass).

Fig. 2 shows the results of injecting three different com-
binations of IL-1f and IL-6 which when injected on their
own all decreased running activity of the rats, but by differ-
ent magnitudes. Fig. 2A shows the results of injecting a
dose of IL-6 (2 ng) which induced the smallest decrease
in running activity of the three doses of IL-6 administered,
in combination with a dose of IL-1B (0.1 ng) which induced
the smallest decrease in running activity of the three doses
of IL-1B administered. Rats receiving combination i.c.v.
injections of 0.1 ng IL-1B and 2 ng IL-6 decreased nightly
running distance by a significantly greater percentage com-
pared to when IL-18 (0.1 ng) and IL-6 (2 ng) were injected
separately (one-way ANOVA, F3,9 =38.2, p<0.001).
Fig. 2B shows that rats receiving combination i.c.v. injec-
tions of an intermediate dose of IL-1f (1 ng) and the lowest
dose of IL-6 (2 ng) also decreased nightly running distance
by a significantly greater percentage compared to when IL-
1B (1 ng) and IL-6 (2 ng) were injected separately (one-way
ANOVA, F319)=32.3, p <0.01). Fig. 2C shows that rats
receiving combination i.c.v. injections of an intermediate
dose of 1L-6 (20 ng) and the lowest dose of IL-1 (0.1 ng)
also decreased nightly running distance by a significantly
greater percentage compared to when IL-6 (20 ng) and
IL-1B (0.1 ng) were injected separately (one-way ANOVA,
1‘13.20) = 421, P < 0001)

3.2. Food intake and body mass

On average, rats consumed between 6 and 10 g of food/
100 g of body mass per night (19:00-07:00) during the three
nights before the experimental interventions. Figs. 3 and
4A show that the food intake and body mass of rats receiv-
ing i.c.v. injections of IL-6 at any of the three doses was not
significantly different to the food intake (one-way
ANOVA, Fi3s0 =14, p>0.05) and weight gain (one-
way ANOVA, F359=0.72, p>0.05) of rats receiving
vehicle over the 12 h period after injection. Figs. 3 and
4B show that rats receiving 100 ng IL-1B consumed signif-
icantly less food (one-way ANOVA, F3,) =34.5,
p<0.001) and gained significantly less body mass (one-
way ANOVA, F3 5, = 26.76, p <0.001) compared to rats
injected with vehicle. However, the food intake and weight
gain of rats receiving 1 ng or 0.1 ng IL-1p was not signifi-
cantly different compared to rats receiving vehicle over
the 12 h period after injection (p > 0.05, SNK).

Figs. 5 and 6 show the results of injecting three different
combinations of IL-1p and IL-6 which when injected on
their own had no significant effect on the food intake and
body mass of the rats. Figs. 5 and 6A show the results of
injecting the lowest dose of IL-6 (2 ng) which, on its own
had no effect on food intake and body mass, in combina-
tion with the lowest dose of IL-1B (0.1 ng) which, also
had no effect on food intake and body mass. Rats receiving
this combination of i.c.v. injections of IL-1p and IL-6 sig-
nificantly decreased food intake (one-way ANOVA,
F319)=15.5, p<0.01) and gained less body mass (one-
way ANOVA, F319)= 6.9, p<0.01) over the 12 h period
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Fig. 2. Percentage change from that on pre-injection nights, in night-time
running distance of rats after i.c.v. injection of vehicle (n = 6) or: (A) co-
injection of 0.1 ng IL-18 + 2 ng IL-6 (n = 6); (B) co-injection of 1 ng IL-
I1B+2ng IL-6 (n=06); (C) co-injection of 0.1 ng IL-1p+20ng IL-6
(n=135). In (A), (B) and (C) the effects of injecting each cytokine dose
separately, also is shown and is the same as the results in Fig. 1A and B.
The results are represented as means 4+ SD. *Significant decrease in
running distance of rats receiving combinations of IL-1f and IL-6
compared to rats receiving vehicle (p < 0.01, SNK). **Significant decrease
in running distance compared to rats receiving the single doses of IL-6 and
IL-1B (p <0.01, SNK). The dashed line (---) indicates the sum of the
individual responses of the cytokines.

after injection compared to rats receiving vehicle. Figs. 5B
and C and 6B and C show the results of i.c.v. co-injections
of other combinations of IL-1B and IL-6, at doses which
even though higher than the doses depicted in Figs. 5
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Fig. 3. Food intake of rats for 12 h after i.c.v. injection of vehicle (n = 6)
or: (A) IL-6 at three doses 200 ng (n = 6), 20 ng (n = 6), 2 ng (n = 6); (B)
IL-1B at three doses 100 ng (n = 6), 1 ng (n = 5), 0.1 ng (n = 7). The results
are represented as means + SD. “Significant decrease in food intake of rats
receiving the highest dose of IL-1B (100 ng) compared to rats receiving
vehicle (p <0.001, SNK).

and 6A, also themselves had no effect on food intake and
body mass, but when injected in combination, resulted in
a significant decrease in food intake and weight gain com-
pared to rats receiving vehicle (p < 0.05, SNK).

3.3. Body temperature

Fig. 7 shows the body temperature responses over ~14 h
for rats that received i.c.v. injections of 200 ng, 20 ng or
2 ng IL-6 or vehicle. Body temperatures of rats injected
i.c.v. with 200 ng or 20 ng of IL-6 started to increase signif-
icantly after a latent period of approximately 1-2h
(Fig. 7A and B). The increase in body temperature of the
rats receiving either 200 ng or 20 ng IL-6 peaked at
39.8+£0.2°C and 39.3+£0.3°C, respectively, approxi-
mately 5h after the injection. Body temperatures of rats
injected with 2 ng IL-6 were not significantly different when
compared to the body temperatures of rats receiving vehi-
cle over the 12 h period after injection (Fig. 7C). Twelve-
hour TRIs calculated for the period 19:00-07:00 showed
that the increase in body temperature was dependent on
the dose of IL-6 injected i.c.v. (one-way ANOVA,
F3,19)=35.9, p <0.0001). The mean TRI for rats receiving
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Fig. 4. Change in body mass of rats for 12 h after i.c.v. injection of vehicle
(n=06) or: (A) IL-6 at three doses 200 ng (n =6), 20 ng (n =06), 2 ng
(n==6); (B) IL-1B at three doses 100ng (n=6), 1ng (n=75), 0.1 ng
(n="7). The results are represented as means 4 SD. “Significant decrease
in body mass of rats receiving the highest dose of IL-1f (100 ng) compared
to rats receiving vehicle (p < 0.001, SNK).

200 ng (12.4 £ 2.5 °C h) was significantly different from the
mean TRI for rats receiving 20 ng (8.6 + 2.1 °C h, p <0.05,
SNK) and 2 ng (2.6 + 3.1 °C h, p <0.001, SNK). Further-
more, the mean TRI of rats receiving 20 ng was signifi-
cantly different to the TRI of rats receiving 2ng
(p <0.001, SNK). The mean TRI (—0.2 £ 0.7 °C h) calcu-
lated for the body temperature of rats receiving vehicle
was not significantly different from zero (z=0.6,
p =0.55). Injection of the vehicle therefore did not have
any effect on night-time body temperature of the rats.
Fig. 8 shows the body temperature responses over ~14 h
for rats that received i.c.v. injections of 100 ng, 1 ng or
0.1 ng IL-1B or vehicle. Body temperatures of rats injected
i.c.v. with a 100 ng or 1 ng of IL-1p started to increase sig-
nificantly after a latent period of approximately 1-2h
(Fig. 8A and B). The increase in body temperature of the
rats receiving either 100ng or 1ng IL-1p peaked at
39.8+0.4°C and 39.8 +0.3°C, respectively, approxi-
mately 3 h after the injection. Body temperatures of rats
injected with 0.1 ng IL-1p were not significantly different
when compared to the body temperatures of rats receiving
vehicle over the 12h period after injection (Fig. 7C).
Twelve-hour TRIs calculated for the period 19:00-07:00
showed that the increase in body temperature was depen-
dent on the dose of IL-1 injected i.c.v. (one-way ANOVA,
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Fig. 5. Food intake of rats for 12 h after i.c.v. injection of vehicle (n = 6)
or: (A) co-injection of 0.1 ng IL-1B + 2 ng IL-6 (n = 6); (B) co-injection of
I ng IL-1B + 2 ng IL-6 (n = 6); (C) co-injection of 0.1 ng IL-1 + 20 ng
IL-6 (n=15). In (A), (B) and (C) the effects of injecting each cytokine dose
separately, also is shown and is the same as the results in Fig. 3A and B.
The results are represented as means -+ SD. “Significant decrease in food
intake of rats receiving combinations of IL-1f and IL-6 compared to rats
injected with vehicle (p <0.05, SNK).

F320) = 35.3, p <0.0001). The mean TRI for rats receiving
100 ng (11.4 £ 3.8 °C h) was significantly different from the
mean TRI for rats receiving 1 ng (8.2 + 1.2 °Ch, p <0.05,
SNK) and 0.1 ng (2.1 £1.8°Ch, p <0.001, SNK). Fur-
thermore, the mean TRI of rats receiving 1 ng was signifi-
cantly different to the mean TRI of rats receiving 0.1 ng
(p <0.001, SNK).

Fig. 9 shows the body temperature responses over ~14 h
for rats that received combination i.c.v. injections of doses
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Fig. 6. Change in body mass of rats for 12 h after i.c.v. injection of vehicle
(n=16) or: (A) co-injection of 0.1 ng IL-1B + 2 ng IL-6 (n = 6); (B) co-
injection of 1 ng IL-1B + 2 ng IL-6 (n = 6); (C) co-injection of 0.1 ng IL-
1B +20ng IL-6 (n=5). In (A), (B) and (C) the effects of injecting each
cytokine dose separately, also is shown and is the same as the results in
Fig. 4A and B. The results are represented as means + SD. Asterisk
indicates that rats receiving combinations of IL-1f and IL-6 gained
significantly less body mass compared to rats receiving vehicle (p < 0.05,
SNK).

of IL-1B and IL-6 both or one of which at least lacked
pyrogenicity (see Figs. 7 and 8). Fig. 9A shows that rats
receiving combination i.c.v. injections of doses of IL-1B
(0.1 ng) and IL-6 (2ng) neither of which themselves
resulted in fever (see Figs. 7 and 8C), induced a significant
increase in body temperature after a latent period of
approximately 1-2 h. The increase in body temperature
of the rats receiving this combination of cytokines peaked

40+
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—&— 200ng
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36

Body temperature (°C)

Fig. 7. Body temperature responses of rats injected i.c.v. with vehicle
(n=06) or: (A) 200 ng IL-6 (n =6); (B) 20 ng IL-6 (n =6); (C) 2 ng IL-6
(n = 6). The results are represented as means + SD. The arrow indicates
the time of the injection and the black bar indicates time of lights off (19:00
clock time).

at 39.1 £0.2°C approximately 5h after the injection.
The mean TRI for rats receiving this combination
(9.6 +2.8°Ch) was significantly different to the mean
TRI for rats receiving saline (—0.2+0.7°Ch) (t=38.2,
p <0.0001). The peak body temperature reached with
injection of this combination of IL-1f and IL-6 is similar
to that produced by either that of 10 times the dose of
IL-6 alone (20 ng) (see Fig. 7B), or that of at least 10 times
the dose of IL-1B alone (1 ng) (see Fig. 8B), but was of
longer duration. Fig. 9B shows that rats receiving combina-
tion i.c.v. injections of a pyrogenic dose of IL-1f (1 ng) and
a non-pyrogenic dose of IL-6 (2 ng) produced a fever over
the 12 h period after injection almost identical to that of
IL-1pB alone. Thus, the addition of a non-pyrogenic dose
of IL-6 did not enhance the pyrogenic response to IL-1p.
Fig. 9C shows that rats receiving combination i.c.v. injec-
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Fig. 8. Body temperature responses of rats injected i.c.v. with vehicle
(n=06) or: (A) 100 ng IL-1B (n = 6); (B) 1 ng IL-1B (n =5); (C) 0.1 ng IL-
IB (n=7). The results are represented as means + SD. The arrow
indicates the time of the injection and the black bar indicates time of lights
off (19:00 clock time).

tions of a pyrogenic dose of IL-6 (20 ng) and a non-pyro-
genic dose of IL-1B (0.1 ng) produced a fever of signifi-
cantly greater magnitude and duration (12.4 +2.7°C h)
to that of IL-6 alone at that dose (8.6 +=2.1 °C h) (one-
way ANOVA, Fp 14)=159.4, p <0.0001). The magnitude
and duration of the febrile response with injection of this
combination of IL-1fB and IL-6 is similar to that produced
by 10 times the dose of IL-6 alone (200ng)
(12.3 £2.5°Ch) (see Fig. 7A). Thus, the addition of a
non-pyrogenic dose of IL-1B enhanced the pyrogenic
response to IL-6 alone at that dose.

4. Discussion

We have shown that intracerebroventricular (i.c.v.)
administration of species-homologous rat IL-6 and IL-1
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Fig. 9. Body temperature responses of rats injected i.c.v. with vehicle
(n=6) or: (A) a non-pyrogenic dose of IL-1p (0.1 ng) + a non-pyrogenic
dose of IL-6 (2 ng) (n = 6); (B) a pyrogenic dose of IL-1p (1 ng) + a non-
pyrogenic dose of IL-6 (2 ng) (n = 6); (C) a pyrogenic dose of IL-6 (20 ng)
+ a non-pyrogenic dose of IL-1B (0.1 ng) (n=75). In (B) the effects of
injecting IL-1P separately, also is shown and is the same as the results in
Fig. 8. In (C) the effects of injecting IL-6 separately, also is shown and is
the same as the results in Fig. 7. The results are represented as
means + SD. The arrow indicates the time of the injection and the black
bar indicates time of lights off (19:00 clock time).

before the night-time active period decreases voluntary
activity in rats in a dose-dependent fashion. To our knowl-
edge this is the first report that voluntary exercise, that is
wheel-running, is suppressed by direct administration into
the brain, of IL-6 and IL-1B. We also have shown that
i.c.v. injection of IL-1B at the highest dose we used, but
not IL-6 at any dose, induced a decrease in food intake
in the rats. Furthermore, our results indicate that the effect
of the two cytokines on voluntary activity is independent of
their effects on body temperature and food intake, since
suppression of voluntary activity induced by the lowest
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doses of IL-6 and IL-1B occurred in the absence of fever
and anorexia (Figs. 1, 3, 7 and 8).

While our observations that central administration of
IL-1B and IL-6 can induce fever and that central adminis-
tration of IL-1p but not similar administration of IL-6, can
decrease food intake and body mass in rats are not new,
they do confirm unequivocally the different effects, medi-
ated centrally, of IL-1PB and IL-6 on appetite despite their
similar effects on inhibition of voluntary activity. More-
over, our study reveals new findings regarding the synergis-
tic relationship between IL-1B and IL-6 in the brain, by
showing that central co-administration of non-pyrogenic
doses of IL-1B and IL-6 can induce fever (Fig. 9) and that
central co-administration of doses of IL-6 and of IL-18
which alone do not induce anorexia, do so when co-
injected (Figs. 5 and 6). Furthermore, it would appear that
the synergistic action of IL-1f and IL-6 in the brain is not
inevitable, as we did not observe a synergistic effect on the
suppression of voluntary wheel-running when both cyto-
kines were co-injected (Fig. 2).

Our results showing that central administration of IL-1
and IL-6 induces fever in rats confirm the observations made
by others that both have pyrogenic effects within the brain
(Dascombe et al., 1989; LeMay et al., 1990; Rothwell et al.,
1991; Cao et al., 2001). There are two lines of evidence to
show that direct central administration of IL-1p and IL-6
act via the proximal mediator of fever, prostaglandin-E,
(PGE,) to increase body temperature: (i) centrally injected
IL-1B and IL-6 increase the production of PGE, in the brain
(Dinarello et al., 1991); and (ii) inhibiting the production of
the rate-limiting prostaglandin-synthesizing enzyme, cyclo-
oxygenase-2 (COX-2) completely suppresses the fever
induced by central administration of IL-1p and IL-6 (Dina-
rello et al., 1991; Cao et al., 2001). We and others (Dinarello
et al., 1991; Rothwell et al., 1996; Cao et al., 2001) have
shown that injecting lower doses of IL-1P into the brain
induces fever of equal or greater magnitude and duration
than higher doses of IL-6. Therefore while both are pyro-
genic, IL-1P appears to be the more potent of the two cyto-
kines (gram for gram). It has been suggested that the
greater pyrogenic potency of IL-1B is due to its ability to
induce a greater increase in the concentration of PGE, than
IL-6 (Dinarello et al., 1991). The greater PGE, producing
ability of IL-1B can be explained by the observation that
i.c.v. administration of lower doses of IL-1p induces a
greater intensity and number of COX-2 immunoreactive
cells compared to i.c.v. administration of higher doses of
IL-6 (Cao et al., 2001).

Not only has brain IL-1B been shown to be capable of
inducing fever but also anorexia (Sonti et al., 1996; Pecchi
et al., 2006). Moreover, as with IL-1B induced fever, the
synthesis of PGE, has been confirmed as an important
mediator of the IL-1B induced decrease in food intake
and body mass (Bluthé et al., 1992; Swiergiel and Dunn,
2002; Pecchi et al., 2006; Elander et al., 2007). The involve-
ment of PGE, in mediating anorexia has furthermore been
supported by the finding that injection of PGE, decreases

food intake in rats and mice (Levine and Morley, 1981;
Pecchi et al., 2006). If cytokine-induced anorexia is indeed
PGE, mediated then our finding that anorexia was not
induced by central administration of IL-6 is surprising, if
as mentioned above, central administration of IL-6 does
increase PGE, in the brain. The finding that brain I1L-6
per se is not a potent inducer of anorexia may therefore
not be due to an inability to produce PGE,. Differences
in the sensitivity of brain sites controlling temperature
and food intake to PGE, have been demonstrated with
the finding that i.c.v. administration of PGE, increases
body temperature at significantly lower doses (0.5 ng) than
it decreases food intake (1 pg) (Levine and Morley, 1981;
Oka et al., 1997). As IL-6 does not seem to be as potent
as is IL-1B at inducing PGE,; (Dinarello et al., 1991) one
can therefore postulate that while IL-6 can induce PGE,
it may not be able to increase PGE, to the threshold con-
centration necessary for the induction of anorexia. Possible
differences in the threshold concentration of PGE, required
to induce fever and anorexia may therefore also explain the
different dose-response profiles we observed for body tem-
perature and food intake following central administration
of IL-1pB. Body temperature was affected by i.c.v. injection
of the high and intermediate doses of IL-1B while food
intake was affected only by i.c.v. injection of the high dose
of IL-1.

In contrast to the different dose-response profiles we
observed for the cytokine-induced fever and anorexia,
central administration of IL-1B and IL-6 induced similar
dose-dependent decreases in voluntary activity. Our find-
ing that centrally administered IL-6 and IL-1B both can
decrease voluntary activity and induce fever, could lead
to the speculation that the cytokine-induced fever and
decrease in voluntary activity are initiated via the same
downstream mediators. However, our finding that all
the administered doses of IL-6 and IL-1f decreased vol-
untary running, but not all doses induced fever, and that
co-injection IL-6 and IL-1p within the brain has a syner-
gistic action in inducing fever but not in decreasing vol-
untary activity, suggests that some dissociation exists
between the physiological mechanisms by which central
administration of IL-6 and IL-1B induce fever and inhi-
bit voluntary activity within the brain. The explanation
given above for the differences in the dose-response pro-
files observed for the cytokine-induced fever and anor-
exia, could also apply to the different dose-response
profiles for voluntary activity and fever. It is possible
that brain sites controlling activity are more sensitive
to the presence of prostanoids and therefore respond to
even lower doses of cytokines than do brain sites con-
trolling temperature. Results obtained by others using a
different experimental approach, that being administra-
tion of lipopolysaccharide and turpentine, have shown
that reducing the synthesis of PGE, reduces fever but
has no effect on the inhibition of cage activity, another
measure of lethargy. These findings (Kozak et al., 1994;
Saha et al., 2005) would tend to support a different view
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regarding the relative role of PGE, in fever and suppres-
sion of voluntary activity.

The decrease in voluntary activity observed in our study
following cytokine administration can be likened to the
fatigue and decrease in daily activity experienced by sick
individuals and animals during illness. In addition, fatigue
accompanied by a decrease in activity is routinely experi-
enced during exercise also, in which it is defined as an
inability to continue exercising at a given work rate (Haw-
ley and Reilly, 1997). The finding that IL-6 increases signif-
icantly in the central nervous system (Nybo et al., 2002)
and plasma (Ostrowski et al., 1998) during prolonged exer-
cise, together with the observations that administration of
human recombinant IL-6 induces a sensation of fatigue in
healthy humans at rest (Spath-Schwalbe et al., 1998) and
decreases athletic performance in trained runners (Rob-
son-Ansiey et al., 2004) has iead to the hypothesis that
IL-6 could be driving fatigue experienced during exercise.
Results from studies showing that administration of IL-6
in rats increases brain tryptophan and serotonin metabo-
lism (Zalcman et al., 1994; Wang and Dunn, 1999) together
with evidence suggesting that serotonergic activity in the
hippocampus is involved in locomotion (Takahashi et al.,
2000), suggests that IL-6 may cause fatigue resulting in a
loss of motivation to continue exercising by increasing
serotonin activity during prolonged exercise (Robson-Ans-
ley et al., 2004; Newsholme and Blomstrand, 2006). Not
only can i.c.v. administration of IL-6 increase tryptophan
and serotonin in the brain but so too can i.c.v. administra-
tion of IL-1B (Zalcman et al., 1994). The dose-dependent
decrease in voluntary activity we observed following cen-
tral administration of IL-6 and IL-1p may therefore be
due to a dose-dependent increase in serotonin in the brain.
While we can only speculate as to whether serotonin or
PGE, is the downstream mediator of cytokine-induced
inhibition of voluntary activity, our results demonstrate
unequivocally that brain IL-6 and IL-1B have fatigue-
inducing properties which result in lethargy and a lack of
motivation to engage in physical activity.

The idea that the pro-inflammatory cytokines IL-1f
and IL-6 exhibit mutual facilitation in inducing tempera-
ture and behavioral effects has been mooted before
(Lenczowski et al., 1999; Cartmell et al., 2000), and we
therefore deliberately co-administered doses of the two
cytokines below the pyrogenic and behavioral thresholds
into the brains of conscious rats to see if synergistic
responses could be induced. Our results show that central
co-administration of non-pyrogenic doses of IL-1B and
IL-6 can induce fever, and confirm the observations
(Cartmell et al., 2000), made after peripheral injection
of non-pyrogenic doses of these two substances, of a syn-
ergistic relationship between IL-1f and IL-6 in mediating
fever. Furthermore, we have shown that central co-injec-
tion of doses of IL-1P and IL-6 which, on their own have
no effect on food intake and body mass, can induce
anorexia, which extends the synergistic repertoire of these
two cytokines and also demonstrates that the synergistic

action of pro-inflammatory cytokines within the brain in
inducing anorexia is not confined to the combined
actions of IL-1B and the two cytokines, TNF-o and
IL-8, as previously suggested (Bluthé et al., 1994; Sonti
et al., 1996).

In addition to co-injecting the two lowest doses of IL-1B
and IL-6 we also injected two additional combinations of
intermediate and low doses of IL-1p and IL-6, to establish
whether an existing pyrogenic effect could be enhanced by
the presence of another cytokine in the brain, albeit in a
non-pyrogenic concentration. Co-injection of a non-pyro-
genic dose of IL-6 had no additional effect on the febrile
response induced by IL-1p (Fig. 9B), while co-injection of
a non-pyrogenic dose of IL-1P significantly enhanced the
pyrogenic effect of IL-6 (Fig. 9C). Co-injection of both
combinations of IL-1f and IL-6 did however; induce a sig-
nificant decrease in food intake and body mass which was
not evident when injecting either dose alone (Figs. 5 and 6).
Thus we are lead to the conclusion that the synergistic
action of IL-1PB and IL-6 in inducing anorexia is a physio-
logical phenomenon not primarily dependent on the meta-
bolic or other effects of the rise in body temperature. The
synergistic action of IL-1B and IL-6 within the brain in
inducing fever and anorexia therefore appears to exist at
varying concentrations of these two cytokines in the brain
(Figs. 5, 6 and 9).

Synergy is deemed present when the effect of a combina-
tion of substances exceeds the effect of the individual con-
stituents (Berenbaum, 1989). Two findings have suggested
mechanisms for the synergy observed between IL-1B and
IL-6. Firstly, IL-1B and IL-6 cause upregulation of not
only their own receptors, but also each others’ receptors
in brain blood vessels (Cao et al., 2001). Secondly, IL-1B
enhances the biosynthesis of IL-6 (Dinarello, 2005). One
important possible consequence of these phenomena could
be the enhanced transcription of the COX-2 gene and sub-
sequent magnitude of PGE, synthesis in the brain (Cartm-
ell et al., 2000; Cao et al.,, 2001). As PGE, has been
established as an important mediator of cytokine-induced
fever and anorexia (Cao et al., 2001; Pecchi et al., 2006),
the most likely mechanism for the fever and anorexia we
observed with co-injection of the two cytokines is a greater
magnitude of PGE, synthesis.

It would appear however, that the synergistic action of
IL-1B and IL-6 within the brain is not inevitable, as we
did not observe a synergistic or even additive response in
the suppression of voluntary wheel-running, when these
two cytokines were co-injected (Fig. 2). If the mechanism
for the synergistic effect of IL-1B and IL-6 in the brain is
indeed dependent on the COX-2/PGE, pathway, then the
lack of a synergistic effect of these two cytokines on volun-
tary activity is not unexpected, if, as we and others have
suggested PGE, is not required to mediate lethargy (Kozak
et al., 1994; Saha et al., 2005). The mechanism by which IL-
1B and IL-6 individually mediate the suppression of volun-
tary activity in the brain therefore requires further
investigation.
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In conclusion, by injecting species-homologous rat 1L-6
and IL-1p intracerebroventricularly we have identified that
both cytokines can induce fever and decrease voluntary
activity, two responses commonly observed during infec-
tion and inflammation. Our findings add support to the
hypothesis that increased levels of pro-inflammatory cyto-
kines in the brain mediate the debilitating fatigue reported
by patients in various disease states. Moreover, we have
confirmed that brain IL-1B, but not brain IL-6 plays a
key role in mediating the anorexia of sickness. We also
have shown that for some aspects of the acute phase
response, such as fever and appetite suppression, I1L-1f
and IL-6 probably work synergistically in the brain. Our
results have implications for the understanding of the rela-
tive roles of two important cytokines in the mediation of
sickness behavior.
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CHAPTER 4

Endogenous antagonism of interleukin (IL)-6 or IL-1p significantly
enhances the resolution of anorexia, lethargy and fever induced by
lipopolysaccharide.
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ABSTRACT

Although fever, anorexia and lethargy may be berafsickness responses initially, they
may become detrimental to the host if they contifoie a prolonged period. We
therefore investigated whether antagonizing thébgioal action of putative mediators of
these sickness responses, interleukin (IL)-6 andpflLcould affect the duration of
anorexia, lethargy and fever, measured as change®d intake, voluntary activity and
body temperature, induced by subcutaneous (s.mjnéstration of lipopolysaccharide
(LPS). Male Sprague-Dawley rats were randomly gaesi to receive a caspase-1
inhibitor to reduce the synthesis of IIB-lor vehicle intracerebroventricularly and
antiserum to IL-6 (IL-6AS) or pre-immune serum ageritoneally, before receiving an
injection of LPS (25Qug/kg) or saline. LPS administration induced a ~A(B2 °C fever
and reduced voluntary activity by 98.0 + 2.4 %,dantake by 50.0 + 9.8 % and body
mass by 14.5 + 2.7 g compared to rats injected wiline P < 0.05, ANOVA).
Increases in plasma IL-6 and I3-l]accompanied LPS administration on the day of
injection. Within 2 days the fever resolved, wHié¢éhargy and anorexia continued for at
least 3 days. Rats pre-treated with IL-6AS hadiced plasma levels of bioactive IL-6,
no fever and attenuated sickness behaviors whisblwed within 2 days. Rats pre-
treated with the caspase-1 inhibitor exhibited ratéeed fever and sickness behaviors
which resolved within 2 days. Thus antagonizing Hiological action of IL-6 in the
circulation or IL-3B in the brain significantly reduces the durationaobrexia, lethargy
and fever induced by LPS administration.

Keywords. Voluntary wheel-running; Anorexia; Pro-inflammataytokines
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1. Introduction

Fever and sickness behaviors, such as anorexiketinaigy, experienced during infection
appear to be advantageous short-term responsesl@stdo support the immunological
response of the host to eliminate the pathogen [B8hough the feeling of fatigue, loss
of appetite and increase in body temperature maybdigeficial responses acutely,
experiencing these sickness responses on a dadig bar prolonged periods may
negatively impact the quality of life of patientsida even worsen their condition,
ultimately delaying recovery [19, 55]. From a a&l point of view identifying the
physiological mechanisms underlying the onset armmintenance of these sickness
responses during illness is particularly relevaatduse it may enable the design of
appropriate therapeutic interventions to opposedétemental effects of the prolonged

duration of sickness responses [23].

Most experimental investigations examining the phlggical mechanisms mediating
fever and sickness behavior responses have usédguipopolysaccharide (LPS), the
glycolipid pyrogenic moiety of the Gram-negativectaial membrane, to trigger the
innate immune system [9]. Part of the innate imenapstems response to the presence
of endotoxin in animals and humans includes thethggis and release of pro-
inflammatory cytokines from immune cells [13]. Rks obtained from studies using
specific antagonists to block the action of theg®lkines released into the circulation
following systemic administration of LPS, have uweeed a critical role for one
particular cytokine, interleukin (IL)-6, in mediag the physiological response of fever

[10, 16]. Although fever and sickness behaviohbmtcur after systemic administration
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of LPS, it has been established that these belsvand febrile responses are not
mediated via exactly the same cytokine-induced m@cms [16, 24]. In particular,
results from a study conducted within our labonatshowing that neutralizing the
biological activity of IL-6 in the circulation conhgtely abolishes fever, but only partially
attenuates sickness behaviors, has identified odle gistinct difference in the cytokine
mechanisms mediating fever and sickness behavi@r [it would appear therefore, that
while IL-6 released in the periphery has a criticale to play in the events regulating
fever, additional factors, possibly other cytokinesrk in parallel with peripherally
released IL-6 to regulate the sickness behaviopomses induced by systemic
administration of LPS.There is evidence to suggest that if other cytakiaee working
with peripherally released IL-6 to induce sicknbéghaviors, and two likely candidates
are IL-13 and TNFe [22], it is due primarily to their synthesis irethrain and not in the
periphery, because antagonizing the actions ofpllatd TNFe in the periphery has
been shown to have no effect on lethargy and moigimal effect on anorexia induced in

rats and mice during infection and inflammation16, 25, 27, 31, 32, 35, 48, 56].

Several studies have demonstrated that rats and treated intracerebroventricularly
(i.c.v.) with IL-18 and TNFe exhibit symptoms similar to those of LPS-treataedrals,
suggesting that both cytokines may be importanttraemmediators of LPS-induced
sickness behaviors [5, 17]. There are severas$ lofeevidence to however suggest, that
IL-1B mediates the synthesis and behavioral effects NfF-d in the brain, because
injecting IL-1 receptor antagonist (IL-1ra) i.c.kias been shown to: (i) abrogate the
MRNA expression of not only ILSLbut also TNFa in the hypothalamus of mice

injected peripherally with LPS [30] and (ii) to ibit the behavioral effects of centrally
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administered TNFe [5]. It is reasonable to hypothesize therefor gndogenous brain
IL-1 is the likely central cytokine working in parallelth IL-6 released in the periphery
to induce sickness behavior following systemic adstiation of LPS. Although
peripherally-released IL-6 has been implicated iediating the development of LPS-
induced sickness behaviors [4, 53], the involveneérk-1f in the brain in mediating the
development of LPS-induced sickness behaviors bagyat clearly been established [3,
25, 30]. Moreover the extent to which the absesfaather of these cytokines affects the

resolution of LPS-induced sickness behaviors has @bt been established.

Thus we have chosen to antagonize the biologid¢airaof peripherally-released IL-6 or
IL-1pB in the brain following subcutaneous injection &%, and to monitor the behavioral
responses until the symptoms of sickness inducdd?$/have ceased, so as to determine
the cytokine involvement not only in the inductiohthese responses, but also in their
resolution. In particular we chose to decrease bilodogical activity of IL-6 in the
circulation and IL-B in the brain by administering species-specificsantim to IL-6 (IL-
6AS) intraperitoneally and a caspase-1 inhibitdriclv prevents the cleavage of pro{iL-
to biologically active IL-B, intracerebroventricularly. We monitored quaatiiie
behavioral responses known to be affected by systadministration of LPS, such as
food intake and voluntary wheel-running. Moreowee, measured body temperature to
assess whether differences exist between the ienant of IL-6 in the periphery and IL-
1B in the brain in mediating fever and sickness bairtav Our results reveal that
antagonizing the biological action of IL-6 in thércolation or IL-13 in the brain
significantly reduces the duration of anorexiah#&ty and fever induced by s.c. LPS

administration.
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2. Methods

2.1 Animals

Male Sprague-Dawley rats (initial body mass 80 © 2 were housed individually in
cages to which exercise-training wheels had bettlred. The rats were kept at an
ambient temperature of 21 £2Q on a reversed 12 h:12 h light:dark cycle (lighitsfrom
22:30 - 10:30). The light:dark cycle of the ratgsweversed over a period of four weeks
before the rats underwent surgery (described beldwgt the rats’ circadian rhythm had
been 12-h shifted, was confirmed before the stath® experimental interventions by
evidence of a normal nychthemeral temperature rhyftir each rat. Food (pelleted rat
chow, Epol, Johannesburg, South Africa) and waterewprovidedad libitum. All
procedures were in accordance with the Animal Btlind Control Committee of the
University of the Witwatersrand animal care regola and were approved by the
Animal Ethics Screening Committee of the Universifythe Witwatersrand (ethics no

2005/86/5).

2.2 urgery

Rats selected for the study (body masses 280 - j2@iere anesthetized with an
intramuscular (i.m.) injection of 80 mg/kg ketamihgdrochloride (Anaket-V, Bayer,
SA) and 20 mg/kg xylazine (Chanazine, Bayer, SAJ &ad a temperature-sensitive
radiotransmitter (TA10TA-F40, Data Sciences, St.ulPaMN, USA) implanted
intraperitoneally. Thereafter the rats were placed stereotaxic frame (Stoelting, IL,

USA), a heating pad was placed beneath the anmnadaintain core body temperature
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and they were given an injection (0.1 ml) of adfieea (10 pg) (Merck, SA) and

lignocaine hydrochloride (0.02 g) (Bayer, SA) sulaceously over an area of skull. An
incision was made in the midline of the craniumetxpose the skull. A 23-gauge
stainless steel guide cannula (Plastics One, Re&antk, USA) was placed over the right
lateral cerebral ventricle. Coordinates for thédgucannula were 0.8 mm posterior to
bregma, 1.5 mm lateral to the midline and 3.5 natow the skull surface at the point of
entry of the guide cannula [39]. The cannula wasiged to the skull with three screws
and dental cement. After surgery each rat wasngaveubcutaneous injection of 0.3 mg
buprenorphine hydrochloride (Temgesic, Scheringifthp SA) and ringer lactate (1.5

ml) (SABAX, Adcock, Ingram, SA).

2.3 Body temperature

Core body temperatures of rats were measured bgteebiotelemetry using temperature
-sensitive radiotransmitters which had been imgdnintraperitoneally (see above).

Transmitter output frequency (Hz) was monitoredivad minute intervals, by a receiver

plate (RTA 500, Mini-Mitter, Sunriver, OR, USA) gdted beneath the cage of each
animal. The frequency received by each plate wdsHrto a peripheral processor (DP-24
DataPort, VitalView, Minimitter, Sunriver, OR, USApnnected to a personal computer
and the output expressed in degrees centigrade.telémeters were calibrated by water
immersion against a high-accuracy thermometer (Q0& Heraeus, Germany) to an

accuracy of 0.9C.
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2.4 Voluntary wheel-running

The exercise-training wheels had a circumferencel.06 m and each wheel was
equipped with a magnet and a magnetic switch (Vieal, Minimitter, Sunriver, OR,
USA). Each time the wheel rotated the magnet withinge of the magnetic switch, the
switch closed and a turn was counted. The magmetitthes were connected to an
activity input module (QA-4, VitalView, MinimitterSunriver, OR, USA) which in turn
was fed into a peripheral processor (DP-24 DataR6talView, Sunriver, OR, USA)
connected to a personal computer which monitorednilmber of wheel turns at five

minute intervals using VitalView software versiord 4Mini Mitter, Bend, OR, USA).

2.5 Food intake and body mass

Food intake and body mass were measured dailybgfste lights off. Food containers
were filled daily with 100 g of standardized ped@trat chow. Food intake was
guantified by subtracting the food remaining in fbed container and on the cage floor

from the amount of food measured at the preceding point.

2.6 Pyrogens and cytokine antagonists

Lipopolysaccharide injections

Lipopolysaccharide (LPS) derived froEscherichia coli endotoxin (serotype 0111:B4,
Sigma, St. Louis, MO, US) was reconstituted inrealisterile, pyrogen-free 0.9% saline

Sabax, Johannesburg, South Africa) and injectedwtabeously (s.c.) at a dose of 250

ng/kg.
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Cytokine antiserum injections

We used a species-specific antiserum to IL-6 (ILS6AIBSC, South Mimms, Potters
Bar, Herts UK) and pre-immune (normal) sheep sefBif§, lot 056K8408, Sigma, St.
Louis, MO, US) for the control injections, all witn endotoxin content < 0.24 ng/ml (2.4
IU). The IL-6AS and the PIS were injected intrajmereally (i.p.) in a volume of 1.5 ml.

The antibodies were raised in sheep as previowesdygribed [42, 43]. The IL-6AS used
recognizes both natural and recombin&stiterichia coli-derived) rat IL-6, but does not
cross-react with the following rat recombinant éyt@s: (rr) TNFe, IL-1B, IL-1a, IL-

lra and IL-10 [42, 43].

Caspase-1 inhibitor injections

We wused a specific caspase-1 inhibitor Ac.YVAD-cn{Ac-Tyr-Val-Ala-Asp-
chloromethylketone; lot B75699; Calbiochem, Darrdstasermany) to decrease the
synthesis of IL-B within the brain. The caspase-1 inhibitor (30@raiy and the vehicle
for its injection (0.6% DMSO in sterile saline) wemjected intracerebroventricularly
(i.c.v.) in a volume of qul. This dose of caspase-1 inhibitor previously hasn shown,
when injected into the brain, to prevent the sysitheof brain IL-B following i.p.

administration of LPS [2].

2.7 Cytokine analysis
To assess the efficacy of IL-6AS in decreasing ltil@ogical activity of IL-6 in the
periphery, we measured the levels of bioactive lin6plasma using a bioassay.

Determination of IL-6 was achieved by a bioassagedaon the dose-dependent growth
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stimulation of IL-6 on the B9 hybridoma cell lind][ The assay was performed in
sterile, 96-well microtiter plates. In each wé|p00 B9 cells were incubated for 72 h
with serial dilutions of biological samples or wilifferent concentrations of a human IL-
6 standard (code 89/548, National Institute forl@yecal Standards and Control, South
Mimms, UK). The number of living cells after 72 vlas measured by using the
dimethylthiazoldiphenyl tetrazolium bromide (MTTdlorimetric assay [20] Plasma
samples were pre-diluted so that serial dilutiorsainples and standard dilution curves
were parallel. The detection limit of the assdigraconsidering the dilution of samples
into the assays, was 3 IU of IL-6/ml. As opposedELISA assays, use of the described
bioassays does not exclude the possibility thatesamdiscovered substance might
interfere in the assay by causing proliferationha&f B9 cells. Therefore, we will refer to

the measured IL-6 as IL-6-like-activity.

To exclude the possibility that trace amounts & daspase-1 inhibitor injected i.c.v.
entered the blood from the brain and attenuatedsynéhesis of IL-f in the periphery
following LPS administration, we measured the com@ion IL-13 in plasma using a
commercially available enzyme linked immunosorbassay (ELISA) kit (R & D
Systems, Minneapolis, MN). The microplate used ba€n pre-coated with an affinity
purified polyclonal antibody specific for rat IL31 Fifty microliters of standard, control
or sample was added to each well and incubated fayurs at room temperature. Each
sample was measured in duplicate. After washingyaany unbound substances, an
enzyme-linked polyclonal antibody specific for Hat13 was added to each well (100

and incubated for 2 hours at room temperature. loWolg a wash to remove any
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unbound antibody-enzyme reagent, a substrate splutas added to each well (100

and incubated for 30 minutes at room temperatditee enzyme reaction yielded a blue
product that turned yellow when the reaction wamiteated by addition of 10Ql of
diluted HCI to each well. The optical density wasasured at 450 nm and 540 nm. The
readings obtained at 540 nm were subtracted franrehdings obtained at 450 nm and
the sample values were then read off the standamcec The subtraction was used to
correct for optical imperfections in the plate. eTiesults were expressed as pg/ml. The
detection limit of the assay was 5 pg/ml. Where #alues obtained were below the

detection limit, the detection limit of the assagsnassigned.

2.8 Experimental procedure

We reversed the light/dark cycle of the rats sota®nable the collection of blood
samples, describe below, during the day-time. fsuee that rats used in the experiments
were exposed to the same experimental conditiorstewersed the light/dark cycle for
all the rats used in the study. During the 4 wa@iptation period required to reverse the
light/dark cycle we monitored wheel-running of tia¢s. Rats with an average voluntary
running distance per day (24 h) of 1 km, monitavedr this 4-week period were selected
for experiments. After surgery for implantation thfe radiotransmitters and guide
cannuale, all animals were returned to their cageisthe running wheels were locked for
a period of seven days so that animals could netcese. Thereafter, the wheels were
unlocked and experimentation started 4 weeks pogesy once rats had reached their
pre-surgery daily running distances. During thstgsurgery period the rats were

habituated to handling and injection procedureg cdnfirm correct placement of the
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guide cannula, two weeks before injections ratsewejected i.c.v. with angiotensin I
(10 ng/5ul; A-2900, Sigma, St. Louis, MO, USA) atien monitored for a drinking
response for 30 min after the injection. Rats wifhositive drinking response (>10 ml of

water in 30-min) were used in the study.

For microinjections, a 30-gauge injection stylgitastics One, Roanoke, VA, USA),
connected by polyethylene tubing (0.58 mm i.d.7In#n o.d.) to a 50 pl Hamilton gas-
tight microlitre syringe (Hamilton, Switzerland) sidowered into the guide cannula so
that it protruded 0.5 mm beyond the tip of the guahnnula into the ventricle. Each
microinjection was administered to freely movingsraver a period of 60 s. The
injection stylette was left in the guide cannulada additional 5 min to ensure dispersion
of the injected substance within the ventricle. p&ate groups of rats were used in
experiment 1 and experiment 2 described below. évew rats used in both experiments
all underwent the same adaptations, surgical apererental procedures described in

the paragraphs above.

Experiment 1. Analysis of physiological responses

Rats received LPS or saline, together with IL-6ASP4S, together with the caspase-1
inhibitor or its vehicle. They were randomly ass&d to receive one of the following
combinations of injections: LPS + PIS + vehicle=(8), LPS + IL-6AS + vehicle (n = 7),
LPS + PIS + caspase-1 inhibitor (n = 8), salindS Pvehicle (n = 7), saline + IL-6AS +
vehicle (n = 6) or saline + PIS + caspase-1 inbiljh = 6). To control for any different

effects the two control injections (vehicle i.cand PIS i.p.) may have, we chose to
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include both control injections for all experimdntgroups. The caspase-1
inhibitor/vehicle (i.c.v.) injections and IL-6AS/BI(i.p.) injections were administered at
08:00, 2 h before the injections of LPS or salise.f at 10:00, the latter being 30 min
before the onset of the dark phase when rats as¢ amstive. Wheel-running, food intake,

body mass and body temperature were monitoreddr Fefore and after the injections.

Experiment 2: Circulating cytokine responses

Rats were randomly assigned to receive one ofdh@ning combinations of injections:
LPS + PIS + vehicle (n = 9), LPS + IL-6AS + vehi¢te= 8), LPS + PIS + caspase-1
inhibitor (n = 7) or saline + PIS + vehicle (n =)10Having determined in experiment 1
that neither injections of saline (s.c.) + IL-6A$() or saline (s.c.) + caspase-1 inhibitor
(i.c.v.) affected any of the physiological respasee measured, we chose to include
only one control group, saline + PIS + vehicle, ®periment 2. The caspase-1
inhibitor/vehicle (i.c.v.) injections and IL-6AS/BI(i.p.) injections were administered at
08:00, 2 h before the injections of LPS or salind@O00, the latter being 30 min before
the onset of the dark phase. Based on the obsmrsanhade by others [10, 33] that the
increase in IL-6 concentration in plasma followind®S administration peaks at
approximately the same time as does the increasbody temperature, and our
observation on the course of fever from experiniente chose to collect plasma samples
5 h after the s.c. injection of LPS or saline. 3hblood was collected by cardiac
puncture after the injections of LPS or saline froats under terminal anaesthesia
induced with an i.m. injection of 80 mg/kg ketamimgdrochloride (Anaket-V, Bayer,

SA) and 20 mg/kg xylazine (Chanazine, Bayer, SBJood was collected into sterile
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tubes containing EDTA and centrifuged (5300 g, 4PC,min). Following the cardiac
puncture rats were euthanized by intracardiac figecof 1 ml sodium pentobarbital
(Euthanase; Kyron, Johannesburg, South Africa)asih was stored at -70°C until

assayed.

Correct placement of guide cannulae was verifiest pwortem by infusion of 5 pl of blue
dye (Kyro-quick stain, Kyron Laboratories, SA) thgh the guide cannula assembly.
After 5 min the brain was removed and placed onad the distribution of the ink

within the ventricles was visually inspected in apgpmately 1-mm sections of the brain.

2.9 Data analysis

All data are expressed as mean + SD. The bodydmtnpe responses were plotted as
abdominal temperature-time curves in 60 minutervalle. For statistical purposes, the
original 5-minute temperature recordings of eachwexre averaged over 2 h for the 12-h
period of darkness (10:30 - 22:30) and 12-h pedbéight (22:30 - 10:30). The two-
hourly means were analyzed using two-way analysigadance with intervention and
time as main effects. A Student-Newman-Keul's (S98st hoc test was used to detect
differences within and between groups when the AMOdetected significant main
effects or interactions. Running distance wasrdateed from the number of wheel turns
per 24-h period (10:30 - 10:30) and expressed psreentage change from the mean
running distance measured over 3 days before jhetions. Food intake was calculated
as grams of food consumed in 24 h per 100 gramatdiady mass (measured daily) and

expressed as a percentage change from the megrfatallintake measured over 3 days
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before the injections. Change in body mass wasrahted by subtracting the body mass
measured on each of the 3 days after the injedtiom the body mass measured
immediately prior to injection. The change in whaeaining, food consumption and body
mass between experimental groups for each of the aféer injection was analyzed using
a one-way analysis of variance followed by a Spist hoc test. To determine whether
the change in wheel-running, food intake and bodssnon each of the 3 days post
injection was significantly different from pre-imjgon values, a one samplgest was
performed for each of the experimental groups. abBee the values for cytokine
concentrations are not normally distributed, a ti@psformation of the cytokine values
was performed before the data were analyzed usimigeavay ANOVA followed by a

SNK post hoc test.
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3. Results

3.1 Experiment 1. Three-day analysis of physiological responses

In this experiment body temperature, voluntary-whesning, food intake and body
mass were monitored for 3 days after rats werdetteaccording to the triple-injection
protocol (i.p. and i.c.v. injections followed 2 &tér with an s.c. injection) described in
the methods section. For the sake of brevity,silRedifferent experimental conditions
will be identified in the results section belowfakows:

LPS (250ug/kg s.c.) + PIS (1.5 mli.p.) + veh (bi.c.v.) = LPS alone;

LPS (250ug/kg s.c.) + IL-6AS (1.5 ml i.p.) + veh (@ i.c.v.) = LPS + IL-6AS;

LPS (250ug/kg s.c.) + PIS (1.5 ml i.p.) + casp-inh (300 nglkc.v.) = LPS + casp-inh;
Saline (s.c.) + PIS (1.5 ml i.p.) + vehy(bi.c.v.) = saline alone;

Saline (s.c.) + IL-6AS (1.5 ml i.p.) + veh (bi.c.v.) = saline + IL-6AS;

Saline (s.c.) + PIS (1.5 ml i.p.) + casp-inh (3@05l i.c.v.) = saline + casp-inh.

Body temperature

Fig. 1 shows that s.c. injection of LPS inducedgaificant rise in body temperature after
a latent period of ~ 3 h. The body temperatureatsf injected with LPS peaked at 39.5 £
0.3°C between 5 and 7 h after the injection and rendagignificantly elevated for 8 h
during the first lights off period after injection comparison to rats injected with saline
(the main effects of time (f30 = 39.2 ,P < 0.0001), group (E26) = 19.2 P <
0.0001) and interaction {51300 = 5.1 ,P <0.0001)). On day 1 the body temperature

of rats injected with LPS remained elevated for dmire 12 h light period also,
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compared to the body temperature of rats injecteld saline (the main effects of time

(F.130) 14.4 ,P < 0.0001), group (26 = 20.7 ,P < 0.0001) and interaction

(Fas.130) 0.9 P > 0.05)). With lights off at the end of day 1 thedy temperatures of

rats injected with LPS remained at a similar letethat during the lights on period on
day 1, while the body temperatures of the rats fibetived saline continued to follow a
circadian rhythm and increased sharply with lighfts As such there was no significant
difference between the body temperatures of rg¢exted with saline and LPS over the
lights off period on day 2. With lights on, on day the body temperatures of rats
injected with saline and LPS both decreased. Hewete body temperatures of rats
injected with LPS remained slightly elevated for shof the lights on period (6 h)

compared to the body temperatures of rats injesféd saline (the main effects of time

(Fs.1300 = 22.5 P <0.0001), group (E26y = 9.1 ,P < 0.001) and interaction (s 130)

= 1.9 ,P < 0.05). During day 3 after the injections thecadian rhythm of body

temperature for rats injected with LPS and salias similar.

Fig. 2A shows that pre-treating rats i.p. with 1A% completely abolished the LPS-
induced fever R < 0.01, SNK), such that the circadian rhythm oflypdemperature of
rats injected with LPS + IL-6AS were similar to feoof rats injected with saline alone
over the entire 3 days after injection, with theception of a tendency for body
temperature to be slightly elevated during thetBgin period on day (< 0.05, SNK).
Fig. 2B shows that the presence of the IL-6AS srown in the circulation had no effect

on the circadian rhythm of body temperature of.rats
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Fig. 3A shows that rats injected with LPS and i.awth the caspase-1 inhibitor had
significantly lower body temperatures compareddts linjected with LPS alone during
the expected peak of the fever after injectidds<(0.01, SNK). Pre-treating rats i.c.v.
with a caspase-1 inhibitor before LPS did not catgll abolish the LPS-induced fever,
because the body temperatures of rats injected MA® + caspase-1 inhibitor were still
significantly elevated compared to the body temfoees of rats injected with saline
alone during the entire first day after injectidh< 0.05, SNK). Fig. 3B shows that the
presence of the caspase-1 inhibitor on its owniwithe brain had no effect on the

circadian rhythm of body temperature of rats.

Voluntary wheel-running

On average, rats ran between 1 and 4 km per dangdihe 3 days before the
experimental interventions. Fig. 4 shows thatatigs of LPS decreased running activity
which was most reduced (by 98.1 £ 2.4 %) during @lagfter the LPS injection. The
suppression of running activity continued for adie3 days, because rats injected with
LPS remained less active on day 3 after the irgactwwhen compared to before they
received LPS (t = 3.3 < 0.05). Rats injected with saline alone alsorelesed their
running distance significantly on day 1 after itjee, but only to the extent of 20.1 *
13.2 %, which was significantly less than the daseein running activity observed in rats
injected with LPS alone (one-way ANOVA,s 26 = 76.5,P < 0.0001). From day 2
onwards rats injected with saline ran similar dis&s to those before the injections.

Figs. 4A and 4B show that pre-treating rats i.@thwL-6AS or i.c.v. with a caspase-1

inhibitor significantly attenuated the LPS-inducggpression of running activity on day
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1 after the injectionsR < 0.05, SNK). Furthermore, reducing the biologmetivity of
IL-6 in the circulation appeared to resolve the lR@iced suppression of running
activity faster, because from day 2 onwards rajscted with LPS + IL-6AS were
running similar distances to their pre-injectionues (t = 0.4,P > 0.05) and to rats
injected with saline aloneP(> 0.05, SNK). The LPS-induced suppression of mgn
activity also appeared to be resolved faster is mjected i.c.v. with the caspase-1
inhibitor, but only from day 3 onwards (t = 2> 0.05). The presence of the IL-6AS on
its own in the circulation or the caspase-1 inbibn its own within the brain had no

effect on running activity of the rats.

Food intake and body mass

On average, the daily food intake of the rats wetsvben 7 and 10 g of food per 100 g of
body mass during the 3 days before the experimamtaiventions. Figs. 5 and 6 show
that the injection of LPS decreased food intake laodly mass which was most reduced
during day 1 after the LPS injection. Followingthnitial decrease in food intake rats
gradually began to eat more food and regain the Inoalss lost such that by the end of

day 3 their body mass was similar to that befoeaitfections (t = 1.3 > 0.05).

Figs. 5 and 6 show that pre-treating rats i.p. Mitf6AS or i.c.v. with the caspase-1
inhibitor significantly attenuated the LPS-inducaabrexia (one-way ANOVAF s 26) =
42.2,P < 0.0001) and the LPS-induced decrease in body (eassway ANOVAF s )
= 48.7,P < 0.001) on day 1 after the injections. Furthemndhe presence of IL-6

antibodies in the circulation or the caspase-1hibbi within the brain appeared to
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resolve the LPS-induced anorexia faster, becawse ffay 2 onwards rats injected with
LPS + IL-6AS (t = 0.6P > 0.05) or LPS + caspase-1 inhibitor (t = (3 0.05) were
consuming similar amounts of food to their pre-thiji@n values and to rats injected with
saline aloneR > 0.05, SNK). In line with the increased foodake the LPS-induced
stunting of growth also resolved faster, becauteingected with LPS + IL-6AS (t = 2.2,

P > 0.05) or LPS + caspase-1 inhibitor (t = 365 0.01) had regained the body mass lost
on day 1 after injections by the end of day 2, andtinued to gain weight similarly
compared to rats injected with saline aloRe>(0.05, SNK). The presence of the IL-6AS
on its own in the circulation or the caspase-1hitar on its own within the brain had no

effect on food intake and growth of the rats.

3.2 Experiment 2: Circulating cytokine responses

In this experiment circulating levels of bioactile6 and concentrations of ILBlwere
measured in the plasma 5 h after rats were treatedrding to the triple-injection
protocol (i.c.v. and i.p. injections followed 2 hedater with an s.c. injection) described
in the methods section. The different experimentalditions will be identified in the

results section below as they were described fpegment 1 on page 18.

Levels of bioactive IL-6 in plasma

Fig. 7 shows that rats injected with LPS s.c. haibaificant elevation in the biological
activity of IL-6 in plasma compared to rats injetigith saline alone (one-way ANOVA,
Fia= 119.0 P < 0.0001). Pre-treating rats i.p. with IL-6AS sigrantly attenuated

the LPS-induced increase in biological activityllofé in the plasmaR < 0.001, SNK).
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However, it did not completely abolish the LPS-iodd increase in plasma IL-6, because
rats injected with LPS + IL-6AS had greater lev@lplasma IL-6 than rats injected with
saline aloneR < 0.001, SNK). Pre-treating rats i.c.v. with tlasgase-1 inhibitor had no

significant effect on the biological activity of & in the plasmaR > 0.05, SNK).

Concentration of IL-15 in plasma

Fig. 8 shows that rats injected with LPS s.c. haggaificant increase in plasma I13-1
concentration compared to rats injected with sadiloge (one-way ANOVAF(;24)= 5.3

, P <0.05). Pre-treating rats i.c.v. with the casphsehibitor had no effect on the LPS-

induced increase of ILALin plasma (P > 0.05, SNK).
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4. Discussion

We have shown that subcutaneous administratioheoptrogenic moiety of the Gram-
negative bacterial LPS (25@y/kg), induces fever, lethargy and anorexia in.rai$e
fever however, which resolved within 2 days (Fiy. i& outlasted by both the period of
lethargy and anorexia (Fig. 4 and 5 respectivelp)line with the LPS-induced anorexia
continuing for at least 3 days, the growth of thtsralso was significantly stunted (Fig.
6). Our study highlights several important findingegarding the role of cytokines
released in the periphery and the brain in medjatime induction and duration of
anorexia and lethargy induced in rats following @ubneous administration of LPS.
First, we have shown that endogenous antagonigmergiherally-released IL-6 or ILBL

in the brain significantly attenuated both the magte and the duration of anorexia
induced by LPS administration (Figs. 5 and 6). Weher showed that endogenous
antagonism of peripherally-released IL-6 or Ig-In the brain significantly reduced
primarily the duration of lethargy induced by LP&manistration (Figs. 4). Thus, we
have identified that both peripherally-released6liand IL-B in the brain appear to be
important mediators involved in the induction andimenance of LPS-induced sickness
behaviors. Moreover, we also identified that tbées of these two cytokines in the
anorexia and lethargy induced by LPS is howevdigrdint from the roles they appear to
have in inducing fever irrespective of the degreewhich each was antagonized or
inhibited; fever as a result of systemic administraof LPS is completely abolished in
rats pre-treated i.p. with IL-6AS (Fig. 2), whileis only partially attenuated in rats pre-

treated i.c.v. with a caspase-1 inhibitor (Fig. 3).

100



Our finding that reducing the biological activity b-6 in the circulation completely
abolishes fever induced by LPS administration sugpbe consistent observations made
within our own laboratory and in others, that whotber cytokines may be involved, IL-6
appears to be the primary endogenous pyrogen nreglthte fever response [10, 11, 16,
26]. We also have confirmed our previous findihgttperipherally released IL-6 appears
to contribute significantly to the mediation of L#f®luced anorexia [16]. The
involvement of peripherally released IL-6 in medtgtthe anorexia induced by infectious
agents has also been suggested previously follothmdinding that the decrease in food
consumption observed in humans administered enohoi®yositively correlated with the
secretion of IL-6 [44]. In the hands of othersngsa different experimental approach to
investigate the involvement of IL-6 in sickness déhbr, that being congenic IL-6
knockout mice which are deficient in IL-6 productjat was demonstrated, as in our
study, that the absence of IL-6 also attenuatedad® of body mass induced by LPS
administration [4]. The absence of IL-6 therefagpears to enable rats and mice to
resist the anorexia and accompanying loss of bodysnmduced by systemic and local

administration of LPS.

Our results showing that treating rats with serumtaining IL-6 antibodies enables them
to recover faster from the suppressive effectsR® lon voluntary activity, demonstrates
that peripherally-released IL-6 is involved in madig the duration of fatigue and
lethargy induced in rats following LPS administoati In support of the hypothesis that
IL-6 drives fatigue experienced by patients duriiipess are the findings that

administration of human recombinant IL-6 inducesemsation of fatigue in healthy

101



humans at rest [52] and fatigue in patients withcea is positively correlated with
circulating levels of IL-6 [47]. Moreover, in antervention in patients similar to ours
experimentally in rats, in which a group of patgentth multicentric Castleman disease,
a disease characterized by a dysregulated overgiodwf IL-6, were treated with IL-6
antibodies, the previously debilitating fatigue ogpd by these patients disappeared [36,
37]. Fatigue experienced by patients during iknessults in a decrease in daily activity,

probably not unlike the decrease in voluntary dtgtiv the rats of our study.

Although we have identified that IL-6 released i@ bloodstream from peripherally
located immune cells appears to be involved in atedj lethargy, anorexia and fever
during infection, our finding that reducing the loigical activity of IL-6 in the circulation

at most attenuates the behavioral responses tduP&oes not completely abolish them,
highlights differences in the cytokine mechanismediating LPS-induced fever and
LPS-induced anorexia and lethargy. There are twessiple explanations for the
differences we observed in the initial degree dératation, complete for the fever
response versus partial for the anorexia and IgyhaFirstly, although we reduced the
level of bioactive IL-6 in the circulation substefly (~ 80 %, see Fig 7) we did not
completely neutralize it and there may have bedficent IL-6 still to induce the

anorexia and lethargy we observed on the first alégr injection. Secondly, a more
likely possibility is that mediators in addition tb-6, possibly other cytokines, are also
involved in regulating the LPS-induced anorexia dethargy. Antagonizing the

biological action of IL-B in the brain by injecting a caspase-1 inhibitohjahk prevents

the cleavage of pro-ILflLlto biologically active IL-B, we were able to identify that 1LB1
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in the brain also is likely to be involved in metihg the anorexia and lethargy induced

by LPS administration.

Our results showing that treating rats with a capshinhibitor enables them to recover
faster from the suppressive effects of LPS on Malynactivity demonstrate a possible
role for IL-18 within the brain in mediating the duration of ¢ate and lethargy induced
by LPS. In support of this finding is a previousigported observation from our
laboratory that centrally administered IB-linduces a dose-dependent decrease in
voluntary activity [17]. Moreover, there is someelpminary evidence that supports the
involvement of IL-B in mediating the fatigue experienced by patienisng illness,
because administering IL-1ra to patients with rhatmad arthritis induces rapid and
persistent improvements in fatigue scores [38]t iy did treating rats centrally with a
caspase-1 inhibitor enable them to recover fasten the suppressive effects of LPS on
voluntary activity, but so too on food intake arrdwth. Moreover, i.c.v. administration

of the caspase-1 inhibitor attenuated the LPS-ieddever also.

Using a different agent, IL-1ra, to antagonize Ibr@ogical action of IL-B in the brain,
others also have investigated the involvement afogenous brain IL{1 in mediating
fever and sickness behavior induced by i.p. adrmatien of LPS [3, 8, 25, 30, 33, 34].
Although these studies have consistently shownitimbition of endogenous brain IL31
attenuates LPS-induced fever, unlike the findimgeur study, they mostly have failed to
show that it also can attenuate LPS-induced sickmehaviors. The failure of i.c.v

administration of IL-1ra to attenuate LPS-inducétkisess behaviors may be related to
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IL-1ra being active for a significantly shorter el of time (2 -4 h) [3] in comparison to
the prolonged duration (8 — 24 h) for which endagenlL-18 is elevated in the brain [2].
The actions of brain-intrinsic cytokines, produedtkr the production of cytokines in the
periphery, are generally believed to be more ingrdrin mediating sickness behaviors
than fever during infection/inflammation [12]. Thwhile the short duration of action of
IL-1ra may be sufficient to inhibit the action ofdogenous brain IL{lin mediating
fever, it may not be sufficient to significantlyflimence the prolonged sickness behaviors.
The caspase-1 inhibitor used in our study is adiveat least 24 h [41], therefore the
longer period of brain IL{1 inhibition likely to be achieved with the caspdsehibitor
may have accounted for the reduction in the dumatibthe sickness behavior responses

noted in our study.

While it has been established that administratibra @aspase-1 inhibitor effectively
reduces IL-B activity in vivo following systemic administration of LPS [2], weddnot
measure the concentration of IB-ih the brain and therefore cannot confirm the rixte
which i.c.v. administration of the caspase-1 infoibinhibited the synthesis of ILBlin
the brain. It is therefore possible that if IB-tvas not completely inhibited by the dose
of the caspase-1 inhibitor we injected, the contidn of endogenous brain IL31to
mediating the anorexia and lethargy induced byagiministration of LPS we noted may
be of a greater magnitude. It also is possibletti@responses we noted, particularly for
food intake and body mass, following i.c.v. adnmr@ison of the caspase-1 inhibitor may
not be entirely specific to the action of I3;1but may also be related to reducing the

action of other pro-inflammatory cytokines impliedtas putative mediators of appetite
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such as IL-18 [57], because the enzyme caspasedt isnly involved in the processing
of IL-1B, but is also involved in the processing of IL-1&1dL-33 [14]. Irrespective of
whether the synthesis of other cytokines were #gteevithin the brain, the established
effectiveness of the caspase-1 inhibitor at redueimdogenous ILf1[2], indicates that a

significant portion of the responses we noted al&ed to inhibiting the action of ILB1

How endogenous brain ILBlinfluences the brain sites controlling appetitjvay and
temperature during a systemic infection remaindeamchowever. Studies investigating
the interaction of IL-g with hypothalamic mechanisms involved in the ragoh of
feeding [40] and temperature [7, 49] provide evdefor the possibility of both direct
(via neuronal mechanisms) and indirect (via modutadf brain chemistry) actions. In
terms of the indirect actions, Il3lcan modulate hypothalamic chemistry by generating
mediators such as prostaglandins, and by inteetith various neurotransmitters (e.g.
serotonin) and peptides (e.g. neuropeptide Y) withe brain [9, 28]. The generation of
proximal mediators such as prostaglandins and a@rotwithin the brain and the
endothelial cells lining the vasculature throughate brain, are also possible
mechanisms by which IL-6 released into the blo@dstr from peripherally located
immune cells mediates fever and sickness behadimiag a systemic infection [15, 21,
46, 50]. In addition to inducing these proximal dia¢ors it also is likely that
peripherally-released IL-6 could be mediating leglya anorexia and fever via the
induction of IL-18 in the brain, as others have reported that inatbeence of IL-6 i.p.

administration of LPS failed to induce I131n the brain [51].
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Although the results from our study clearly ideyntiL-6 as an important humoral
mediator by which inflammatory challenges in theigigery can communicate with the
brain to induce lethargy, anorexia and fever, timegy not hold true under some
experimental conditions. For example, injectingpwer does of LPS s.c. than the dose
we used in our study (25@g/kg) may induce a more localized response with
significantly lower concentrations of IL-6 appeayim the blood. Under these conditions
other signaling pathways, possibly afferent nepethways from the skin to the central
nervous system, are likely to be more importantthamoral pathways in mediating
fever and sickness behavior [45]. As activatiometiral pathways during a peripheral
immune challenge has been related to increasee®sipn of IL-B mRNA in the brain

of mice [29] it is likely that brain IL- may remain an important endogenous mediator

of fever and sickness behaviors induced duringlilbed infection/inflammation.

In conclusion, we have shown that pre-treating watis either antibodies to IL-6 i.p. or a
caspase-1 inhibitor i.c.v. significantly enhanchkd tesolution of anorexia and lethargy
by at least two days, but it did not completelyverg these sickness behaviors from
occurring. Our inability to abolish the anorexiadalethargy with antagonism of
individual cytokines appears to indicate the comipyeof the cytokine involvement in
mediating these two sickness behaviors during aliloed Gram-negative bacterial
infection. Using similar experimental tools, othgb4] have also noted this trend of
multiple cytokine involvement in mediating sicknds=haviors during a systemic Gram-
negative bacterial infection. Therefore while indual cytokines, such as IL-6 and IL-

1B, are possible targets for therapies aimed atialieg the debilitating consequences of
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anorexia and lethargy in patients with prolongedtdéaal infections, it appears that to
abolish the presence of sickness behaviors multplekines may need to be targeted.
Although inhibiting the action of cytokines may pide some relief for patients
experiencing sickness symptoms, this action coaksiply compromise the ability of the
host to fight infection in the situation of a liveplicating pathogen, as pro-inflammatory
cytokines also perform important immune functionshick facilitate pathogen
elimination. Selectively inhibiting the downstreanediators by which cytokines induce
sickness behaviors may prove to be a better t@shfeutically, as that could preserve
the actions of pro-inflammatory mediators requif@dpathogen elimination yet improve

the anorexia and fatigue in the patient.
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L egends

Figure 1. Circadian rhythms of body temperaturer@approximately 3 days (separated
by vertical ----) after rats were injected i.p. vjgre-immune serum (PI1S 1.5 ml) and i.c.v.
with the vehicle 2 h before receiving the s.c. ¢tins of LPS (25Qug/kg) or saline 30
min before lights off on the first day.— Indicates the period during which the body
temperature of rats injected with LPS was signiftbagreater than the body temperature
of rats injected with salind’(< 0.01, SNK). The results are represented as mea.
The first arrow indicates the time of injection fibre i.p. and i.c.v. injections and the
second arrow indicates the time of injection foe thc. injections. The black bars

indicate lights off (10:30 - 22:30 clock time).

Figure 2. Circadian rhythms of body temperaturercapproximately 3 days after rats
were injected with: (A) IL-6AS (1.5 ml) or PIS (11l) i.p. and the vehicle for the
caspase-1 injection i.c.v. 2 h before receiving isjections of LPS (25Qg/kg); (B) IL-
6AS or PIS and the vehicle for the caspase-1 igedtc.v. 2 h before receiving s.c.
injections of saline. In A the effects of salind*#S + veh also is shown and is the same
as the results shown in B— Indicates the period during which the body tempeeaof
rats injected with LPS + PIS + veh was significamfteater than the body temperature of
rats injected with LPS + IL-6AS + velP < 0.01, SNK). — Indicates the period during
which the body temperature of rats injected wittfSLP IL-6AS + veh was significantly
greater than the body temperature of rats injectgdd saline + PIS + vehP(< 0.05,

SNK). The results are represented as mean = 3i2 fiflst arrow indicates the time of
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injection for the i.p. and i.c.v. injections andetlsecond arrow indicates the time of
injection for the s.c. injections. The black bardicate lights off (10:30 - 22:30 clock

time).

Figure 3. Circadian rhythms of body temperatureraapproximately 3 days after rats
were injected with: (A) PIS (1.5 ml) i.p. and thaspase-1 inhibitor (300 ngfH or its
vehicle i.c.v. 2 h before receiving s.c. injectiafdPS (250ug/kg); (B) PIS i.p. and the
caspase-1 inhibitor (300 ng# or its vehicle i.c.v. 2 h before receiving smgections of
saline. In A the effects of saline + PIS + veloatsshown and is the same as the results
shown in B. — Indicates the period during which the body tempeeaof rats injected
with LPS + PIS + veh was significantly greater thla@ body temperature of rats injected
with LPS + PIS + casp-intP(< 0.01, SNK). —* Indicates the period during which the
body temperature of rats injected with LPS + Pl8asp-inh was significantly greater
than the body temperature of rats injected witineat PIS + vehF < 0.05, SNK). The
results are represented as mean + SD. The fisivandicates the time of injection for
the i.p. and i.c.v. injections and the second arimacates the time of injection for the

s.c. injections. The black bars indicate lightis(20:30 - 22:30 clock time).

Figure 4. Percentage change from pre-injectiorsday daily wheel-running distance
determined from the number of wheel turns measui@ihg 3 days after rats were
injected with: (A) PIS (1.5 ml) or IL-6AS (1.5 mi)p. and the vehicle for the caspase-1
injection i.c.v. 2 h before receiving a s.c. injentof LPS (25Qug/kg) or saline; (B) PIS

I.p. and the caspase-1 inhibitor (300 nglor its vehicle i.c.v. 2 h before receiving a.s.c

117



injection of LPS or saline.— Indicates percentage change in running distances a
significantly different to pre-injection days’ ruimg distancesR < 0.05). * Indicates
significant differences between rats injected wifAS + PIS + veh versus all other
experimental groupsP(< 0.05, SNK). * Indicates significant differences between rats
injected with saline + PIS + veh versus rats igdatith LPS + IL-6AS + veh and LPS +
PIS + casp-inh on the first dal € 0.001, SNK). There were no significant differes
between rats injected with saline + PIS + vehpnsat IL-6AS + veh and saline + PIS +

casp-inh. The results are represented as mean + SD

Figure 5. Percentage change from pre-injectiors dewydaily food intake calculated as
grams of food consumed in 24 h per 100 gram oboaty mass, during 3 days after rats
were injected with: (A) PIS (1.5 ml) or IL-6AS (11l) i.p. and the vehicle for the
caspase-1 injection i.c.v. 2 h before receiving.a mjection of LPS (25Qug/kg) or
saline; (B) PIS i.p. and the caspase-1 inhibit@0O(8g/5ul) or its vehicle i.c.v. and 2 h
before receiving a s.c. injection of LPS or salire: Indicates percentage change in food
intake is significantly different to pre-injectiofvod intake P < 0.05). * Indicates
significant differences between rats injected wifAS + PIS + veh versus all other
experimental groupsP(< 0.05, SNK). * Indicates significant differences between rats
injected with saline + PIS + veh versus rats igdatith LPS + IL-6AS + veh and LPS +
PIS + casp-inh on the first da? & 0.05, SNK). There were no significant differeac
between rats injected with saline + PIS + vehnsat IL-6AS + veh and saline + PIS +

casp-inh. The results are represented as mean = SD
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Figure 6. Change in body mass from pre-injectialues on each of the 3 days after rats
were injected with: (A) PIS (1.5 ml) or IL-6AS (11l) i.p. and the vehicle for the
caspase-1 injection i.c.v. 2 h before receiving.@ mjection of LPS (25Q.g/kg) or
saline; (B) PIS i.p. and the caspase-1 inhibit®O(Bg/5ul) or its vehicle i.c.v. 2 h before
receiving a s.c. injection of LPS or saline- Indicates a significant change in body mass
compared to pre-injection valueB € 0.05). * Indicates significant differences between
rats injected with LPS + PIS + veh versus all o#ygrerimental groups$>(< 0.05, SNK).

" Indicates significant differences between ratgdtgd with saline + PIS + veh versus
rats injected with LPS + IL-6AS + veh and LPS + Rl$asp-inh on the first day (<
0.001, SNK). There were no significant differenbesween rats injected with saline +
PIS + veh, saline + IL-6AS + veh and saline + PISasp-inh. The results are

represented as mean + SD.

Figure 7. Plasma concentrations of bioactive Hoibrats injected i.p. with PIS (1.5 ml)
or IL-6AS (1.5 ml) and i.c.v. with a caspase-1 itar (300 ng/5ul) or its vehicle 2 h
before receiving s.c. injections of LPS (2odYkg) or saline. The plasma concentrations
of bioactive IL-6 were measured 5 h after rats wiejected with LPS or saline.”
Indicates significant differences between ratsatge with LPS + IL-6AS + veh versus
all other experimental group$ (< 0.001, SNK). * Indicates significant differences
between rats injected with saline + PIS + veh &l other experimental groupB €
0.001, SNK). The detection limit of the assay v@alJ of IL6 mI*. The results are

represented as mean + SD.
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Figure 8. Plasma concentrations of Ikfbr rats injected with PIS (1.5 ml) i.p. and the
caspase-1 inhibitor (300 ngf®) or its vehicle 2 h before receiving s.c. injecs of LPS
(250 ug/kg) or saline. The plasma concentrations of fbwkere measured 5 h after rats
were injected with LPS or saline.Indicates significant differences between ratsdtgd
with saline + PIS + veh versus all other experimmkgroups P < 0.05, SNK). The

results are represented as mean + SD. Dasheihdlivates level of detection of assay.
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Fig.5
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Fig. 6
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CONCLUSIONS
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Peripherally-released cytokines have been stromgpficated as important endogenous
mediators of the brain-controlled fever mechanistivated following systemic and local
administration of LPS. In contrast to the impottanle established for peripherally-
released cytokines in mediating LPS-induced femerclear role has emerged as yet for
these cytokines as endogenous mediators of anocaexidethargy, two brain-controlled
sickness behaviours, also known to be induced Jatlg systemic and local
administration of LPS. Using endogenous antagondgnthe biological action of
cytokines as far as possible, and highly quantéiabeasures of anorexia and lethargy, |
therefore systematically investigated the contrdrubf endogenous pyrogenic cytokines
in mediating anorexia and lethargy induced by Ietddcutaneous administration of LPS.

| specifically chose to simulate infection usingS_Rextracted frontescherichia coli) as it

a powerful activator of the innate immune system piro-inflammatory cytokine release,
and understanding the physiological mechanism sobiblogical action has significant
clinical application, as Gram-negative sepsis imans is caused by Enterobacteriaceae
such asEscherichia coli andKlebsiella species (Bochud & Calandra, 2003). The results
obtained from the studies | undertook are summararel discussed below in the context

of the current literature.
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5.1 The contribution of cytokinesreleased in the periphery and thebrain in
mediating anor exia and lethar gy induced by subcutaneous administration of

LPS

To establish a role for molecules, such as cytakias endogenous mediators of a given
biological response it is imperative that inhibitiof the biological action or synthesis of
the molecule at a site that relates to its obsesyathesis and action, is shown to inhibit
or abolish the biological response in question @€y 1991). Injecting species-specific
neutralizing antibodies to therefore effect endagsnantagonism, | investigated in
chapter 2 whether peripherally-released IL-6, f,-INF-o and leptin, cytokines shown
to be endogenous mediators of LPS-induced feven abntribute in mediating two
specific sickness behaviours, anorexia and letherggts. | used highly quantifiable and
sensitive measures, quantity of food consumed arghtary wheel-running, to assess

anorexia and lethargy, in the rats.

| found that injecting rats s.c. with LPS (266 kg") before the night-time active period,
dramatically affected their activity levels, as mo$ the rats did not run at all on the
night after injection. Food intake was also aféelctollowing the LPS injection, but to a
lesser extent than voluntary activity, with thesratducing the quantity of food they
normally consumed by about half (Chapter 2). Tngatats peripherally with species-
specific IL-6 antiserum significantly attenuate@ thPS-induced decrease in food intake
and voluntary activity. Thus | have identified tiperipherally-released IL-6 plays a role

in mediating the lethargy and anorexia induceddmall administration of LPS. The idea
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that IL-6 is involved in mediating LPS-induced sielss behaviours has been mooted
before by others (Bluthé al., 2000b) studying the effect of systemic admint&iraof
LPS on body mass and social behaviour, anothervimiral response affected during
infection. Bluthéet al., (2000) observed that IL-6 deficient mice (IL#6)-were less
sensitive than wild-type (IL-6 +/+) mice to the degsing effects of i.p. administration of

LPS on social behaviour and body mass.

While peripherally-released IL-6 appears unequillpda be contributing to mediating
LPS-induced sickness behaviours, it is importantdte that the sickness behaviours are
only attenuated and not abolished when the biokbgictivity of IL-6 is inhibited. There
are two likely explanations for why these sickndshaviour responses were only
attenuated. Firstly, it is possible that not @tipherally-released IL-6 was neutralized by
the dose of IL-6 antiserum | administered. Secpnaltiditional endogenous mediators,
possibly other cytokines, could be working in pilalith peripherally-released IL-6 to
regulate anorexia and lethargy induced by s.c. adtnation of LPS. As others
(Cartmell et al., 2000) have demonstrated complete neutralizatfoth® LPS-induced
increase in circulating IL-6 in rats using an e@lént dose of IL-6 antiserum to the dose
| used, the attenuated responses | noted appeegather reflect the involvement of
additional mediators. To determine if these medgatvere possibly other cytokines
released in the periphery following LPS administratl injected rats i.p. with species-

specific antiserum to either TNdor IL-1f before administering LPS.
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Treating rats peripherally with either TNFantiserum or IL-f antiserum had no effect
on the LPS-induced suppression of voluntary agtiaitd food intake (chapter 2). Thus |
identified that peripherally-released II3--and TNFe. do not appear to be involved in
mediating lethargy and anorexia induced by locahiadstration of LPS. Although | do
not providein vivo evidence of neutralization of TN&and IL-18 in the circulation, it is
unlikely that my failure to attenuate the LPS-inedld@norexia and LPS-induced lethargy
was due to the neutralization being incompletd, determined using am vitro two-site
sandwich ELISA that one hundred microlitres of #mtiserum could neutralize up to 10,
000 pg of rat recombinant TN&and IL-18 (unpublished observations). From the results
presented in later experiments (chapter 4), whenedsured the concentration of IB-1
in the plasma, it would appear that the dose otffilantiserum | administered (1.5 ml)
should have been more than sufficient to neutraheeincrease in plasma concentrations

of IL-1B (~ 38 pg mi") induced by the dose of LPS | administered (@§&g").

The increase in plasma concentrations of fflLkIneasured in my study following local
LPS administration is substantially lower than iherease (~ 350 pg M) measured by
others, at the same time point, injecting a ted-fliwer dose of LPS (2%g kg?)
systemically (Bilboet al., 2005). A similar difference also has been natedhe
concentration of TNFt measured in plasma when injecting LPS systemioadissus
locally into an air pouch. Injecting LPS into ain pouch did not significantly increase
TNF-a in the plasma, however injecting the same dodeP& (100ug kg?) systemically
did (peak concentration ~ 1636 pgin(Miller et al., 1997b). Injecting LPS s.c. as | did

may therefore be a more representative model @filead infection, similar to injecting
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LPS into a pre-formed subcutaneous airpouch. iB1d@kperimental model of localized
infection only IL-6 is significantly elevated indltirculation, with the increase in TNF-
and IL-13 mostly being confined to the local infection giiiller et al., 1997b). From
my findings that injecting rats peripherally wititheer TNF-a or IL-1p antiserum has no
effect on the anorexia and lethargy induced by llcadministration of LPS, |
hypothesized that if other cytokines are workinghvgeripherally-released IL-6 to induce
anorexia and lethargy, it is due primarily to theynthesis in the brain and not in the

periphery.

In chapter 3 | therefore investigated whether dmecytokines likely to fulfil this role,
such as IL-p and IL-6, could act within the brain to induce emoa and lethargy. |
found that i.c.v. administration of either spedmsnologous rat IL-6 or IL{1 before the
night-time active period decreased voluntary attiin rats in a dose-dependent fashion.
These findings were the first to show that volupntaxrercise, that is wheel-running, is
suppressed by direct administration into the brafnll-6 and IL-13. While voluntary
exercise was significantly reduced by i.c.v. adstnation of either IL-6 or IL-f, food
intake was only decreased by i.c.v. injection oflflLat the highest dose | used, but not
IL-6 at any dose. Having identified that IL-6 caat endogenously to induce anorexia
and lethargy my finding that central administratminlL-6 affected voluntary exercise,
but did not affect food intake was surprising. hltigh it is yet to be established how IL-
6 released into the bloodstream from peripheralbated immune cells influences the
brain-mediated response of anorexia and lethargngla peripheral immune challenge,

my findings presented in chapter 3 identify thaé ttiirect action of IL-6 on the
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hypothalamic neurones involved in the control addantake may not be a prerequisite.
Rather, the induction of anorexia may be more degeinon peripherally-released IL-6
inducing other signalling molecules within cellstbe BBB, which then penetrate into
the brain to affect feeding. Regardless of howipberally-released IL-6 mediates
anorexia and lethargy induced by s.c. administnatibLPS it is evident that IL-6 is not
the sole mediator of these responses. Based dmdigg that central administration of
IL-1p decreased both voluntary exercise and food intdlkgothesized that endogenous
brain IL-13 could possibly be involved in mediating lethargydaanorexia induced by

local administration of LPS.

To determine whether this indeed is the case, tiBpally chose to antagonize the
biological action of IL-B in the brain by administering a caspase-1 inhibiwhich
prevents the cleavage of pro-fLto biologically active IL-B, i.c.v. (Chapter 4). Others
have reported that central administration of a assgl inhibitor is an effective strategy
to use for reducing ILfi activity in the brain following systemic adminigtion of LPS
(Bilbo et al., 2005). In my study | monitored the behaviourasponses until the
symptoms of sickness induced by LPS had ceasedssm determine the cytokine
involvement not only in the induction, but also timne resolution of these sickness
responses. | found that pre-treating rats witlagpase-1 inhibitor i.c.v. did not abolish
the anorexia and lethargy induced by LPS, but dt slgnificantly attenuate both the
magnitude and the duration of the anorexia andatgthinduced by LPS. Thus | have
identified that endogenous brain [I3-Tontributes to mediating lethargy and anorexia

induced by local administration of LPS in rats.

135



While it has been established that administratibra caspase-1 inhibitor effectively
reduces IL-B activity in vivo following systemic administration of LPS (Bilba al.,
2005), I did not measure the concentration of pLid the brain and therefore cannot
confirm the extent to which i.c.v. administratiohtbe caspase-1 inhibitor inhibited the
synthesis of IL-§ in the brain. It is therefore possible that if1p was not completely
inhibited by the dose of the caspase-1 inhibitojdcted, the contribution of endogenous
brain IL-18 to mediating the anorexia and lethargy induced.byadministration of LPS

| noted may be of a greater magnitude.

The results | obtained with peripheral and centmatagonism of endogenous 131
presented in chapter 2 and 4 appear to identify libain, but not peripherally-released
IL-1B plays an important role in mediating sickness b&has induced by local
administration of LPS. My finding that ILBlin the brain, but not IL{ireleased in the
periphery, contributes to mediating sickness behasi appears to be at odds with the
findings of others (Bluthét al., 1992b). Bluthéet al., (1992b) found that pre-treating
rats with IL-1ra peripherally, but not centrallftemuated the decrease in body mass and

social exploration induced by systemic administratof LPS.

Differences in the experimental design between moglys and that of Bluthét al.,
(1992b) may explain these contradictory findingBirstly, the difference noted with
antagonism of peripherally-released Ig+hay have been related to the different route by
which LPS was administered. While the same doseLR$ (250 pug kg') was

administered in both studies, | administered theés L$c. in my studies while they
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administered LPS i.p in their study. Injecting L. appears to be a more
representative experimental model of localized atidm, than a model of systemic
infection. The lack of involvement of peripheratlyleased IL-f | noted in mediating
LPS-sickness behaviours may be related to s.c. rashmation of LPS not inducing
sufficient IL-18 in the circulation, unlike the significant increasoted following i.p.
administration of LPS (Bilb@t al., 2005), to influence the areas of the brain requda
these behaviours. Secondly, the differences netddantagonism of IL-f in the brain
may be related to the use of different substanceantagonize the biological action of
endogenous brain ILBL The time course of action of these two substsddéers quite
substantially, with IL-1ra being active for aboutd24 h (Bluthéet al., 1992b), while the
caspase-1 inhibitor is active for at least 24 hb{iR&etti et al., 2000). Brain IL-B has
been shown to remain significantly elevated forlganged periods of between 8 - 24 h
following i.p. administration of LPS (Bilbet al., 2005). Thus in terms of investigating
the involvement of endogenous brain Ig-lIn mediating LPS-induced sickness
behaviours, the longer period of Il3-Ineutralization likely to be achieved with the
caspase-1 inhibitor may have prolonged the inlmbiof IL-13 in the brain and therefore

produced the attenuated sickness behaviour respoosed in my study.

It is also possible that the effects | noted follogvi.c.v administration of the caspase-1
inhibitor may not be entirely specific to the aatiof IL-1B, but may also be related to the
action of other pro-inflammatory cytokines, as #mzyme caspase-1 is not only involved
in the processing of ILfl, but is also involved in the processing of IL-1&alL-33

(Dinarello, 2005a). Administration of the capaseiibitor may therefore have reduced
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the synthesis of these two cytokines in additiorihe® synthesis of IL{1in the brain.

Even though as of yet the involvement of IL-18 dheB3 in LPS-induced lethargy has
not been identified, IL-18 has been implicated aguwative mediator of energy
homeostasis by suppressing appetite (Zoretlal., 2007). Thus the participation of

these two cytokines in the biological processesrilesd in my study cannot be excluded.

Due to the strong likelihood that the contradictdirydings regarding the peripheral
involvement of IL-B in mediating LPS-induced sickness behaviours nmeayeated to
the experimental model of infection used, systeweisus local, investigating the effect
of endogenous antagonism of peripherally-releatetB3Ifollowing LPS administration
via different routes (s.c., i.p., i.v. and i.m.) yr@rovide clarity on the role of peripherally-
released IL-f in mediating LPS-induced sickness behaviours. ddeer, to identify if
the failure to inhibit sickness behaviours indubgdocal and systemic administration of
LPS following i.c.v. injection of IL-1ra (Bluthé&t al., 1992b; Kentet al., 1992b) is
indeed related to the short half-life of IL-1ramwibuld be useful to investigate the effect
of antagonism of endogenous brain IR-dsing IL-1ra and the caspase-1 inhibitor in the

same study.

In chapter 4 | also investigated the effect of gatazing the biological action of
peripherally-released IL-6 on the duration of tm®ra@xia and lethargy induced by s.c.
administration of LPS, as although peripherallyasied IL-6 had been implicated in
mediating LPS-induced sickness behaviours (Chaptand Bluthéet al., 2000b), the

extent to which its absence could facilitate recgvérom LPS-induced sickness
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behaviours had not been established. In addiaanyt initial findings in chapter 2 which
showed that treating rats with serum containing lantibodies attenuated the magnitude
of anorexia and lethargy induced by s.c. admiristnaof LPS, | identified in chapter 4
that treating rats with serum containing IL-6 aattes also facilitated a significantly
faster recovery of the rats (by at least 2 daysinfthe suppressive effects of LPS on
voluntary activity, food intake and growth. Moreoy in chapter 4 | was able to
demonstrate that the species-specific antiseruminirastered did indeed significantly
neutralize the LPS-induced bioactive IL-6 (by ~ §0%0the plasma of the rats injected
with LPS and the IL-6 antiserum. Although | reddicke level of bioactive IL-6 in the
circulation by a substantial margin it is likelyathhad | achieved complete neutralization

the degree of attenuation | noted may have beangoéater magnitude.

Although peripherally-released IL-6 appears to baemaportant endogenous mediator of
anorexia and lethargy, how IL-6 released into tloedistream from peripherally located
immune cells influences the brain-mediated respo$anorexia and lethargy during a
peripheral immune challenge however, remains uncle®thers have reported that
injecting LPS i.p. induces an increase in B+4HRNA in the brains of wild-type mice,
however in IL-6 knockout mice the LPS-induced i@ in IL-B is greatly attenuated
or entirely absent (Sparkmaat al., 2006). Thus, in the absence of IL-6, systemic
administration of LPS failed to induce Il3-1n the brain. Having identified in chapter 4
that brain IL-B is involved in mediating anorexia and lethargy uceldd by local
administration of LPS, one mechanism by which pgesiplly-released IL-6 could be

mediating anorexia and lethargy is via the inductdIL-1 in the brain. The possibility
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that IL-6 can induce the synthesis of IB-is intriguing as the vast majority of the
literature points towards ILALinducing IL-6 and notice versa (Shalabyet al., 1989;

Sironiet al., 1989; Schindleet al., 1990).

Not only did | identify an important role for pehprally-released IL-6 in mediating
anorexia induced by local administration of LPSnny thesis, but | confirmed the
importance of another endogenous mediator, lephiagter 2). Treating rats peripherally
with leptin antiserum abolishes the anorexia indubg s.c. administration of LPS.
Using the same species-specific leptin antiserwhabdministered at a lower dose, others
have demonstrated an attenuation of anorexia irbbgel.p. administration of LPS in
rats (Sachott al., 2004). In contrast, studies investigating theoimement of leptin in
mediating LPS-induced anorexia using rats with cléfe receptor-mediated transport
and intracellular signalling of leptin, have shothat leptin signalling does not appear to
influence LPS-induced anorexia (Faggiehal., 1997; Lugarinit al., 2005). There are
two likely explanations for the discrepancies noteztween studies using rats with
genetic defects in the leptin system and leptimsanim. Firstly, due to the importance
of food intake for survival, the control of foodtake is not solely dependent on a single
pathway, but rather is regulated by different patisvinvolving mediators other than
leptin, such as cholecystokinin, insulin and glarag Thus it is possible that the absence
of the leptin-mediated pathway occurring early orihe development of mutant animals
may result in other pathways involved in food idlomeostasis compensating. These
alternative pathways could be activated during @atiical conditions like LPS

stimulation, leading to the observed anorexia imais with genetic defects in the leptin
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system. Secondly, systemic administration of LBS leen shown to induce comparable
concentrations of IL-6 in the circulation of leptieficient Eb/ob) mice and their
respective lean littermates (et¥mice) (Faggionet al., 1999). Thus humoral mediators
other than leptin, such as IL-6 identified in tthesis, may compensate for the absence of
leptin in animals with genetic defects in the lapsiystem (Sachott al., 2004). My
finding that peripherally-released leptin and pleeally-released IL-6 appear to share
the same biological effect of suppressing food katéllowing s.c. administration of
LPS, may be related to them both: (i) belonginght® same long-chain helical cytokine
family and sharing a common signal transducer ambeg receptors (Zhangt al.,
1994; Vaisseet al., 1996) or (ii) inducing the same important doweatn mediator of

food intake, IL-B, in the brain (Sachet al., 2004).

Not only do leptin and IL-6 released in the perighboth appear to be involved in
mediating the suppression of food intake followsig. administration of LPS, but they
also both appear to be involved in mediating theeferesponse, as treating rats
peripherally with either leptin antiserum or IL-6tserum abolishes fever induced by s.c.
administration of LPS (Chapter 2). The involvemehboth peripherally-released leptin
and peripherally-released IL-6 in mediating LPSdoed fever may be related to
similarities in the actions of the two cytokines, they both have been shown to induce
COX-2, an important downstream mediator of feverthe brain (Rummedt al., 2006;
Inoue et al., 2006). The involvement of leptin in mediatin®%-induced fever may
however not only be related to the induction of G@X the brain, but it also may be

related to the activation of thermoeffectors regaifor fever production, in particular the
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activation of metabolic heat production. Leptinses metabolic heat production by
increasing sympathetic outflow to brown adipossugs(nonshivering thermogenesis) in
small rodents (Collingt al., 1996). It is unlikely however that the atteradaeffects |
noted on fever production following administratioh leptin antiserum were related to
blocking the thermogenic action of leptin, as leptippears to have a critical role in
chronic, but not acute activation of thermogend&gardier et al., 1995; Steiner &
Romanovsky, 2007) and fever is brought about byteaagtivation of thermoeffectors
(Romanovskyet al., 2005). Moreover, in a thermally neutral envimant activation of
thermogenesis may not be a prerequisite to increasebody temperature during fever,
as the increase in core body temperature may hevachby constriction of skin vessels
alone (Romanovskgt al., 2002). It therefore appears that the partiograbf leptin in

LPS-induced fever is mostly related to its inflantomg action in the brain.

5.2 Differencesin the cytokine-mechanisms mediating fever and sickness behaviour

Not only did | investigate the contribution of emg@gmous cytokines in mediating LPS-
induced sickness behaviours in the studies presémtidis thesis, but | also investigated
their contribution in mediating fever induced byg.administration of LPS. My rationale
for concurrently investigating the contribution ehdogenous cytokines in mediating
sickness behaviours and fever was to identify pessdifferences in the cytokine-
mechanisms mediating these responses. The olisarVahade in chapter 4 and which
others have also made previously (Hubscétleal., 2006), that sickness behaviours

continue for a longer period of time than does fedigring infection/inflammation, has
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lead to the speculation that the cytokine-mechamisggulating fever and sickness

behaviours may not be the same (Ketrdl., 1992a; Dantzer, 2001).

In the studies presented in this thesis | uncovesawche distinct differences in the
cytokine-mechanisms regulating fever and sicknesisawiours. For instance, LPS-
induced fever could be abolished by inhibiting dwtion of peripherally-released IL-6,
while it appeared that LPS-induced lethargy and -irileced anorexia could be
abolished only if both endogenous brain Ik-and peripherally-released IL-6 were
inhibited (chapter 4). Moreover, central admiragon of the lowest dose of ILBlor IL-

6 decreased voluntary activity in rats in the abseof fever (chapter 4). These
differences highlight that: (i) brain-intrinsic okines may be more important in
mediating sickness behaviours and they are in miedidever and (ii) the brain sites

controlling sickness behaviours, in particular &ty, may be more sensitive to the
presence of cytokines than the brain sites comigpltemperature. Both of these
differences are likely to account for the prolongkdation of the sickness behaviours
during illness. From a clinical point of view idéging the cause for the longer duration
of sickness behaviours is particularly relevant,itas the prolonged duration of the
sickness behaviour responses that are most diga#fid uncomfortable for patients to
endure during illness (Bowest al., 2002; Hewlettet al., 2005). Moreover, having a

better understanding of the physiological mechasigmlucing both fever and sickness
behaviours such as anorexia and lethargy, may geoslinicians with more insight into

managing not only the thermal but also the nonrtiaéresponses to infection.
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5.3 Clinical implications and recommendations

My finding in chapter 4 that reducing either thecamt of biologically active IL-6 in the
circulation or IL-B in the brain significantly enhances the resolutcdranorexia and
lethargy by at least two days in rats, but does aoohpletely prevent these sickness
behaviours from occurring, appears to indicate twmmplexity of the cytokine
involvement in mediating these two sickness behasioduring a localized Gram-
negative bacterial infection. Using similar expegntal tools, others (Swiergiel & Dunn,
1999) have also noted this trend of multiple cytekinvolvement in mediating sickness
behaviours during a systemic Gram-negative bactenfection. Therefore while
individual cytokines, such as IL-6 and Il3;1are possible targets for therapies aimed at
alleviating anorexia and lethargy in patients wbgcterial infections, it appears that to

abolish the presence of sickness behaviours meiitiytiokines may need to be targeted.

Pro-inflammatory cytokines also perform importammune functions, however which
facilitate pathogen elimination. They increase itierobial activity of phagocytic cells,
activate adjacent epithelium tissues which reswlthe attraction of neutrophils and
monocytes and induce the production of acute ppasteins by the liver (Kapetanovic &
Cavaillon, 2007). Therefore, while inhibiting tleetion of multiple cytokines may
resolve the sickness responses quicker, this actatd possibly compromise the ability
of the host to fight infection in the situation aflive, replicating pathogen. In instances
of chronic infection where patients are placed awlgnged treatment regimens,

inhibiting the action of cytokines may increase pinevalence of opportunistic infections.
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Selectively inhibiting the downstream mediators Wlyich cytokines induce sickness
behaviours may prove to be a better tool therapalyi as that could preserve the
actions of pro-inflammatory mediators required pathogen elimination yet improve the
malaise and sense of sickness in the patient. h&efore identify the most beneficial
treatment strategy for sickness behaviours in ptgje future pathophysiological
mechanism-based assessment studies of sickneswichgbain animal models of
infection/inflammation are needed which not onlgkaat specific cytokines, but also the
activation status of their intermediate signallpaghways and their downstream products

(Dantzeret al., 2008).

Although the results presented in this thesis haygortant implications for the treatment
of patients with bacterial infections, they may betdirectly transferable to medially ill
patients in general, as the cytokine profiles imdudy different pathogens is not
necessarily the same. The high prevalence of penHsc behavioural symptoms in
medically ill patients not only with a “common cbldr flu, but also in patients with
some of the most harmful, costly and debilitatingedses currently experienced in the
Western World: coronary heart disease, cancer, itgbetype |1l diabetes and
neurodegenerative disorders associated with addagtgeret al., 2008) necessitates the
continuation of preclinical studies, such as the®sented in this thesis to be carried out
using established animal models of disease, totifgepossible therapies for these

symptoms in patients.
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Not only does the work | have presented in thisigbave value in terms of identifying
possible targets for the treatment of symptoms edioally ill patients, but it also may be
of value in improving our approach to identifyingdamonitoring infection/inflammation

in patients. From early on in the history of mauic fever has been viewed by
physicians and patients alike as the principal ggmpof illness and thus decisions
concerning the onset of and recovery from illnegsemrimarily based on a patient’s
body temperature. The findings presented in tiesis showing that fever is outlasted by
both the period of lethargy and anorexia in thesgnee of a simulated Gram-negative
bacterial infection in rats, indicates that the dabural symptoms associated with
infection, such as lethargy and loss of appetitgukl become part of the close
monitoring of the condition of patients, as theserece of these sickness behaviours, may
in fact be a more valuable clinical marker of iBseand recovery in patients, than is body

temperature alone.
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facilities available, and the procedures required by the CAS for the carrying out of experiments.
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UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

TNIAART it e ——— e VVIIANNEODURG

ANIMAL ETHICS SCREENING COMMITTEE

CLEARANCE CERTIFICATE NO:

| 2004 |95' |

wh

-

APPLICANT: 1. Harden

DEPARTMENT: School of Physiology

PROJECTTITLE:  The effect of centrally injected cytokines and leptin on spontaneous running
activity, body temperature and food intake.
Species Number Expiry Datz
" IRat 152

November 2006

Approval is hereby given for the experiment described in the above applization.

Thﬂ usz of these animels is subject to AESC Guidalinas for the use and carz of animals, is Imitad
to ths procedurss spacifizd in the anplicetion form, and to

Approved

SIGNED b /4 (O/T"’"

(Chairman: A%Ettucﬁcreemﬁg Committee)

DATE: 22 November 2004

il) I'am satisfied that the persons hsted In this application are competent to periorm the procadures
therein, in terms of Section 23(1)(c) of the Veterinary and Para-veterinary Professions Act (19 of
1982)

SIGNED %/ DATE: 22 November 2004
(Rebistered Veterinarian)

NOTE:

First-time users of the CAS should contact the Director of the CAS in order to familiarise themselves with
the facilities available, and the procedures required by the CAS for the carrying out of expariments.
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AESC 3

STRICTLY CONFIDENTIAL

[ UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG ]

ANIMAL ETHICS SCREENING COMMITTEE

CLEARANCE CERTIFICATE NO:

1 2005 l 86 5
APPLICANT: Ms Lois Harden
DEPARTMENT: School of Physiology
PROJECT TITLE: The Effect of Centrally Injected Antibodies to IL-1Beta and IL-6 on LPS-

induced Fever and Sickness Behaviour

Species Number Expiry Date
Rat 300 November 2007

i) Approval is hereby given for the experiment described in the above application.

The use of these animals is subject to AESC Guidelines for the use and care of animals, is limited
to the procedures specified in the application form, and to:

APPROVED subiject to;
- discussing the method of euthanasia, as well as the use of post-operative analgesics with
CAS staff.
SIGNED L o 4 /. C‘(O/&;( DATE: 1% December 2005
et

Chairman: Animal Ethics Screening Committee)

i) | am satisfied that the persons listed in this application are competent to perform the procedures
therein, in terms of Section 23(1 )(c) of the Veterinary and Para-veterinary Professions Act (19 of
1982)

SIGNED = DATE: 1% December 2005

(Registered Veterinarian)
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