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ABSTRACT
Anyone who has experienced influenza or a bacterial infection knows what it means to be ill. Apart
from feeling feverish, experiencing aching joints and muscles, you lose the desire to eat. Anorexia,
defined as loss of appetite or persistent satiety leading to reduced energy intake, is a hallmark of acute
inflammatory disease. The anorexia is part of the acute phase response, triggered as the result of
activation of the innate immune system with concomitant release of inflammatory mediators, which
interact with the central nervous system. A chronic condition, and a severe medical problem, that
resembles inflammation-induced anorexia is cachexia. Cachexia, which is commonly associated with
malignant cancer, is typified as a cytokine-associated metabolic derangement leading to weight loss,
mediated by activation of the immune system. Paradoxically, weight loss in cancer patients is often
associated with reduced food intake, indicating that the normal coupling of energy intake to body
weight is disarranged. Accumulating evidence indicates that inflammation- and cancer-induced
anorexia are associated with Toll-like receptor and cycloxygenase (Cox) activation. However, the
nature of these pathways is far from understood, and a series of experiments addressing this issue was
therefore undertaken.
In paper I, we injected Morris hepatoma 7777 cells or vehicle into rats, and we analyzed the
distribution pattern of the transcription factor Fos, an index of neuronal activity, in the brainstem. We
found that the anorexia and weight loss in tumor-bearing rats were associated with extensive
expression of Fos in the area postrema and the general visceral region of the nucleus of the solitary
tract in the medulla oblongata, as well as in the external lateral pontine parabrachial nucleus, and that
the magnitude of the Fos expression correlated positively with tumor weight and negatively with body
weight development, respectively. The Fos expression occurred without any obvious signs of
peripheral or central inflammation, and was not secondary to alterations in body weight or reduced
food intake. Thus, in paper I, we found a tumor-elicited activation of three interconnected autonomic
structures, which integrate and transmit afferent visceral and sensory information, and which are
known to play vital roles for energy homeostasis.
In paper II we evaluated the effects of tumor growth on feeding behaviour in mice as well as
the role of Cox-1 and Cox-2, and prostaglandin E2 (PGE2) for the decreased appetite. We implanted
mice with a MCG 101 tumor, which resulted in decreased meal frequency but not decreased meal size
or meal duration. We found that indomethacin, a non-selective Cox-inhibitor, attenuated the anorexia
as well as the tumor growth. When given acutely at manifest anorexia, Cox-inhibitors rescued the loss
of appetite and prevented body weight loss without affecting tumor weight. Despite Cox-2 gene
induction in the brain and Cox-2 protein induction in cells associated to the blood-brain barrier in
tumor-bearing mice, a Cox-2 inhibitor had no impact on tumor-induced anorexia. By contrast,
manipulating Cox-1 activity with a selective Cox-1 inhibitor delayed the onset of the anorexic
response. Tumor growth was associated with large elevations in plasma PGE 2, a response that was
prevented by indomethacin. In contrast, however, PGE2 levels in liquor were largely unaffected, in line
with tumor-bearing mice being afebrile. Neutralisation of peripheral PGE2 with anti-PGE2 antibodies
did not temper the anorexia, and deletion of host mPGES-1 did not affect the anorexia or tumor
growth. Furthermore, we found that tumor-bearing mice lacking EP4 receptors in the nervous system,
created by Cre-LoxP-targeted mutagenesis, developed anorexia. The most important conclusions from
paper II are that decreased meal frequency caused the anorexia, and that Cox-enzymes, most likely

9

Cox-1, are critical for cancer-elicited anorexia and weight loss and that these changes occur
independently of host mPGES-1, PGE2 and neuronal EP4 receptor signaling.
In paper III, we investigated whether the inflammatory response critical for tumor-induced
anorexia (paper II) was a result of innate immune signaling mechanisms. In paper IV, we also
included measurements of food intake in mice injected with bacterial endotoxin, lipopolysaccharide
(LPS; a Toll-like receptor 4 ligand), and aimed at identifying at which site(s) the activation of the
innate immune system occurs during acute (LPS) as well as chronic (tumor) inflammation. To do so
we examined the anorexic response in mice ubiquitously lacking (born without the gene in every cell)
MyD88, the intracellular adaptor for Toll-like receptor and IL-1/18 receptor signalling, or lacking
MyD88 in specific cell types. We found that a ubiquitous null deletion conferred complete resistance
to LPS- and tumor-induced anorexia, as well as protected against weight loss. MyD88 knock-out mice,
which had been subjected to whole-body irradiation to delete hematopoietic cells, and then
transplanted with wild-type bone-marrow, developed anorexia when challenged with LPS. In line with
this, mice lacking MyD88 in hematopoietic cells were largely protected against LPS-induced anorexia.
Similarly, inactivation of MyD88 in hematopoietic cells attenuated the tumor-induced anorexia
development and protected from body weight loss. In contrast, genetic disruption of MyD88 signaling
in neural cells or cerebrovascular endothelial cells affected neither LPS- or tumor-induced anorexia,
nor weight loss. Thus, the key findings in paper III and IV are that genetic inactivation of MyD88
protects mice from developing cancer- and LPS-induced anorexia, indicating that innate immune
signaling mechanisms are critical for this response. The findings also identify hematopoietic cells, but
not neural cells or cerebrovascular endothelial cells, as a critical nexus for inflammatory driven
anorexia and weight loss associated with acute (LPS) and chronic (malignant) disease.
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INTRODUCTION
All organisms need to feed to survive. Throughout a large period of human evolution,
foraging - activities associated with obtaining food - and the process of feeding have been
energy consuming and meant exposure to the risk of ingesting toxic food or food
contaminated by microorganisms. Thus, potentially pathogenic viruses, bacteria, fungi or
protozoa constantly stand as strangers at the door to our bodies. If harmful microorganisms
would slip through the skin or gut mucosal linings and infest our bodies without being
detected, they would multiply and we could die due to infections. Thus, the immune response
is also fundamental for our survival. In order to protect against threats, nature has provided us
with an immune system consisting of essentially two branches. Simplified, these two arms are
the innate and adaptive immune system respectively. Although they are two entities and work
in different phases of the immune response, they cooperate and launch a regulated
counterattack to battle the intruders (Medzhitov and Janeway, 1997). As implied by their
names, innate immunity is pre-programmed from birth, whereas the adaptive immune system
develops over the entire life-time. The inborn branch of the immune system takes the first
stand and warns us, but it provides no information whether the intruder has been met before.
If the pathogens slip by the gate-keepers of the innate immune system and linger in the body,
the adaptive immune system is activated and has the ability to kill infected cells through Tand B-lymphocytes and cells that produce antibodies. After an infection, some of these T- and
B-cells remain as memory cells enabling us to develop acquired immunity. Since the present
thesis primarily involves studies of innate immune signaling mechanisms, the adaptive branch
will not be considered further.
The first line of cellular defense of the innate immune system is cells with pattern recognition
receptors (PRRs). The PRRs are expressed on the cell surface or intracellularly, and have the
capacity to spot pathogen-associated molecular patterns (PAMPs). PAMPs are evolutionary
and structurally conserved motifs expressed by the pathogens [reviewed by (Janeway and
Medzhitov, 2002)]. The PRRs consists of several families, but the common denominator for
them is the capability to bind many different PAMPs. It is becoming increasingly clear that
endogenous signatures from stressed, damaged or dead tissues and cells also can be sensed by
the PRRs, and can trigger an immune response (Gallucci and Matzinger, 2001; Kono and
Rock, 2008). This means that one challenging task for the innate immune system is to tolerate
its healthy self (friend) and commensal bacteria, and to distinguish them from non-self (foe)
or its own damaged material. Failing this task would lead to uncontrolled, exaggerated or
prolonged immune responses and possibly cancer (Karin et al., 2006).
Cancer, the abnormal proliferation of cells manifested by reduced control over cell growth, is
characterized by inflammation (Grivennikov et al., 2010). Infection and chronic irritation
leading to inflammation are widely recognized as major contributing factors to tumorigenesis
(Balkwill and Mantovani, 2001; Coussens and Werb, 2002). Cancer starts with a single cell
that has lost its vital growth control system due to damages such as an acquired mutation. It is
likely that multiple cancerous cells evolve during a life-time (or even every day) but do not
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form a malignant tumor. It has long been maintained that the immune system can recognize
cancer as a threat, and is able to launch an immune response that will vanquish cancerous
cells. Following this view, numerous reports suggest that the PRRs are key players in
carcinogenesis (Rakoff-Nahoum and Medzhitov, 2009).
The acute phase response, inflammation and loss of appetite
Through PRRs, the innate immune system is constantly monitoring any presence of PAMPs
and often works without our awareness to maintain homeostasis (a condition of internal
stability). When symptomatic, the response to a local infection is inflammation in situ which
generates the cardinal features of calor, dolor, rubor, tumor and functio laesa (latin for
warmth, pain, redness, swelling and disturbance of function). These symptoms are the
consequences of PRR activation that in turn induces release of pro-inflammatory messengers
such as cytokines, including interleukins, and cyclooxygenases (Fukata and Abreu, 2008;
Janeway and Medzhitov, 2002). As elsewhere, moderation is essential and most often the
infection remains local. If the infection develops progressively, an acute phase response may
be triggered (Hart, 1988; Konsman et al., 2002). The acute phase response leads to the
activation of the central nervous system (CNS) resulting in the manifestation of a battery of
sickness-behaviours including a shift in the thermoregulatory set-point (fever), changes in
hormonal levels (mediated by the activation of the hypothalamic-pituitary-adrenal (HPA)axis), sleepiness and hyperalgesia (increased sensitivity to pain). Inflammation is necessary in
order to provide the immune system an optimal milieu to fight the reason for the disturbed
homeostasis, to restrict the invasion and limit tissue damage as well as to promote wound
healing and recovery. Fever is e.g. believed to be beneficial (adaptive) and creates an
environment more favorable to the immune cells than to the pathogen (Kluger, 1991).
Anyone who has experienced a common seasonal influenza or cold knows what it means to
feel sick. Apart from feeling feverish, experiencing aching joints and having reduced interest
in physical and social activities, sick people often feel nauseated and ignore food and
beverages (Dantzer et al., 2008). Thus, loss of appetite, or persistent satiety concomitant with
reduced food intake (anorexia) and weight loss are hallmarks of acute inflammatory disease.
Sickness is a normal, adaptive response to acute infection (see below), triggered as a result of
inflammatory mediators that act on the brain. Extensive or prolonged immune-to-brain
signaling may however cause more damage than the stimulus itself that activated the immune
system. While anorexia is frequently associated with acute infections, pathological conditions
such as rheumatoid arthritis, HIV and AIDS, obstructive pulmonary disease, inflammatory
bowel disease, liver and cardiovascular as well as renal disease and tuberculosis (PlataSalaman, 1996), may also result in anorexia and cachexia (body wasting). Moreover, anorexia
and weight loss are commonly observed in malignant disease, colloquially known as cancer
anorexia-cachexia. While anorexia seems adaptive in the acute setting (Murray and Murray,
1979), it is a severe complication to chronic diseases (Bosaeus et al., 2002; DeWys, 1980;
Lanzotti et al., 1977). In humans, the diseases that cause a great deal of suffering in terms of
unwanted anorexia, weight loss and pain are chronic. While little has been known about the
signaling cascade that leads to reduced food intake during inflammation, emerging evidence
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suggests that innate immune signaling mechanisms are involved. To this end, inflammatory
cyclooxygenases have been suggested to play vital roles for sickness-induced anorexiacachexia since these phenomena can be prevented or attenuated by cyclooxygenase inhibitors
(Gelin et al., 1991a; Hellerstein et al., 1989; Lugarini et al., 2002; Lundholm et al., 2004a;
Lundholm et al., 2004b). Cyclooxygenases are enzymes that catalyze the production of
prostaglandins, and some PRRs are crucial for the generation of prostaglandins during
inflammatory perturbations (Uematsu et al., 2002). Recently it has been verified that
components of the signaling pathway of the PRRs are required for the loss of appetite and
weight loss during acute conditions characterized by inflammation (Ogimoto et al., 2006; von
Meyenburg et al., 2004). Although we do know something about the underlying cause of
sickness-induced anorexia, the molecular pathogenesis is poorly understood.
Innate immune cells put a toll on the road
How the innate immune system can detect a myriad of distinct pathogens remained an enigma
for quite some time. Although the innate immune system is ancient, developed in parallel with
the microbes and preceding the evolution of the adaptive immune mechanisms in vertebrates,
its secrets had not begun to be unraveled until some twenty years ago. A number of
discoveries led Charles Janeway to propose a general theory of how the immune system can
recognize diverse microorganisms, the pattern recognition theory, and the principles for
connection between adaptive and innate immunity, co-stimulation and cytokine release
(Janeway, 1989). Many of his predictions were later confirmed by himself and by others (see
below). In 2011, Bruce Beutler and Jules Hoffman were awarded the Nobel Prize for their
team´s discoveries of key principles of immune system activation. They showed experimental
proof of PRRs (now known as the Toll and Toll-like receptor 4 respectively) that are
associated with host immune defense in the fruit fly (Drosophila) and the mouse (Lemaitre et
al., 1996; Poltorak et al., 1998)
The early work on innate immunity was based on the observations that the signaling pathway
for interleukin-1 receptor (IL-1R) activation of the transcription factor NF-κB in mammals
showed striking structural and functional similarities with the signaling pathway Toll/Dorsal
in the Drosphila (Ghosh et al., 1990; Wasserman, 1993). In brief, a number of observations
indicated a conserved pathway among these organisms for defense against pathogens. Firstly,
the NF-κB pathway was known to be important for the signaling cascades of interleukin-1
(IL-1) and lipopolysaccharide (LPS), the latter being a component of bacteria causing septic
shock (Baeuerle and Baltimore, 1996; Shakhov et al., 1990). Secondly, nuclear translocation
of NF-κB/Dorsal occurred via transmembrane receptors, namely the interleukin-1 receptor
(IL-1R) and the Toll receptor. Thirdly, the cytoplasmatic domain of the Toll gene reminded of
the gene for IL-1R (Gay and Keith, 1991; Hashimoto et al., 1988; Sims et al., 1993) and plant
homologues of the Toll/Dorsal pathway were shown to be important in plant disease
resistance (Whitham et al., 1994).
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The Toll gene was known on the basis of work by Nobel laureate Christiane Nüsslein-Volhard
to be required for dorso-ventral embryonic polarity [hence what is front and what is back;
(Anderson et al., 1985a; Anderson et al., 1985b; Nusslein-Volhard and Wieschaus, 1980)].
The story has been told that Nüsslein-Volhard coined the Toll (a German word with different
meanings including “amazing, great, crazy, curios, extraordinary, awesome”) gene´s name
during a screening of fly mutants when she saw a weird-looking fly larva in which the ventral
portion of the body was underdeveloped. The mutant was all back and no front. Toll!
Nüsslein-Volhard is said to have shouted. Bruno Lemaitre, a post-doctoral fellow in
Hoffman´s lab who had received flies from Nüsslein-Volhard, pursued the idea that the
structural parallels of IL-1R/NF-κB and Toll/Dorsal in mammals and flies respectively,
extended to the immune response. The results showed that Toll mutants died when they were
exposed to fungi because they were unable to control the proliferation of the microorganism
(Lemaitre et al., 1996), indicating that Toll seemed to encode a receptor that recognized
microorganisms and that this receptor was crucial for anti-microbial resistance. Whether a
mammalian counterpart to Toll indeed existed was yet to be unraveled. Human Toll-like
receptors 1-5 (TLR1-5), transmembrane proteins with a cytoplasmatic domain homologous to
the IL-1R and to the Drosophila Toll, were discovered at fast pace (Rock et al., 1998). Among
them, the TLR4 was capable of turning on NF-κB and downstream genes including cytokines
and T-cell activators (Medzhitov et al., 1997). However, the ligand that binds the TLR4 and
activates the immune system in mammals had not been identified, nor was it clear whether the
TLR4 was required for an immune response. By systematically searching the genome of mice
(e.g. the CH3/HeJ strain) that were hyporesponsive to LPS (Heppner and Weiss, 1965;
Sultzer, 1968; Watson and Riblet, 1974), it was discovered that these mice had a mutation in
one single gene that was very similar to the Drosophila Toll. This Toll-like gene, everyone
realized, was the long-sought LPS response gene (Coutinho et al., 1975), that activates the
immune system and if mutated provided endotoxin tolerance (Hoshino et al., 1999; Poltorak
et al., 1998; Qureshi et al., 1999). Since then, much work on immunology has been hooked on
TLRs. To date, a dozen TLRs have been identified and their ligand type described in humans
and mice. Each of these receptors recognizes a certain molecular pattern, a PAMP. It was
surprising and fascinating to learn that the immune system, in relation to the vast number of
different microbes out there, uses only a small number of PRRs to browse for microbes.
Experimentally, the acute phase response is often elicited by injections of LPS. LPS is a
prototypic stimulus for immune activation (Wright, 1999) since its effects mimic the
consequences of infection, and LPS administration is also a well-established model for studies
of inflammation-induced anorexia (Langhans, 2007). The term endotoxin is used
synonymously with the term LPS, and refers to the part kept within a bacterial cell wall, with
toxic properties, that is released upon destruction of the bacterium. LPS consists of a lipid part
and a chain of polysaccharides, giving it its name. In humans, LPS induces fever, anorexia
and increased production and secretion of pro-inflammatory cytokines (Burrell, 1994; Michie
et al., 1988; Reichenberg et al., 2002).
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Getting the message across the cell membrane – recruitment of intracellular adaptor
proteins
While the discoveries outlined above clearly described a mechanism for immune recognition
and host defense, the mechanism by which the signal is transduced across the plasma
membrane and translated into an intracellular signal that generates the pro-inflammatory
messengers was unknown. A number of observations have established that the TLRs have an
extracellular ligand binding domain, and that the highly conserved region between the IL-1R
and the TLRs is a Toll-IL-1R-related/resistance domain, shortened TIR (Rock et al., 1998).
Upon ligation, a conformational change is believed to occur that brings TLRs together to form
dimers (Ozinsky et al., 2000). Subsequently, TIR-domain-containing cytosolic adaptor
molecules are recruited to the TIR of the TLR for propagation of the signal (Kawai and Akira,
2010). So far, 4 activating adaptor molecules have been identified, abbreviated MyD88,
MAL, TRIF, TRAM, and one negative regulator (SARM) which appears to lack signaling
property but which blocks gene induction downstream of TRIF but not MyD88 (Carty et al.,
2006; O'Neill and Bowie, 2007).
MyD88 (myeloid primary differentiation response gene 88) is an universal adaptor because all
TLRs as well as the IL-1R and the IL-18R (Adachi et al., 1998; Burns et al., 1998; Medzhitov
et al., 1998; Wesche et al., 1997) interact through MyD88, although there has been some
debate on the role for MyD88 in TLR3 signaling (Alexopoulou et al., 2001). The four other
adaptors are sometimes referred to as MyD88-2 through -5. MyD88-2 is TIRAP (or MAL),
MyD88-3 is TRIF, MyD88-4 is TRAM and MyD88-5 is SARM (Kim et al., 2007). The role
of the adaptor proteins is to couple a serine/threonine kinase, an interleukin-1 receptor
associated kinase (IRAK), to the TLR- and IL-1-receptors (Cao et al., 1996b; Croston et al.,
1995; Muzio et al., 1997; Suzuki et al., 2002; Wesche et al., 1999).
Toll-like receptor 4 and myeloid primary differentiation response gene 88 signaling
Because LPS was used as stimulus to elicit anorexia in the work of the present thesis, TLR4
signaling is particularly relevant, and the kinetics of this signaling will therefore be reviewed
below.
For LPS signaling, a number of accessory proteins facilitating extracellular ligation are
required. The present understanding of LPS-signaling is that LPS-binding protein (LBP;
(Schumann et al., 1990; Wright et al., 1989) facilitates the binding of LPS to CD14 (Hailman
et al., 1994; Wright et al., 1990). CD14 loads LPS onto MD-2 on the cell surface providing a
link to the TLR4 (Shimazu et al., 1999). This complex has no cytoplasmatic part and it was
obscure as to how the intracellular signal was induced before the identification of MyD88
(Wright et al., 1990). MyD88 was discovered by Kenneth Lord, Dan Liebermann and Barbara
Hoffman during their work to understand differentiation of myeloid cells. They isolated and
characterized 12 different cDNA clones of genes, referred to as MyD genes, activated in
leukemic myeloblasts by IL-6 or lung-conditioned media containing IL-6 (Lord et al., 1990a).
Some genes expressed had a known function, but for some genes - such as MyD88 - the
function was not known (Lord et al., 1990b).
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In Drosophila, Toll activation starts upon the binding of the ligand Spätzle to Toll, which
activates Dorsal, the Drosophila homologue of NF-κB (Morisato and Anderson, 1994).
Whereas the downstream transduction mechanism in Drosophila was known to require the
adaptor protein Tube for association of Toll with Pelle (a protein kinase), the mammalian
homologue of Tube was unknown (Galindo et al., 1995; Grosshans et al., 1994; Letsou et al.,
1993; Norris and Manley, 1996; Shelton and Wasserman, 1993). Interestingly, the C-terminal
portion of MyD88 was found to be similar to a conserved stretch of 200 amino acids in the
cytoplasmic region of the Drosophila Toll and the IL-1 receptor complex, but with the
exception that the sequence of MyD88 lacked a transmembrane portion and resembled that of
a cytoplasmatic protein (Bonnert et al., 1997; Hardiman et al., 1996; Hashimoto et al., 1988;
Hultmark, 1994; Lord et al., 1990b; Mitcham et al., 1996). Given that a fair deal of the
components in the signaling pathway between IL-1R/Toll and NF-κB had been dissected, all
components were now in place to hypothesize that MyD88 is an intermediate that recruits
IRAK to the IL-1 or TLR4 receptor complex and activates NF-κB. Indeed, MyD88 was
cloned, characterized and described as the mammalian equivalent of Tube, thus a bridge
between the Toll and the IRAKs (Burns et al., 1998; Medzhitov et al., 1998; Muzio et al.,
1997; Wesche et al., 1997).
The TLR4 can signal via several adaptor proteins (Figure 1). Thus, MAL (MyD88-adapterlike, also known as TIRAP) can serve as a bridging adaptor between the receptor and MyD88
(Fitzgerald et al., 2001; Medzhitov et al., 1998; Yamamoto et al., 2002) and TRIF can link
with TRAM to the TLR4 (Fitzgerald et al., 2003; Yamamoto et al., 2003). Thus, MyD88dependent and MyD88-independent pathways exist and they are characterized by distinct
signaling transductions. Upon LPS binding to the TLR4, the MAL/MyD88 complex recruits
IRAK1, IRAK2 and IRAK4 (Muzio et al., 1997; Suzuki et al., 2002; Wesche et al., 1997).
Recently, MyD88, IRAK-4, -2, or -1 has been suggested to form a complex called the
Myddosome (Lin et al., 2010). IRAK4, enabled by the proximity of the kinase domains of the
IRAKs formed in the Myddosome, phosphorylates IRAK-1 and -2 (Kawagoe et al., 2008; Li
et al., 2002) leading to dissociation of the complex, that in turn activates TNF receptorassociated factor 6 [TRAF6; (Cao et al., 1996c; Keating et al., 2007)], resulting in the
subsequent activation of TAB2/3 (TGF-β activated kinase 1 (TAK1) binding protein-2/3)
complex with TAK1. Simplified, this complex activates NF-κB (Wang et al., 2001a), that is
an essential transcription factor for modulating the expression of genes involved in the
inflammatory response such as pro-inflammatory cytokines and cyclooxygenases. These
messengers activate immune cells and control the initiation of adaptive immune responses.
The MyD88-independent pathway, initiated by TRAM/TRIF, also activates TRAF6 and NFκB but can also activate TRAF3 and TANK-binding kinase 1, and interferon (IFN) regulatory
factor 3 (IRF3) essential for transcription of IFN-β expression, leading to release of
interferons (Hacker et al., 2006; Oganesyan et al., 2006; Sato et al., 2003; Yamamoto et al.,
2003). TLR3 may be involved in cytokine production via a MyD88-dependent pathway,
whereas maturation of dendritic cells and TLR3-activation of NF-κB and MAP kinases are
induced via the MyD88-independent pathway (Alexopoulou et al., 2001).
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Since its discovery, the functional significance of MyD88 has been under considerable
investigation, and a bulk of data has been obtained after the generation of MyD88-deficient
mice. Targeted disruption of MyD88 in mice results in tolerance to IL-1, IL-18 and LPSinduced responses (Adachi et al., 1998; Kawai et al., 1999).

Figure 1. Schematic representation of TLR4 and MyD88 signaling. For details see text. Note, the
figure also depicts the MyD88-independent (TRIF) signaling pathway.

Mutations in genes encoding components of this signaling cascade often make the organism
defective in the response to immune challenge. Mice deficient in IRAK-1, -2 or -4 are
resistant to LPS-induced shock (Kawagoe et al., 2008; Suzuki et al., 2002; Swantek et al.,
2000), and the LPS hyporesponsive phenotype of CH3/HeJ mice results from a mutation in
the TIR domain of TLR4 and prevents interaction of TLR4 with MyD88 (Xu et al., 2000).
While TLR2 recognizes Gram-positive bacteria and TLR4 recognizes LPS, TLR4- or TLR2deficient mice are hyporesponsive but still respond to LPS, peptidoglycan and Staphylococcus
aureus infection (a gram-positive bacterium). MyD88-deficient mice, however, do not mount
an immune response to any of these bacterial components (Takeuchi et al., 2000b), and are
more susceptible to S. aureus infection than the TLR2 knock-outs (Takeuchi et al., 2000a).
Thus, while these data indicate that S. aureus is recognized not only by TLR2, they strongly
suggest that MyD88 is essential for the cellular response to bacterial cell wall components. In
fact, MyD88-deficient mice show high susceptibility to experimental infections with 35
pathogens described as of 2008 - 19 bacteria, seven viruses, five parasites, and four fungi (von
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Bernuth et al., 2008). Human IRAK4 deficiency is associated with failure to activate NF-κB
and lack of cytokine release in response to TLR stimulation, indicating weak systemic
inflammatory signs (Picard et al., 2010). Similarly, humans deficient in MyD88 or IRAK4
have been found to suffer from recurrent pyogenic bacterial infections of the upper respiratory
tract and the skin, and life-threatening invasive pneumococcal disease with poor clinical
outcome during infancy and early childhood (Picard et al., 2010; von Bernuth et al., 2008).
Inflammation-induced anorexia during acute infection and malignant disease
Many animals of divergent phyla display illness-induced anorexia, indicating that this
response is well-conserved (Exton, 1997). Reduced food intake during infection may seem
counterintuitive, since mounting an immune response means increased energy expenditure
(Dantzer, 2004). However, since inflammation-anorexia is induced by the animal´s own
immune system (Ogimoto et al., 2006), behavioral changes such as anorexia, inactivity and
fatigue may serve some biological adaptive function. Some thirty years ago the potential
benefits of anorexia during acute illness began to be experimentally tested, and the results
suggest that inflammation-induced anorexia may i) limit the amount of nutrients including
iron available to the pathogen for replication, ii) prevent the already sick animal from
consuming more contaminated food (Kyriazakis et al., 1998) and reduce the transmission of
pathogens from the gastrointestinal tract to the blood, iii) enhance immune function through
channeling energy to the immune system instead to energy-expensive activities associated
with acquiring food or consuming and digesting food, and iv) decrease intake of fatty diets
that otherwise reduce pathogen resistance by interfering with immune function (Adamo et al.,
2007).
In more detail, survival and reproduction of some bacteria depend on iron (Jones et al., 1977),
and plasma rich in iron potentiates their growth [see (Exton, 1997)]. Animals have been
argued to sequester iron away from the pathogens during infection, and up-regulation of ironbinding proteins together with reduced absorption of iron from the gut during infection would
aim at starving the pathogen of free iron (Adamo et al., 2007). Several observations lend
support to this hypothesis since endotoxin decreases plasma iron levels (Tegowska and
Wasilewska, 1992), and since iron administered to infected animals increases mortality
(Grieger and Kluger, 1978). Moreover, febrile temperatures in combination with
hypoferremia do indeed exert a bacteriostatic effect (Kluger, 1991; Kluger and Rothenburg,
1979). Interestingly, force-feeding of mice infected with Listeria monocytogenes so that their
food intake matched that of healthy controls speeded up the course of infection and shortened
the survival period (Murray and Murray, 1979). Similarly, mice starved and inoculated with a
lethal dose of L. monocytogenes had a 5 % mortality rate and reduced bacterial load compared
to the 95 % mortality in freely fed infected mice (Wing and Young, 1980). Moreover, in vitro
studies have revealed that the capacity of peritoneal macrophages to kill listeria was enhanced
by starvation (Wing et al., 1983).
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Anorexia may well be the result of a trade-off between immune system activation and
metabolism. In line with this reasoning, there may also be a conflict between immune cell
activity and thermoregulation in that the two compete for energy (Hotamisligil and Erbay,
2008). It seems like the organism cannot perform two tasks at the same time, and it may be
better to optimize host defense rather than e.g. using thermogenesis to maintain constant body
temperature, hence the adage “to starve a fever and feed a cold”.
Although there seems to be an adaptive value for reduced food intake during acute disease,
chronic, severe anorexia will lead to substantial energy losses and immunosuppression (Good
et al., 1976). A chronic condition that resembles inflammation-induced anorexia is anorexiacachexia, which is often associated with malignant disease. Alongside anorexia, well-known
clinical signs of cancer (and infection) are fatigue as well as fever (Tsavaris et al., 1990).
Animals that are given bacterial fragments likewise display decreased activity and social
exploratory behavior (Dantzer, 2004). In humans, cancer-related cachexia and anorexia
contribute to the development of fatigue, and at least 70 % of cancer patients suffer from
fatigue (Ahlberg et al., 2003). In an evolutionary perspective, there could be a survival
advantage in resting compared to foraging when afflicted by cancer, since sleep promotes
survival during bacterial infections (Toth et al., 1993). However, this is only speculation and
the physiological advantage of reduced food intake during cancer is not known. The anorexic
response may be less adaptive today when cancers have become common triggers of anorexia
than during periods in time when bacterial, viral and parasitic infections were commonplace
(Bazar et al., 2005).
Cancer cachexia
Cachexia is a multi-facetted syndrome and a description of the entire spectrum of anorexiacachexia is beyond the scope of this introduction. Accordingly, cachexia will be briefly
explained below. Cachexia is typified as a cytokine-associated metabolic derangement leading
to weight loss mediated through cell injury or activation of the immune system [as reviewed
by (Pepersack, 2011)]. Although fat and muscle degradation (Cai et al., 2004; Ryden and
Arner, 2007) contributes to the weight loss, it is outside the range of the present thesis to
describe and has been reviewed elsewhere [e.g. see (Tisdale, 2002)].
In ancient Greece, the father of Medicine Hippocrates (living around 400 BC) reflected upon
a condition resembling cachexia and stated: “the flesh is consumed and becomes water... the
abdomen fills with water, the feet and legs swell, the shoulders, clavicles, chest, and thighs
melt away... The illness is fatal” (von Haehling and Anker, 2010). Although it is not clear
who coined the term cachexia, the term has Greek roots. Cachexia is a combination of the
Greek words kakós (bad) and hexis (condition or appearance). Although cachexia has been
recognized as a severe medical illness for centuries, there has been no widely accepted
definition of cachexia. The lack of a correct classification has limited the identification and
treatment of the cachexic patient as well as the development and approval of therapeutics
(Springer et al., 2006). However, recently two international consensus definitions appeared;
one generic definition for all types of cachexia (Evans et al., 2008), and one definition
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specific for cancer cachexia (Fearon et al., 2011). Although there are some differences in the
nuances of these definitions, they are broadly overlapping. Summarized, cachexia is a
complex syndrome defined by weight loss (corrected for fluid retention) from increased
muscle protein breakdown – with or without loss of fat mass – often associated with anorexia,
that is distinct from starvation, in combination with abnormal metabolism and inflammation,
associated with increased morbidity (Evans et al., 2008; Fearon et al., 2011).
Cachexia particularly often accompanies malignant tumors (Staal-van den Brekel et al., 1994;
Wigmore et al., 1997). The overall incidence of cachexia among cancer patients is ~ 50-90 %
(Bruera, 1997; Nixon et al., 1980). Cachexia restricts the patients’ tolerance and response to
treatment, causes suffering and impaired quality of life, and contributes significantly to the
morbidity and mortality in many cancers (DeWys, 1980; Lanzotti et al., 1977), and cachexia
may be responsible for more than ~ 20-30 % of all deaths from cancer (Bruera, 1998). The
treatment options for anorexia-cachexia are limited and available symptomatic treatment is
ineffective (Evans et al., 2008). The development or evaluation of successful pharmacological
treatments in cancer anorexia-cachexia is hampered by the lack of understanding of the
patophysiological mechanisms.
Cancer-induced anorexia
Paradoxically, weight loss in cancer patients is often associated with reduced food intake.
Ancient Greek terminology is still in use to describe reduced food intake. Anorexia is the
Greek word for loss of appetite (ano– without, rexis– appetite). Cachexia is similar to, but
substantially different from starvation (Tisdale, 1997). During episodes of chronic starvation,
basal metabolic rate is reduced in order to conserve energy. The normal response to weight
loss is an adaptive counter-regulatory increased feeding response and decreased energy
expenditure (Schwartz et al., 1995). By this adaptation, the major source of energy during
chronic fasting is fat. In anorexia nervosa, weight loss is attributable predominantly to fat
catabolism and only, apart from during acute starvation with rapid muscle proteolysis, little
muscle loss (Moley et al., 1987). In cancer cachexia, there is roughly equal loss of fat and
muscle, or preferentially of muscle tissue (Moley et al., 1987). The cachectic cancer patient
may however not adjust to the weight loss with increased appetite, but instead with reduced
food intake, indicating an uncoupling of energy intake from energy expenditure (Bosaeus et
al., 2002; Bosaeus et al., 2001). Much of the weight loss and apparent starvation can be
attributed to reduced food intake (Brennan, 1977), since the weight loss may be reversed by
total parenteral nutrition (Copeland et al., 1977). However, it has been suggested that much of
the weight gain by nutritional support is fat, not lean mass, or water or both, without any
favorable effect on response to treatment or survival. Such observations have led researchers
to question the long-term benefits from such treatment (Evans et al., 1985). Nevertheless,
anorexia during cancer affects life expectancy since anorexia and loss of body fat are
powerful predictors of mortality in cancer (Fouladiun et al., 2005). Furthermore, weight loss
on the one hand does not account for the full effect of cachexia, but weight loss, reduced food
intake, and systemic inflammation on the other hand does relate to the adverse functional
aspects of cachexia and to a patient's overall prognosis (Fearon et al., 2006).
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While patients with cancer of the oropharynx and in the gastrointestinal tract, and those
receiving chemo- and radiotherapy, may have difficulties in eating, the reduced food intake in
a number of patients with tumors at non-gastrointestinal sites cannot be explained by
gastrointestinal obstruction. Overall, cancer-induced anorexia is probably due to centrally
elicited changes in the metabolic control.
Given that forebrain structures are critical for regulation of food intake and its coupling to
energy expenditure (Grill and Norgren, 1978; Kaplan et al., 1993; Saper, 2002), Konsman and
Blomqvist (2005) mapped the forebrain activation pattern in tumor-bearing rats displaying
loss of appetite. Anorexia-cachexia in these animals was found to be accompanied by Fos
induction, an index of neuronal activation, in several hypothalamic nuclei, including the
paraventricular and ventromedial hypothalamus, the parastrial nucleus, the amygdala, the bed
nucleus of the stria terminalis, ventral striatum and the piriform and somatosensory cortices
(Konsman and Blomqvist, 2005). While these findings indicate that forebrain structures, that
are part of the neuronal network modulating catabolic pathways and food ingestion, are
activated during tumor-associated anorexia-cachexia, there had been no anatomical study on
the influence of a peripherally growing tumor on brainstem areas activated. While the
peripheral signals that perturb the brain regulatory mechanisms in cancer-induced anorexia–
cachexia remain to be identified, mounting evidence suggests that pro-inflammatory cytokines
are involved [for references, see e.g. (Matthys and Billiau, 1997; Moldawer et al., 1992;
Molfino et al., 2009)].
Pro-inflammatory cytokines
There is voluminous evidence that pro-inflammatory cytokines play a vital role for the
development of cancer-induced anorexia-cachexia. This is supported by the observations that
i) malignant tumors may synthesize cytokines (Oka et al., 1996) or give rise to a cytokine
response by the host, ii) administration of cytokines to animals or immunotherapy with
interferons in humans is associated with reduced food intake and body weight loss as well as
muscle and fat degradation, and iii) the weight loss and anorexia can be prevented or
mitigated by immunization with antisera, or inhibiting agents, against individual cytokines.
Although many different cytokines have attracted interest, the best studied is TNF-α, and the
list of putative cytokines mediating cancer anorexia-cachexia is growing (Johnen et al., 2007).
In paper I, I assayed the levels of TNF-α, IL-1β, IL-6 and IFN-γ in anorectic tumor-bearing
rats, and I will accordingly provide a brief summary on their capability to induce anorexiacachexia.
Tumor necrosis factor-alpha
The starting point of cytokine-induced wasting as a field took off with the observations made
by Anthony Cerami, whilst trying to rid cattle of Trypanosoma, a parasite causing severe
wasting in their infected hosts. Because weight loss persisted even though the parasites were
dying off, Cerami assumed that the wasting was due to a host factor induced to fight the
infection. A key observation in the search for this factor was that lipids accumulate in the
blood due to suppression of lipoprotein lipase (LPL; critical for triglyceride hydrolysis)
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during infection and wasting. Using LPL activity as a read-out for the wasting process,
Cerami observed that LPL activity was intact in endotoxin-sensitive C3H/HeN mice but not in
C3H/HeJ LPS-insensitive mice, and that a macrophage-secreted, transferable factor induced
by LPS capable of inhibiting LPL activity in both strains of mice appears in the blood of
endotoxin-treated mice (Kawakami and Cerami, 1981). Yet, the factor responsible for the
wasting was unknown. When working in a macrophage cell line highly responsive to LPL
suppression by endotoxin (Mahoney et al., 1985), Cerami and Bruce Beutler later however
identified and purified the factor, and named it cachectin (Beutler et al., 1985). Although
cachectin had some biochemical features resembling interleukin-1, cachectin was later found
to be identical to a previously identified protein termed TNF (Carswell et al., 1975). Because
TNF had been described to exert cytotoxic effects on malignant cells it was named Tumor
necrosis factor [TNF; (Carswell et al., 1975)]. Using an antiserum directed against TNF,
immunized mice were protected against the potentially lethal doses of LPS, and recombinant
TNF administered in rats caused reduced food intake, anemia, inflammation and weight loss
due to lipid and protein depletion, suggesting TNF as one of the principal mediators of septic
shock and capable of inducing a syndrome clearly resembling cachexia during malignancy
(Beutler et al., 1985; Tracey et al., 1988). The observations that Chinese hamster ovary cells
(CHO) that were transfected with a vector expressing human TNF caused high serum levels
of TNF, induced severe weight loss (Oliff et al., 1987; Tracey et al., 1990), and the finding
that anti-TNF antibodies attenuated (although did not eliminate) the anorexia development
and protein and fat loss in sarcoma-bearing mice (Sherry et al., 1989), taken together with the
observation that TNF activity was detected in sera from cancer patients (Balkwill et al., 1987),
firmly established the position for TNF as a potential mediator of anorexia-cachexia.
Interferon-gamma
Interest in IFN-γ for cancer anorexia-cachexia came with the observations that IFN-γ had
similar properties as TNF-α (Langstein et al., 1991). Thus, inoculating CHO cells genetically
engineered to produce IFN-γ caused anorexia and weight loss in mice and anti-IFN-γ
antibodies prevented the development of these responses (Matthys et al., 1991a). In tumor
models based on transplantable tumors, neutralizing antibodies against IFN-γ similarly
counteracted negative body weight development or attenuated weight loss, particularly
attributable to preservation of fat mass, and increased food intake, making the animals live
longer than controls (Langstein et al., 1991; Matthys et al., 1991b).
Interleukin-6
The experimental evidence for the involvement of interleukin-6 (IL-6) in cancer cachexia has
largely been provided by studies using the colon-26 adenocarcinoma (C-26) model.
Implantation of C-26 into mice results in elevated levels of IL-6 that correlate with the
development of cachexia, and that can be suppressed by anti-IL-6 but not anti-TNF antibodies
(Strassmann et al., 1992a). Others have confirmed these data but have also advocated that IL6 is sufficient but not necessary for the induction of cachexia since anti-IL-6 treatment only
partially reversed the weight loss (Yasumoto et al., 1995). The effects of IL-6 may in part be
explained by its action on the IL-6-receptor (IL-6R) on muscle tissue, since an anti-IL-6R
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antibody reduced gastrocnemius atrophy but did not preserve adipose tissue or overall body
weight in C-26 bearing mice (Fujita et al., 1996; Tsujinaka et al., 1996). Clinical studies have
described raised IL-6 levels in cancer patients. Increased IL-6 titer is often associated with an
acute phase liver response, and has been found in patients with hepatic metastasis from
colorectal cancer and in metastatic breast cancer (Fearon et al., 1991; Zhang and Adachi,
1999), and in patients with non-small-cell-lung cancer with weight loss, but not in patients
suffering from the same disease but without weight loss (Scott et al., 1996). In patients with
metastatic breast cancer or spread lung cancer, high levels of serum IL-6 correlated with the
extent of the disease, poor treatment response, and shorter survival (Martin et al., 1999; Zhang
and Adachi, 1999).
Interleukin-1
The interleukin-1 family consists of IL-1α, IL-1β, the IL-1 receptor antagonist (IL-1Ra), and
IL-18 (Eisenberg et al., 1990; March et al., 1985; Okamura et al., 1995). These molecules
bind two IL-1 receptors, type 1 (IL-1R1) and type 2 (IL-1R2). Whereas IL-1R1 is thought to
mediate signaling, IL-1R2 is probably without signaling properties (Colotta et al., 1993; Sims
et al., 1993). Based on the observations that IL-1 induced release of IL-6 by the C-26 in
culture, and since IL-6 secretion was potentiated when the cell line was co-cultured with
mononuclear phagocytes, IL-1 released from macrophages infiltrating the tumor was assumed
to amplify tumor IL-6 production via IL-1R on the tumor cells (Strassmann et al., 1992b).
Whereas an IL-1Ra and a monoclonal anti-IL-1R1 antibody inhibited IL-6 synthesis of the C26 cell line in vivo, systemic administration of these reagents did not reverse weight loss in C26-bearing mice. However, intratumoral injections of IL-1Ra significantly increased the
amount of lean tissue and fat, and attenuated hypoglycemia and serum IL-6 level without
influencing tumor burden (Strassmann et al., 1993), indicating that IL-1 and IL-6 acted in
concert locally in the tumor microenvironment to induce cancer cachexia, and that IL-1induced cachexia may be mediated by IL-6. In this model, synthesis of IL-6 seems to be
dependent of IL-1, since C-26-derived IL-6 cannot be detected in vitro without the presence
of IL-1 (Yasumoto et al., 1995). Further evidence for ties between IL-1 signaling and cancer
anorexia-cachexia came with the observations that IL-1α was found in the cerebrospinal fluid
(CSF) in anorexic tumor-bearing rats but not in non-tumor-bearing rats. A negative
correlation between the levels of IL-1α and food intake, and a positive correlation between
IL-1α levels and tumor weight was also found (Opara et al., 1995). Supporting a role for IL-1
signaling in the brain, anorexia has been reported to be associated with induced expression of
genes encoding IL-1β, IL-1Ra and IL-1R1 in tumor-bearing rats (Plata-Salaman et al., 1998;
Turrin et al., 2004). However, while anorexia has been demonstrated to be associated with
induced cytokine expression in the brain, these mediators are most probably required outside
the blood-brain barrier. Thus, neutralizing immunoglobulins against either TNF-α or the IL1R inhibited tumor cell growth in vitro and in vivo, and improved food intake but not weight
loss either alone or in combination, a response that could in part be reversed by peripheral
administration of recombinant IL-1α and TNF-α (Gelin et al., 1991b).
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The literature is however not unanimous when it concerns the role of cytokines in eliciting the
characteristic features of cancer anorexia-cachexia (Tisdale, 1997). A number of clinical and
laboratory studies have suggested that cytokines alone are unable to explain the full extent of
cancer anorexia-cachexia. For instance, induced levels cytokine concentrations have not been
detected consistently in cachectic cancer patients, or failed to correlate with the weight loss
and anorexia (Maltoni et al., 1997; Socher et al., 1988). Furthermore, anti-inflammatory trials
with Etanercept (an inhibitor of TNF function prescribed for treatment of some autoimmune
diseases) in cachectic patients suffering from heart failure or cancer have not been a
promising palliative treatment for anorexia-weight loss in advanced disease (Jatoi et al.,
2007). Such observations raise the question as to whether cytokine induction is critical for
anorexia-cachexia.
Immense efforts have been made to understand how cytokines induce cancer anorexiacachexia. Notwithstanding, our knowledge of the putative signaling pathways is meagre,
especially with regard to whether the inflammatory mediators are generated in the brain, by
the tumor, or by the host´s innate immune cells, and how e.g. the cytokines are signaled
across the blood-brain barrier (see below) and which cell groups in the brain that are involved.
Basic principles of food intake and body weight regulation
The central nervous system circuitry regulating food intake, energy expenditure and body
weight is highly sophisticated and redundant, indicating the strong biological and
evolutionary significance of an adequate energy balance (Berthoud and Morrison, 2008).
Although the prevalence of obesity, mainly due to excessive nutrient consumption, sedentary
lifestyle, and reduced physical activity has increased dramatically in large segments of the
human population (James, 2008), body weight is fascinatingly stable in healthy individuals,
considering the total energy intake over a life-span. This remarkably precise control of
feeding and energy expenditure is achieved by intense tuning mechanisms carried out by the
brain (Schwartz et al., 2000). Energy balance – food intake versus energy output – is
maintained through the integration of internal and external factors. Historically, most attention
has been devoted to looking at neural and hormonal factors that influence the brain, and while
a large body of knowledge has been gained, the way the brain controls food intake and body
weight is still not well understood. While the data on central nervous control of food intake,
energy expenditure, and body weight are too complex and vast to be extensively reviewed
here, a brief encapsulation will be given below.
The hypothalamus, the discovery of leptin, and the launch of contemporary appetite research
Of the brain regions implicated in food intake control, several nuclei of the hypothalamus
stand out. Early reports indicated that damages to the ventromedial hypothalamus (VMH)
resulted in increased food intake and obesity [summarized by (Abizaid et al., 2006)],
suggesting that the hypothalamus houses a satiety centre that serves to match energy intake to
expenditure. The way this centre works has been the subject of extensive discussion. One
proposal, the Kennedy hypothesis, sometimes known as the lipostatic theory, relied upon the
idea that the VMH is sensitive to the concentrations of a circulating metabolite (Kennedy,
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1953). When the metabolite levels are above a certain threshold or when the energy demands
are met, the centre for feeding curbs eating and the blood levels of the metabolite are reduced,
and vice versa, this being an example of a classical feed-back system. Damaging the VMH
should hypothetically result in over-eating and the factor responsible for reduced feeding
should be transmittable in plasma. These predictions turned out to be true, since lesions to the
VMH caused rats to eat voraciously, and by using parabiosis (surgically joining the vascular
system of two animals) it was demonstrated that rats with the VMH intact stopped eating
when connected to rats with lesions to the hypothalamus (Hervey, 1959). Body fat levels
could come into play because the quantity of the metabolite could mirror the amount of body
fat (Kennedy, 1953). Thus, in the intact rat, a factor from the fat would travel to the
hypothalamus and evoke under-eating, and damaging the satiety centre should cause overeating, weight gain and accumulating fat depots and more and more circulating factor.
Although the data were convincing, this experimental approach involved surgical lesions, also
destroying fiber tracts passing through the VMH. At the time, two mouse strains, displaying
profound hyperphagia, increased fat mass as well as severe obesity, and diabetes, arose
through breeding schemes at the Jackson Laboratory (Hummel et al., 1966; Ingalls et al.,
1950). The mice owed their troubles to defective copies of two different genes (called ob/ob
and db/db). In parabiosis experiments, it was shown that normal mice that had been sewed to
db/db mice stopped eating, lost weight and died, possibly from a factor borne in the db/db
mice that db/db mice were unresponsive to (Coleman and Hummel, 1969). Connecting the
circulatory systems of the db/db and ob/ob mice, although very similar, caused ob/ob to starve
to death (Coleman, 1973). Furthermore, joining ob/ob with normal mice caused the ob/ob
mice to reduce their food intake and lose weight. Collectively, these results implied that a
factor travelling in the blood quelled the desire to eat. The results also indicated that the ob/ob
mice did not produce this factor, but responded to it when it was available, and that db/db
mice failed to detect the factor but had an overshoot of it (Coleman, 2010). This molecule
remained unknown for forty years even though the hunt for it had become a race. In 1994, a
key break-through was made. A group led by Jeffrey Friedman published a paper on cloning
and sequencing of the ob gene, expressed by the white adipocytes, and in which a mutation
caused marked hyperphagia and massive obesity in mice (Zhang et al., 1994). The product of
the ob gene was undetectable in ob/ob mice but increased in db/db mice (Halaas et al., 1995).
Injections of the OB protein caused decreased food intake in ob and wild-type mice, but not
db mice. The compound was dubbed leptin (from the Greek word leptos meaning thin). With
the subsequent discoveries of a receptor protein encoded by the db/db gene that is densely
expressed in the hypothalamus and that binds leptin (Chen et al., 1996; Lee et al., 1996;
Tartaglia et al., 1995), the field exploded. These discoveries fueled the research on the control
of energy balance and have been fundamental for our understanding of energy homeostasis.
They overturned the conventional belief that food intake was controlled by willpower, and
was not physiologically controlled by a homeostatic system. They also showed that some
cases of obesity can be genetically explained, a result of imbalance in hormonal control and
that the adipose tissue was an active, endocrine organ (Coleman, 2010).
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In brief, facilitated by the discovery that humoral signals that arise from the peripheral tissues
interact with and inform the brain about the energy status of the organism, it is now wellestablished that the hypothalamus is a master regulator of hunger and satiety, and a target for
adiposity signals, such as leptin (Elmquist et al., 1999; Saper et al., 2002). Although the VMH
is rich in leptin-receptors, the research focus shifted from the VMH to the arcute nucleus
mostly because the identification of two distinct cell populations of neurons with opposing
actions on food intake, and that respond to a many different molecules with effects on feeding
(Morton et al., 2006). One cell population produces the orexigenic (promotes feeding)
neuropeptide Y (NPY) and agouti-related protein (AgRP), and the second cell population
synthesizes pro-opiomelanocortin (POMC), which yields the anorexigenic (appetite
suppressing) α-melanocyte stimulating hormone (α-MSH) and cocaine and amphetamineregulated transcript (CART). These cell groups densely and reciprocally innervate other
hypothalamic nuclei, such as the lateral hypothalamic area [LHA; (Broberger et al., 1998a)]
expressing melanocyte concentrating hormone and orexin/hypocretin, the VMH, the
paraventricular hypothalamus (PVH), as well as non-hypothalamic cell groups (Broberger et
al., 1998b). Classically, the lateral hypothalamus (LHA) is considered a “hunger center”,
since stimulation of the LHA promotes feeding and lesions to the LHA inhibit food intake
(Anand and Brobeck, 1951). Conversely, the VMH, and the PVH are classically viewed as
“satiety centers”, since stimulation of these cell groups reduces food intake and lesions cause
hyperphagia [for a more complete review on this topic see (Belgardt et al., 2009; Elmquist et
al., 1999)].
Hindbrain neuronal structures controlling food intake
According to some, the arcuate nucleus of the hypothalamus has been focused on to an
inordinate extent (Wade, 2004). We now know that the control of energy balance is widely
distributed in the brain and it is no longer appropriate to speak of centers but rather nuclei and
neural networks. Apart from the nuclei in the mediobasal hypothalamus, sensory and
integrative neuronal substrates reside in the hindbrain (Grill and Kaplan, 2002), onto which
“acute” signals regulate hunger and satiety (Cone, 2005). Simplified, these signals can be
divided into satiety signals and adiposity signals. Satiety signals primarily affect termination
of meals and meal size, whereas adiposity signals reflect the fat mass and are secreted in
direct proportion to the amount of body fat. Thus, whereas e.g. leptin has especially been
linked to long-term weight regulation (over months and years), the hindbrain receives feedback inputs acting as short-term (over the day) regulators. However, to the aided eye,
regulation over the day will also become important for body weight over a longer period of
time. Furthermore, this control of energy homeostasis is not as clear-cut as once thought. It
has e.g. been shown that leptin limits food intake by regulating the hindbrain response to
short-acting satiety signals and that brainstem neurons are potentially direct targets for the
action of leptin (Grill et al., 2002; Morton et al., 2005). Over-simplified, food-related gastric
or post-gastric signals are typically generated by visceral organs and include, to name a few,
cholecystokinin, ghrelin and amylin (Kissileff et al., 1981; Kojima et al., 1999; Morley and
Flood, 1991; Tschop et al., 2000), whereas examples of long-term factors include leptin and
insulin which are released primarily from the adipose tissue and the pancreas respectively.
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The effects on food intake by these signals are initiated in the periphery through the activation
of vagal afferent fibers that relay the information to the brain sites, particularly the solitary
tract nucleus, or via direct actions on the area postrema in the caudal brainstem situated
adjacent and dorsal to the solitary tract nucleus (Lutz et al., 1998; Moran et al., 1987; Smith et
al., 1981).
From the periphery to the brain: signaling mechanisms
To affect the brain’s control over food intake, the signals arising from the periphery must thus
reach the brain. To do so, circulating molecules have to cross the blood-brain barrier in some
way. Traditionally, the signaling to the brain has been believed to occur either by direct
diffusion from the circulation or as a result of neural input through autonomic afferents.
However, while these mechanisms may apply for really small and lipophilic molecules and
those substances with receptors on peripheral nerves, they cannot provide satisfactory
explanations for most signals acting on the brain. For example, while it is well-known that
peripheral inflammatory processes elicit a number of CNS mediated sickness responses
including fever and anorexia, and that hormones influence appetite, it has long been enigmatic
how the peripheral inflammatory signals are transmitted to and recorded by the brain
(Engblom et al., 2002b). Because tight-junctions between the endothelial cells of the cerebral
vasculature hinder the leakage of large and lipophobic molecules (such as cytokines) into the
brain parenchyma, they must in some other way signal across the blood-brain barrier to affect
neuronal function. Thus, a key question has been to ask by which mechanism peripheral
immune signals cross the blood-brain barrier to reach deeper brain structures. Four potential
routes for immune-to-brain signaling have been recognized including i) active transport of
cytokines by carrier systems, ii) binding of cytokines to cognate receptors in
circumventricular organs, iii) cytokine actions on peripheral nerves and, iv) a conversion of
the cytokine signal into prostaglandins in cells associated to the blood-brain barrier (Dantzer
et al., 2008).
The observations on cytokine-transportation stem from the work by William Banks. He and
his collaborators have reported that cytokines including interleukins, leptin and TNF use a
direct blood-to-brain transport system (Banks et al., 1996; Banks et al., 1991; Gutierrez et al.,
1993). However, this mechanism is slow and may be quickly saturated, and because the onset
of CNS responses to inflammation is rapid (typically within one hour for anorexia), it is likely
that this mechanism plays little, or no, role for the rapid effects on the CNS during
inflammation. Another route by which cytokines can enter the brain is through the areas
devoid of a blood-brain barrier, hence the circumventricular organs (CVOs). As the name
implies, these structures are adjacent to the brain ventricular system, in this case the 3rd and 4th
ventricles respectively, and include the organum vasculosum of the lamina terminalis, the
subfornical organ, the median eminence, and the area postrema. The nature of these
structures, pores and fenestrations in the blood vessels that allow passage of large compounds
into the extracellular space of the CVO, permits the neurons of the CVOs to monitor the
chemical composition in the blood. The area postrema, for instance, is also dense in immune
cells, and expresses genes necessary for cytokine synthesis (Goehler et al., 2006; Konsman et
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al., 1999; Quan et al., 1998), and cytokine receptors including IL-1R (Ericsson et al., 1995),
IL-6R (Vallieres and Rivest, 1997), IFNGR (Robertson et al., 2000), and p55 and p75 TNFRs
(Nadeau and Rivest, 1999). Systemic immune challenge activates cells in the area postrema
(Brady et al., 1994; Rivest and Laflamme, 1995), and provokes a rapid transcription of
cytokine receptors as well as cyclooxygenases. Furthermore, the area postrema expresses
genes encoding CD14 and TLR4, which are highly induced upon immune challenge (Lacroix
et al., 1998; Laflamme and Rivest, 2001). It is thus conceivable that cells in the area postrema
can detect and convey peripheral immune signals, including cytokines and LPS, for
propagation into the brain. The third pathway comprises free nerve endings sensing the
composition of the extracellular matrix. Accordingly, the vagus nerve which innervates the
internal organs of the body has been suggested to inform the brain about the presence of a
peripheral tumor (Gidron et al., 2005). Some observations could indicate a role for the vagus
nerve in transmitting the effects of LPS to the brain since immune cells in the nodose
ganglion (the inferior ganglion of the vagus nerve) express TLR4 mRNA and protein as wells
as pro-inflammatory cytokines and their receptors (Goehler et al., 1999; Hosoi et al., 2005).
Some have suggested that prostaglandins are involved in this process because the somata and
nerve fibers of the vagus nerve respond to intravenously administered IL-1β, and the
cytokine-elicited responses are attenuated by indomethacin (a prostaglandin synthesis
inhibitor). Thus, neurons in the nodose ganglion also express the type 1 IL-1 receptor and the
prostaglandin E2 receptor subtype 3 (EP3), and are sensitive to immune stimulus (Ek et al.,
1998). Much effort has been made to link the vagus nerve to immune-to-brain signaling
mainly through surgically lesioning selective branches or all of the vagal afferents and
efferents, but observations of the effect of inflammation-induced anorexia from such
experimental approaches are however inconsistent (Kent et al., 1996; Porter et al., 1998;
Schwartz et al., 1997). Differences in the location, duration and intensity (often dose-related)
of the stimulus used seem to be important (Bluthe et al., 1996; Hansen et al., 2001).
The immune-to-brain signaling mechanism that is the currently accepted mechanism includes
the blood-brain barrier itself. While hindering e.g. IL-1 and LPS from entering the brain, the
blood-brain barrier was found to be critical in transducing the immune signal. The cerebral
vasculature expresses receptors for IL-1, whose stimulation is associated with activation of
NF-κB (Ek et al., 2001; Konsman et al., 2004; Laflamme and Rivest, 1999; Quan et al.,
1997), making it a plausible structure for propagating an inflammatory signal from the
periphery to the brain. Peripherally released inflammatory messengers give rise to the
production prostaglandin E2 (PGE2), through the two enzymes cyclooxygenase-2 (Cox-2) and
microsomal prostaglandin synthase-1 (mPGES-1), in cells constituting the blood-brain barrier
(Quan and Banks, 2007; Saper, 2010). The details of this signaling across the blood-brain
barrier have been a disputed question. Specifically, in which cells these processes take place
has been a matter of controversy (Furuyashiki and Narumiya, 2011). Several observations
point to the endothelial cells of the brain where prostaglandin-synthesizing enzymes are coexpressed upon immune activation (Cao et al., 1996a; Ek et al., 2001; Engblom et al., 2002a;
Lacroix and Rivest, 1998; Matsumura et al., 1998; Yamagata et al., 2001). Others have
favored the idea that the CNS perivascular macrophage instead is the critical cell type for
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prostaglandin synthesis (Elmquist et al., 1997b; Schiltz and Sawchenko, 2002). After being
synthesized, PGE2 would subsequently traverse the cell membrane and act on its neuronal
receptors. The prevailing assumption has been that the efflux of prostaglandins out of the cell
occurs by passive diffusion (Schuster, 2002). However, the release of prostaglandins may also
be mediated by transporters, which are members of the multidrug resistance protein family
(Reid et al., 2003).
With the aid of conditional mouse mutagenesis, convincing data now show that the febrile
response upon IL-1β injection is dependent on signaling in the endothelial cells of the bloodbrain barrier, since selective genetic ablation of IL-1R on brain endothelial cells, using a panvessel promotor, yields mice refractory to the fever producing properties of IL-1β (Ching et
al., 2007). Even more convincing evidence came with the observation that mice lacking the
TAK1 (see TLR4 signaling above) gene in brain endothelial cells lack induced
cerebrovascular synthesis of prostaglandins and show a blunted fever response to IL-1β
(Ridder et al., 2011).
Biosynthesis of prostanoids: cyclooxygenases
Already in 400 BC, legend tells us that Hippocrates had prescribed bark and leaves from the
willow tree to relieve pain and fever. In the 18th century it was found that the substance from
the willow plants able to treat these symptoms was salicin. In 1982 John Vane discovered
prostacyclin and was awarded the Nobel Prize for discovering that acetylsalicylic acid
(familiarly known under the name aspirin) inhibited prostaglandin synthesis. Vane received
the prize together with Sune Bergström and Bengt Samuelsson in 1982. Prostaglandins
themselves were initially discovered by Ulf von Euler and Harry Goldblatt in seminal fluid
and seminal vesicles. At the time, the novel substance was thought to be derived from the
prostate gland, hence its name. Prostanoids play important roles in maintaining homeostasis
(fever, pain, preserving gastrointestinal mucosa integrity, renal hemodynamics, muscle
contraction and dilatation, and blood clotting as well as reproduction), but these roles will not
be further explored here.
The initial step in the synthesis of prostanoids is mediated by different phospholipase A2
enzymes (Clark et al., 1991), which convert phospholipids into arachidonic acid. While
several phospholipase A2 (PLA2) enzymes exist (Kudo and Murakami, 2002), PLA2-IIA and
cytosolic PLA2-α have been suggested to be involved in the inflammatory response, since
they are strongly induced in the liver and lungs as well as the hypothalamus by a peripheral
LPS injection (Ivanov et al., 2002). Arachidonic acid is the substrate for two distinct
enzymatic pathways: the cyclooxygenase (Cox) pathway and the 5-lipoygenase pathway. A
description of the 5-lipoygenase pathway is beyond the scope of this thesis. Although three
Cox isomerases presently are known to exist (Cox-1, Cox-2 and Cox-3), Cox-1 and Cox-2,
being the main metabolizing enzymes, carry out two consecutive chemical reactions of
converting arachidonic acid to prostaglandin endoperoxide PGH2 via an intermediate, PGG2.
As such, prostaglandin endoperoxide H synthase-1 and -2 (PGHS1 and -2) and Cox-1 and
Cox-2 are used interchangeably in the nomenclature. Cox-3 is sometimes called Cox-1b or
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Cox-1v since it is a splice variant of Cox-1 (Chandrasekharan et al., 2002). While Cox-1 and
Cox-2 share many characteristics, such as similar molecular mass, and just over 600 amino
acids length and ~ 64 % amino acid sequence similarity, their expression pattern and
regulation differ. Cox-1 (Miyamoto et al., 1976), encoded by the Ptgs1 gene (DeWitt and
Smith, 1988; Merlie et al., 1988; Yokoyama et al., 1988), is constitutively expressed in many
tissues, typically not upregulated to any larger extent by various stimuli, and generally
described as a house-keeping protein. Thus Cox-1 has been viewed as an “angel” involved in
the maintenance of tissue homeostasis. In contrast, Cox-2, encoded by the Ptgs2 gene (Hla
and Neilson, 1992; Kujubu et al., 1991; O'Banion et al., 1991; Simmons et al., 1989; Xie et
al., 1991), expression is low to undetectable in many cell types under basal conditions, but is
rapidly and transiently induced by cytokines and growth factors (Kaufmann et al., 1997; Vane
et al., 1998). Cox-2 is generally considered the “evil” Cox since it is responsible for
prostaglandin synthesis during inflammatory perturbations (Dubois et al., 1998). However,
while Cox-2 is the main isomerase responsible for e.g. hyperalgesia and mechanical pain
(Samad et al., 2001; Vardeh et al., 2009), it is established beyond doubt that Cox-2 also plays
an important role in normal physiological functions such as reproduction and renal integrity
(Lim et al., 1997; Morham et al., 1995). Commonly prescribed or widely used over-thecounter antiphlogistics often inhibit the functions of Cox-1 and Cox-2, or only Cox-2. PGH2,
produced by cyclooxygenases, is subsequently metabolized into the primary prostanoids.
These individual steps are catalyzed by the actions of specific terminal isomerases, which
generate PGI2, (prostacyclin), TXA2 (thromboxane), PGD2, PGF2, and PGE2 (Figure 2). Since
the present thesis involved studies on PGE2, a general overview of the main PGE2
synthesizing enzyme, microsomal prostaglandin synthase-1, will be given below. However, as
it is relevant for the understanding of the mechanisms underlying anorexia and the impact of
PGE2 on food intake during cancer, the role of the other prostaglandin E synthases will be
mentioned.

Figure 2. Basic concept of prostanoid biosynthesis. Cox-1 is coupled to constitutively expressed
PGESs (not shown) for the production of PGE2, and typically not associated with inflammation.
During inflammatory pertubations, Cox-2 is heavily induced, as well as the terminal isomerase
mPGES-1, leading to increased production of PGE2.
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Prostaglandin E2, its synthesizing enzymes and its receptors, and their neuronal
expression
Microsomal prostaglandin E synthase-1
The enzyme responsible for the conversion of PGH2 into PGE2 was not identified until 1999.
In 1999, Jakobsson and colleagues identified and described a synthase, with high expression
in human cancer cell lines and highly competent in converting PGH2 into PGE2 (Jakobsson et
al., 1999). Because the PGE synthase activity of the enzyme corresponded to the highest
levels of reported normally occurring PGE synthase activity, indicating a highly efficient
enzyme, and because the tissue distribution of the synthase matched well with organs known
to produce PGE2, the data strongly suggested that a PGE synthase was identified. Since its
expression, in a like manner to Cox-2, was induced by cytokines, and inhibited by
dexamethasone (a synthetic glucocorticoid), the observations strongly supported that this was
the long sought inducible pathway of PGE2 synthesis. Since the enzyme was confined to a
membrane fraction it was named microsomal prostaglandin E synthase (mPGES).
Subsequently, it has been reported that PGE2 may be synthesised by other distinct PGE
synthases, designated cytosolic PGES (cPGES) and mPGES-2 respectively (Murakami et al.,
2000; Tanikawa et al., 2002; Tanioka et al., 2000; Watanabe et al., 1999b). The first mPGES
cloned (Jakobsson et al., 1999) was therefore renamed to mPGES-1. The different PGE
synthases enzymes have different characteristics. Microsomal PGES-2 and cPGES
expressions are constitutive and coupled to Cox-1, and typically not affected by inflammation,
whereas mPGES-1 is induced in a temporal manner with Cox-2 in the same cell (Ek et al.,
2001; Guay et al., 2004; Murakami et al., 2000; Tanioka et al., 2000; Yamagata et al., 2001).
Prostaglandin E2 receptors
PGE2 exerts its effects via interaction with prostanoid receptors of the E class, called EP
receptors, encoded by the respective Ptger gene. The EP receptors are seven transmembrane,
“G-protein-coupled” receptors, and so far four subtypes (designated EP1-EP4) have been
described depending on their ligand-binding properties and intracellular signaling
transduction pathways (Breyer et al., 2001). They also differ fundamentally in tissue
expression distribution and physiological function as well as in their patophysiological role
(Sugimoto and Narumiya, 2007). With respect to the goals of the current thesis, the
implications of the different EP receptors are somewhat simplified as follows.
The EP1 receptor is involved in carcinogenesis, since formation of aberrant crypt foci
(putative preneoplastic lesions), is decreased in EP1-knockout mice subjected to the colon
carcinogen azoxymethane. This effect is similar to that seen following EP1 antagonism in
wild-type mice (Watanabe et al., 1999a). Deletion of the gene encoding the EP2 receptor, but
not deletion of the genes for the EP1 or EP3 receptor respectively, causes decreased number
and size of intestinal polyps in Apc∆716 mice, a mouse model for human familial adenomatous
polyposis (polyps are putative precursors of colorectal adenomas), indicating a critical role for
PGE2 binding to the EP2 for intestinal polyposis (Sonoshita et al., 2001). A role for the EP2
receptor in carcinogenesis was corroborated by the findings that mice carrying a congenital
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EP2 deletion exhibit marked attenuated tumor growth and longer survival times when
implanted with tumor fragments (Yang et al., 2003). The EP3 receptor on the other hand,
seems not primarily related to carcinogenesis, but to generation of immune induced pyresis
(Engblom et al., 2003; Lazarus et al., 2007; Oka et al., 2003; Ushikubi et al., 1998). The EP4
receptor (Coleman et al., 1994), the EP receptor studied in the current thesis, is critical for
closing the ductus arteriosus after birth (Nguyen et al., 1997; Segi et al., 1998) but also for
collagen-induced arthritis (McCoy et al., 2002). EP4 receptor null mice treated with
azoxymethane develop fewer aberrant crypt foci in the colon, similar to the effects of
pharmacological treatment with a selective EP4 antagonist (Mutoh et al., 2002). Thus, the EP4
receptor also plays important roles in the development of precursors to colon cancer.
EP receptor expression in neuronal structures implicated in feeding control
All four subtypes of EP receptors are expressed in the brain. The neuronal activation pattern
induced upon immune challenge occurs mainly in key autonomic brain structures and
overlaps well with the expression of EP1-4 receptors (Batshake et al., 1995; Ek et al., 2000;
Oka et al., 2000; Zhang and Rivest, 1999). These activated areas are also those that are
sensitive to prostaglandins (Ericsson et al., 1997; Skibicka et al., 2011). The EP3 has the most
wide-spread expression (Ek et al., 2000; Nakamura et al., 2000), such as in the preoptic area,
the PVH, the nucleus of the solitary tract (NTS), the ventrolateral medulla (VLM) and the
parabrachial nucleus (Engblom et al., 2000). Examination of the EP1 receptor expression has
led to some contradictory findings. While murine EP1 seems densely localized to the PVH
(Batshake et al., 1995), its mRNA distribution detected by in situ hybridization in the rat brain
is generally so weak and diffuse that it has been difficult to interpret (Oka et al., 2000). The
EP2, on the other hand, is fairly wide-spread and, according to Zhang and Rivest (1999) found
in the bed nucleus of stria terminalis (BNST), the subfornical organ (SFO), the VMH, the
central nucleus of the amygdala (CeA) and the AP (Zhang and Rivest, 1999). The same
authors also described the EP4 receptor mRNA distribution. The PVH, the PB, the NTS and
the VLM were reported to exhibit moderate to strong levels for the EP4 mRNA under basal
conditions. Systemic immune stimuli induced the expression of the EP2 and EP4 in most of
the above mentioned nuclei, and EP2 additionally in the CeA, SFO, AP and the
leptomeninges. From an immune-to-brain point of view and specifically with regard to
appetite regulation, the data on EP4 receptor expression thus show the most interesting
pattern, especially because EP4 receptor mRNA is strongly induced by immune challenge and
because induced Fos expression co-localizes with EP4 receptor expression (Zhang and Rivest,
1999).
Autonomic brainstem structures relevant to this work
The area postrema and the nucleus of the solitary tract
The area postrema (AP) is a triangle-shaped midline structure in the rat, located on the dorsal
surface of the medulla oblongata, at the floor of the fourth ventricle (Figure 3). The AP has a
dense capillary network that lacks the blood-brain barrier (Dempsey, 1973). Thus it contains
fenestrated blood vessels without tight-junctions between the endothelial cells, which are
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surrounded by Virchow-Robin spaces containing interstitial fluid that spans between the
blood vessels and the brain tissue (Gross, 1991). The AP expresses high density of receptors
for a vast number of peptides and hormones that are known to play important roles in
maintaining homeostasis, such as adiponectin, adrenomedullin, amylin, angiotensin II,
cholecystokinin, endothelin, ghrelin, glucagon-like peptide 1, interleukins, orexins, peptide
YY, and vasopressin (Price et al., 2008). The AP neurons send apical dendrites toward the
endothelial cells and basal dendrites toward vagal nerve afferents, thus enabling the neuron to
receive both neuronal and humoral (carried in the blood) input (Contreras et al., 1982a; Gwyn
et al., 1979; Morita and Finger, 1987). Thus, the cells of the AP can monitor the chemical
composition of not only the CSF as neurons in general but also that of the blood, and can
transmit humoral and neuronal signals that otherwise due to their lipophobic nature and
molecular size cannot cross the blood-brain barrier to intracerebral regions. The AP projects
to the NTS, the dorsal motor nucleus of the vagus nerve (DMV), and the lateral PB (Herbert
et al., 1990; Shapiro and Miselis, 1985). The major central input to the AP is provided by
neurons in the paraventricular and dorsomedial hypothalamic nuclei. In addition, the NTS, the
PB and the vagus nerve project to the AP (van der Kooy and Koda, 1983). These connections,
when considered in the context of peripheral input and the absence of a blood-brain barrier,
place AP in a privileged position to receive, modulate and dispatch ascending interoceptive
information and to integrate this with forebrain outflow. Functionally, the AP is linked to
cardiovascular regulation, fluid balance, feeding and energy homeostasis (Fry et al., 2007).
The AP is also critical for conditioned taste aversion [CTA (Ritter et al., 1980)]. CTA is an
associative learning in which ingestion of a taste stimulus is paired to an internal malaise. If
the taste was associated with an emotion of disgust, the animal remembers the taste and
rejects ingesting anything associated with that taste in the future.
The adjacent NTS runs along the entire rostro-caudal extent of the area postrema (Figure 3).
The alimentary and respiratory tract cranial nerve afferents have a viscerotopic distribution in
the NTS, which is involved in ingestive and respiratory reflexes (Altschuler et al., 1989;
Contreras et al., 1982a; Gwyn et al., 1979). Thus, the NTS receives afferents from the Vth,
VIIth, IXth and Xth cranial nerves, which provide information from the upper alimentary tract
and viscera, and from the carotid and aortic bodies as well as baroreceptors, in a topographic
manner (Saper, 2002). Caudal to the AP, the NTS consists of the commissural sub-nucleus.
The NTS can grossly be divided into a medial (general visceral) part, and a lateral
(respiratory-related) part, which are separated by bundles of axons (the solitary tract). The
part of the NTS extending beyond the rostral level of the AP is termed the rostral (gustatory)
sub-nucleus. The visceral NTS innervates predominantly the external lateral parabrachial
nucleus (Herbert et al., 1990), and it receives input from cell groups in the prefrontal cortex,
bed nucleus of the stria terminalis, the central nucleus of the amygdala, and the
paraventricular and arcuate nucleus of the hypothalamus (van der Kooy et al., 1984).
The AP along with the NTS and the DMV make up the so-called dorsal vagal complex.
Lesions of the AP and underlying NTS/DMV prevent vomiting in response to many emetic
drugs, and the complex of AP/NTS/DMV is therefore often referred to as the chemoreceptor
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trigger zone for emesis [vomiting; (Miller and Leslie, 1994)]. Lesions of the area postrema
and caudal medial nucleus of the solitary tract cause reduced food intake and body weight
loss, but with a subsequent stabilization of the body weight at a lower set point (Contreras et
al., 1982b; Hyde and Miselis, 1983). Interestingly, AP or AP/NTS lesioned rats over-eat
highly palatable diets (such as high-fat) but not normal chow (Edwards and Ritter, 1981;
Hyde and Miselis, 1983), indicating that the AP and NTS play vital roles for sensitivity to
satiety cues. Many of the homeostatic factors that AP and NTS neurons respond to, apart from
ghrelin (Faulconbridge et al., 2003), are associated with sensing satiety and curbing eating,
and the AP and NTS are strongly activated during feeding (Johnstone et al., 2006).

Figure 3. Schematic drawing of a sagittal section and horizontal sections through the rat brain showing
the location of the area postrema (AP) and the nucleus of the solitary tract (NTS) in the medulla
oblongata, and the parabrachial nucleus (PB) in the rostral pons, as well as its connection with the
forebrain.

The parabrachial nucleus
The parabrachial nucleus is located in the dorsolateral part of the rostral pons (Figure 3). The
name refers to its proximity to the brachium conjunctivum (the superior cerebellar peduncle).
The parabrachial nucleus grossly consists of a lateral and a medial part (PBl and PBm). The
lateral part can be further divided into different subnuclei (Figure 4) that can be delineated
using e.g. thionin staining of the Nissl-substance. The subnucleus dealt mostly with in paper
I, the external subdivision of the lateral subnucleus (PBel) will be covered here. The PBel
extends throughout most of the length of the PB and can be divided into an inner and outer
portion with respect to the position of the superior cerebellar peduncle. PBel receives input
from the NTS and the AP (Cunningham et al., 1994; Fulwiler and Saper, 1984; Herbert et al.,
1990; Herbert and Saper, 1990), as well as from the VLM, and the trigeminal dorsal horn (but
not from the lamina I of the dorsal horn of the spinal cord as many other PB subnuclei), and
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sends projections mainly to the CeA but also to the BNST (Fulwiler and Saper, 1984). The
PBel has been implicated in anorexia and aversion. Morphological evidence shows that PBel
neurons are activated by anorexigenic stimuli such as dexfenfluramine (Li and Rowland,
1993), lithium chloride (Paues et al., 2006; Yamamoto et al., 1992), leptin (Elmquist et al.,
1997a), and LPS (Engstrom et al., 2001; Paues et al., 2006). This immune-induced activation
may be the result of afferent signaling through the vagus nerve via the NTS or from the AP,
but it may also depend on prostaglandin-mediated mechanisms in the blood-brain barrier.
Lesions to the PB result in attenuated anorexia and abolished activation of the CeA and the
BNST in response to dexfenfluramine (Li et al., 1994).

Figure 4. Schematic representation of the parabrachial
nucleus. Transverse section of the parabrachial nucleus of
the rat showing the different parabrachial subnuclei as
revealed in a Nissl stained section. Dorsal is up.
Abbreviations: scp, superior cerebellar peduncle; PBm,
medial subnucleus; em, external medial; eli, inner external
lateral; elo, outer external lateral; vl, ventrolateral; cl,
central lateral; dl, dorsolateral; sl, superior lateral; il,
internal lateral.

Whereas the rapid increase in our knowledge of central control of energy homeostasis,
triggered by the growing epidemic of over-eating and obesity has, to a large extent, been
focused on the signaling of satiating factors to the hypothalamus and the organization of their
signaling neuronal networks, much less is known about how inflammation influences these
and other brain structures critical for metabolism.
Furthermore, while considerable knowledge exists about which central nervous structures and
immune signaling mechanisms involved in the acute phase response and how they generate
sickness-symptoms such as fever and induced stress hormone secretion (Engblom et al.,
2002b; Furuyashiki and Narumiya, 2011), loss of appetite during infection and malignant
disease is less understood. Accumulating evidence indicates, however, that inflammation- and
cancer-induced anorexia is associated with Toll-like receptor activation and prostaglandin
synthesis. Despite extensive efforts in recent years that have provided important insights into
the nature of these inflammatory pathways, their role in disease-related anorexia is far from
understood. A series of experiments addressing this issue was therefore undertaken.
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AIMS
The overall thesis aims were to expand our knowledge of the mechanism by which
inflammation and cancer induce loss of appetite, with special emphasis on putative signaling
pathways by which the brain reduces food intake. We also aimed at identifying mechanisms
by which the immune system and the brain are activated in acute inflammation and cancer
associated with reduced food intake. The foci have been on the activation pattern in brainstem
neuronal structures and on the role of cyclooxygenases, prostaglandin E2 and MyD88 as
inflammatory mediators of the anorexic response.

The specific aims were:
Paper I:

To elucidate and analyze the brainstem activation pattern in rats inoculated with
tumor cells.

Paper II:

To investigate the role of prostaglandin synthesizing enzymes, with particular
reference to the prostaglandin E2 pathway, for reduced food intake and body
weight during tumor growth in mice.

Paper III:

To determine the impact of MyD88 deficiency for cancer-elicited anorexia.

Paper IV:

To define the role of MyD88 in different cell types for inflammation- and
cancer-induced anorexia and weight loss.
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METHODOLOGY
In this thesis, the following methods have been used:
● Animals and in vivo models of cancer and acute systemic inflammation
a) Buffalo rats and the Morris hepatoma 7777 tumor (paper I)
b) Non-genetically modified mice and the MCG 101 tumor (papers II-IV)
c) Pharmacological inhibition of cyclooxygenases and PGE2 (paper II)
d) Ubiquitous and conditional knock-out mice (papers II-IV)
e) Generation of MyD88 chimeric mice: Whole body gamma irradiation and
reciprocal bone-marrow transplantations (paper IV)
f) Injections of lipopolysaccharide in mice (papers II and IV)
● Means of measuring food intake in rodents
a) Manual periodic readings (papers I-IV)
b) Automated continuous readings (paper II)
● Protein and lipid analyses
a) Immunohistochemistry: The avidin-biotin complex method for detection of
members of the Fos transcription factor family and cyclooxygenase-2 and IL-1β
immunoreactivity (papers I and II)
b) Immunoassays (papers I and II)
● Analysis of mRNA: Quantitative real-time PCR (paper II)
● Statistics (papers I-IV)
The section below briefly outlines the general nature of the respective techniques and mainly
comments on their disadvantages and benefits. A detailed protocol for every method is
described in the material and methods section of the individual papers.
Animals and in vivo models of acute systemic inflammation and cancer
Mice, rats and humans share all but approximately 1 % of each other’s genes suggesting
rodents as good models of human gene function (Gibbs et al., 2004; Lander et al., 2001;
Waterston et al., 2002). When studying cancer anorexia-cachexia in rodents, at least one
critical aspect of the relationship between the tumor and the host deserves to be mentioned.
The tumor and the recipient animal used should be genetically very similar. A syngeneic
relationship, i.e. when the tumor was originally induced and derived from the same species
and sub-strain as the host, is preferable. While tumors of different genetic background than
the host often grow in rats and mice (Murray et al., 1997), the physiological outcome in
response to tumor growth might, however, differ (Pecchi et al., 2008). Accordingly, it may
prove hazardous to draw clear conclusions from such experiments. All experiments presented
in this thesis were carried out with syngeneic tumors.
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Buffalo rats and the Morris hepatoma 7777 tumor
In paper I, male BUF/SimRijHsd rats (in short Buffalo), an inbred strain of albino rats, were
used. The Buffalo rat will grow transplantable Morris hepatomas and has commonly been
used for medical research on experimental carcinogenesis and cancer anorexia-cachexia
(Fields et al., 1981; Grubbs et al., 1979). The Morris 7777 tumor derived from hepatocellular
tumors, used in paper I, was originally chemically induced and obtained from a Buffalo rat.
Subsequently, a cell-line was established. In our experiments, the cell line was purchased
from a commercial supplier, and grown in vitro under standard conditions to generate
sufficient numbers of tumor cells. On the day of inoculation, the cells were harvested, counted
and inoculated subcutaneously (s.c.) into male Buffalo rats.
Inoculation of hepatoma 7777 cells, as in the present thesis work, results in relatively small
tumors even when allowed to grow beyond 20 days after inoculation. At this time point, we
and others have observed a tumor size ranging from less than 1 to 3 % of the total body
weight (Konsman and Blomqvist, 2005; Pourtau et al., 2011; Ruud and Blomqvist, 2007). In
this respect the present model is advantageous over other common anorexia-cachexia models
that result in very large tumors that may constitute up to 30-40 % of the animal’s body weight
(Noguchi et al., 1991). In those cases the metabolic demands and glycolytic activity of the
tumor alone are likely to play a role in the weight loss (Gold, 1968). Furthermore, inoculation
of hepatoma 7777 cells is early on accompanied by signs of reduced food intake and weight
loss when the tumor is still very small, which is reasonably similar to the clinical situation in
humans where these symptoms often are the first signs of a neoplasm. Moreover, in rats
inoculated with the hepatoma 7777, arrested weight gain or significant weight loss can be
detected during the course of the experiment even when the tumor weight is included. Some
experimental tumors such as methylcholantrene-induced tumors (Karlberg et al., 1981;
Noguchi et al., 1991), exhibit very rapid growth rates during progressive stages of tumor
growth, and these are associated with body fluid retention and high tumor fluid content
(Lyden et al., 1995) that often conceal the actual weight loss, thus making it difficult to detect
weight loss in spite of anorexia. In contrast, the hepatoma 7777 allows the researcher to
evaluate the direct effects of a pharmacological intervention on body weight without having to
rely on e.g. imaging techniques to reveal changes in body composition or without being
restrained to terminate the experiment for analysis of carcass body weight. Although the
generation of rats with targeted, germ-line transmitted mutations, which enables evaluation of
certain gene effects, is now technically and economically more feasible than before (Geurts et
al., 2009), genetically modified rats were not available when the work for paper I was
performed. This prompted us to investigate similar mechanisms in mice, since the mouse is
the standard choice for evaluating the effects of gene modification.
Non-genetically modified mice and the MCG 101 tumor
The mouse is the dominating species in biomedical research and is, in general, a wellaccepted model system for human disease. Nowadays, a plethora of different mouse strains
with genotypical and phenotypical alterations are available. In papers II-IV C57BL/6 mice
were used. C57BL/6 is the most widely used inbred strain, the first to have its genome
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sequenced and often the background for generation of induced mutations or transgenic mice.
Since we were interested in studying the causal relationship between the effects of a certain
gene product and inflammation- and cancer-induced loss of appetite, either by deleting the
gene in every cell or selectively by restricting the deletion to specific tissues and cell types,
and since the MCG 101 tumor was produced and well-characterized in C57BL/6 mice
(Lundholm et al., 1980), this species and strain was chosen.
The MCG 101 was originally generated by injecting mice with the mutagen
methylcholanthrene (Suurkula and Boeryd, 1974). An early histopathological description of
the tumor suggested it to be a sarcoma. However, re-evaluation has revised this view since the
tumor is now considered to show few, if any, characteristics of a sarcoma. It is nowadays
considered a low- or un-differentiated, solid, epithelial-like tumor. The tumor grows rapidly,
with a doubling of its volume during approximately just below 60 hours (Karlberg et al.,
1981), and macroscopic evaluation has not revealed any sign of distant metastases within the
time-window of our experiments. For grafting, the MCG 101 tumor is harvested under aseptic
conditions, immersed in tempered cell-culture medium and minced into small fragments. Two
pieces of solid tumor are inserted s.c. on the back in anesthetized recipient mice by using a
tuohy needle.
While models relying on the transfer of a large number of tumor cells or solid tumor
fragments are less realistic than the complex mechanism of endogenous malignant
transformation, their ability to induce metabolic host reactions and loss of appetite similar to
those in cancer patients suggests that they are valuable tools for analysis of mechanisms
behind the development of cancer anorexia-cachexia in man (Lundholm et al., 1978). Despite
that the MCG 101 has been kept in vivo for more than 30 years, the kinetics of the food intake
response to MCG 101 growth is highly consistent between experimental rounds and different
studies [see e.g. (Cahlin et al., 2000b; Gelin et al., 1991a; Lundholm et al., 1980; Ruud et al.,
2010; Wang et al., 2005b)]. At anorexia onset, we have found that the MCG 101 tumor on
average constitutes about 0.9 % of the total body weight (Ruud et al., 2010).
Pharmacological inhibition of cyclooxygenases and PGE2
In paper II, the role of Cox-1 and Cox-2 and PGE2 were assessed by the use of
pharmacological tools. The body of drugs utilized can be divided into sub-classes based on
their relative capability to block Cox-1 and Cox-2. Indomethacin and sodium naproxen inhibit
both enzymes (non-selective) whereas parecoxib, the pro-drug of valdecoxib, and SC-560
preferentially inhibit Cox-2 or Cox-1 respectively (selective). For selective neutralization of
PGE2 we injected mice with a monoclonal antibody against PGE2. The concentrations of each
administered substance were chosen based on previous validations found in the literature or
verified by us to block various inflammation-induced responses.
While pharmacological inhibition can provide a wealth of information, well-characterized and
effective agonist or antagonists do not always exist as in the case of mPGES-1 and MyD88.
Furthermore, very few, if any, drugs provide complete inhibition of the target molecule.
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Moreover, optimizing drug dose, administration route and solvent may not be a
straightforward process, especially in cases where the compound is practically only soluble in
organic solvents and therefore unsuitable for use in vivo. An obvious alternative, that bypasses many of these limitations, is to address these questions in genetically modified mice,
such as conventional knock-out mice generated by homologous recombination in embryonic
stem (ES) cells.
Ubiquitous knock-out mice
The first reports in which homologous recombination in ES cells was used to generate genedeficient mice were published in the late 1980s (Koller et al., 1989; Mansour et al., 1988;
Thomas and Capecchi, 1987; Thompson et al., 1989; Zijlstra et al., 1989). Since then, the
number of knockout mouse strains published has literally exploded and gene targeting in mice
has infused all fields of medicine. In fact, it would be difficult to imagine contemporary
biomedical research without it. Paper II, III and IV involve the use of mice which lack a
gene (Ptgs2, Ptges, or MyD88) in every cell of the body, colloquially known as ubiquitous
knock-out mice.
The rationale behind the use of knock-out mice is in many cases obvious. However, global
knock-out mice may not be without caveats. The interpretations of knock-out phenotypes may
be complicated in several ways. Firstly, compensatory mechanisms may mask the true effect
of a certain gene deletion. This is perhaps more likely in intricate, evolutionary conserved and
redundant homeostatic systems crucial for survival such as those regulating appetite, energy
expenditure and body weight homeostasis (Luquet et al., 2005). Secondly, many targeting
technologies are based upon inclusion of a selection marker that may influence the phenotype
(Fiering et al., 1995). Thirdly, the lack of a gene during development and the entire post-natal
life may give rise to unwanted side effects (Johnson et al., 1992; Wang et al., 1992). Fourthly,
the outcome of abrogating a gene may be lethal in-utero, which precludes analysis of the gene
function during development or post-natally (Nguyen et al., 1997; Segi et al., 1998).
Nevertheless, our understanding of mammalian physiology has unequivocally been
revolutionized by the ability to inactivate genes by homologous recombination and the
method of generating knock-out mice. The Nobel Prize in Physiology or Medicine 2007 was
awarded jointly to Mario Capecchi, Martin Evans and Oliver Smithies for their groundbreaking discoveries of principles for introducing specific gene modifications in mice by the
use of ES cells.
Conditional knock-out mice
Several developments of these seminal techniques have been made. In particular, conditional
mutagenesis offers the possibility to introduce gene mutations or changes in gene expression
that are restricted to certain cell types, and have overcome many of the pitfalls of ubiquitous
knock-out mice. The Cre-LoxP-system, discovered in the P1 bacteriophage (Sauer and
Henderson, 1988; Sternberg et al., 1981), is the prevailing method and is essentially based on
the ability of the enzyme Cre-recombinase to catalyze recombination between two loxP-sites.
LoxP-sites are 34 base pair sequences with an asymmetric eight base pair core sequence,
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being the cleavage site of recombination, and two sets of palindrome sequences flanking it
(Nagy, 2000). An ingenious application and modification of gene targeting was the
introduction of loxP- sites into the sequence of existing genes. Brian Sauer, Jamey Marth and
Klaus Rajewsky pioneered the application of the Cre-LoxP recombination technology for
genome manipulation in mammals (Gu et al., 1994; Gu et al., 1993; Lakso et al., 1992; Orban
et al., 1992). This system was used in paper II and IV for creating conditional mutant mice
lacking Ptger4 or MyD88 in certain cell types.
For gene deletion in mice, two components are generally required (Figure 5): one mouse
strain harboring the Cre transgene under a wide-spread (general) or cell- or tissue-specific
(conditional) gene promoter driving Cre recombinase expression where deletion is desired,
and a second mouse strain in which a critical portion of the target gene is flanked by two
loxP-sites, i.e. the “floxed” locus. Although the orientation and location of the flanking loxPsites determine if the Cre recombinase mediates a deletion, inversion, or translocation, the
typical floxed strain is designed to generate deletions. When Cre-recombinase recognizes the
loxP-sequences, it catalyzes the excision of the DNA sequence in between, thereby
inactivating the gene only in cells expressing Cre recombinase whereas the DNA of cells
without Cre expression is left untouched. Gene deletion occurs when the chosen promoter for
the Cre recombinase becomes active during ontogenesis.

Figure 5. Basic principles of Cre-LoxP mediated gene deletion, exemplified by targeting MyD88. For
details, see text.

While this system undoubtedly provides better understanding of gene function in specific
compartments as compared to ubiquitous knock-outs, the urge to switch a gene on or off only
at a desired time-point providing spatio-temporal control of Cre-mediated recombination
motivated the search for such improved methods. A powerful twist was to express Cre in an
inducible fashion, so that it can be activated at a desire time point (Feil et al., 1996; Kuhn et
al., 1995), and even site specifically by recombination in the tissue or anatomical structure of
interest, e.g. in the brain by local injections of the cognate ligand that activates the cell
specific promoter. In paper IV, we used two different inducible Cre-transgenic mouse lines
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allowing the location and timing of gene expression to be closely regulated. For selective,
inducible gene inactivation in only vascular endothelial cells of the brain (Lang et al., 2011;
Ridder et al., 2011), we crossed Slco1c1/ Oatp14-CreERT2 mice, carrying a fusion of Cre
recombinase and a modified ligand binding oestrogen receptor domain sensitive to tamoxifen
(Erdmann et al., 2007; Feil et al., 1996) with mice in which the MyD88 locus is flanked by
loxP sites (Hou et al., 2008). Gene deletion was achieved by administration of tamoxifen, an
oestrogen receptor antagonist, to adult mice. Upon tamoxifen administration, the CreERT2
translocates from the cytoplasm to the cell nucleus, where it recombines the floxed MyD88
gene. While tamoxifen-induced mutagenesis is a key technology for inducible gene
inactivation in the rodent brain, one should keep in mind that tamoxifen treatment may have
intrinsic acute effects (Chen et al., 2002). However, the widely used 5-day protocol of
tamoxifen treatment is not associated with any long-term effects on general and emotional
behavior in mice (Vogt et al., 2008). In the current research both genotypes were treated with
tamoxifen, and we waited five weeks before food intake recordings were carried out for
mutagenesis to occur and the acute effects of tamoxifen to taper off. For selective, inducible
MyD88 gene deletion in primarily the hematopoietic system, we utilized the MX1Cre
promoter that was activated by polyinosine-polycytidylic acid (poly I:C). The MX1
(myxovirus-resistance protein 1) promoter is considered silent in healthy mice, but can be
induced to high levels of transcription by interferons (Staeheli et al., 1986). Poly I:C, a
synthetic analogue to double-stranded RNA, is an interferon inducer. Mice harboring a floxed
MyD88 gene and the Cre recombinase under the MX1 promoter thus acquire an induced
inactivating mutation upon treatment with poly I:C. In paper IV, all mice included derived
from our colony of MX1Cre mice were treated with poly I:C, and we permitted a latency
period of 8 weeks before mice were challenged with LPS or saline.
Although technically elegant, inducible regulatory gene elements thought to be silent in adult
mice may suffer from undesired leakiness, i.e. unintentional gene ablation. Whereas this is not
the case for the CreERT2 mice used in paper IV, since the construct harbors a mutated form of
the oestrogen receptor that is sensitive to tamoxifen but prevents binding of the natural ligand
(17β-estradiol) at normal physiological concentrations, background recombination may occur
in naïve MX1Cre mice, due to endogenous, yet low, levels of interferon, and varying
sensitivity in different tissues to interferon (Kuhn et al., 1995). Notwithstanding, inducible
Cre-LoxP-targeting has allowed investigators to study gene effects in tissue- and
developmental stage-specific ways that were previously impossible.
Generation of MyD88 chimeric mice
Whole body gamma irradiation followed by reciprocal bone-marrow transplantations is a
classic method for generation of chimeric mice. The procedures involve killing bone-marrow
stem cells with radiation and replacing them with bone-marrow derived cells from another
animal, most often creating an animal with two distinct gene pools. In paper IV, mice with a
congenital deletion of MyD88 or wild-type mice were exposed to lethal, whole body irradiation which destroyed the bone-marrow stem cells. Soon after irradiation, bone marrow
cells were transplanted from wild-type animals to MyD88 knock-out mice, and vice versa,
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and to animals of the same genotype, and were left to populate the recipients for 6 months.
Thus, one chimera will have intact MyD88 expression in cells of hematopoietic origin, such
as immune cells, but will lack MyD88 expression in e.g. neural cells, whereas another
chimera will have an intact MyD88 function in e.g. neural cells, but not in hematopoieticallyderived cells. Based on the fact that MyD88-deficient mice are LPS-resistant, we reasoned
that if food intake was reduced in knock-out mice that had been transplanted with wild-type
hematopoietic cells, and rescued in wild-type mice transplanted with knock-out hematopoietic
cells, this would imply that cells of the hematopoietic lineage are critical for LPS-induced
anorexia. However, if MyD88 knock-out mice transplanted with wild-type hematopoietic
cells were protected from anorexia, and wild-type mice transplanted with knock-out
hematopoietic cells displayed anorexia, this would suggest that the critical MyD88 signaling
takes place in neural cells independent of MyD88 signaling in hematopoietic cells.
Transplanting bone marrow from non-irradiated transgenic mice ubiquitously expressing
eGFP into syngeneic irradiated mice allowed us to track the donor cells and to discriminate
between the proportion of these and the resident cells. Evaluation of the success rate of
irradiation and transplantation was assessed in a flow cytometer with GFP expression as readout.
In brief, bone marrow was isolated under aseptic conditions from 8-10 weeks old MyD88
knock-out or wild-type mice by gently crushing and flushing femurs and tibia with cell
culture medium containing 5 % fetal calf serum. Bone marrow fragments were dissociated,
washed, filtered and centrifuged. The bone marrow cells were suspended in ice-cold MACS
buffer and CD45-enriched by passage with magnetic beads conjugated with anti-CD45
antibodies through a magnetic field. Each recipient, 8-10 weeks old, was irradiated with 2
doses of 4.5 Gy, and then received a tail vein injection of 2 x 106 CD45+ viable bone marrow
cells in phosphate buffered saline. The degree of peripheral blood chimaerism was evaluated
6 months later by tail-vein bleeding followed by analysis on a FACSCanto flow cytometer
(BD Biosciences).
Radiation chimaerism offers the possibility to tease out the respective role of graft-derived
cells versus that of resident cell populations, in physiological processes such as for the effects
of LPS on appetite. The method is an appealing way of differentiating the effects of a gene
function in different niches of the hematopoietic system based on the selection criteria of
donor cells, and especially a feasible approach when a floxed mouse strain or Cre line for a
specific cell type has not been generated. Lethal irradiation is, however, not without criticism.
Radiation may cause transient cerebral inflammation including microgliosis and neural
dysfunctions, may negatively affect the integrity and function of the blood-brain barrier, and
may in turn lead to non-physiological persistence of circulating hematopoietic stem cells and
extravasation of inflammatory cells into the brain (Diserbo et al., 2002; Monje et al., 2002;
Simard et al., 2006; Yuan et al., 2006). Acutely, irradiation-induced cell death in the
hematopoietic compartment causes profound cytokine fluxes (Ransohoff, 2007). Although
this would indicate altered immune response in the brain of the chimaeras, there is evidence
showing that irradiation and bone-marrow transplantation do not cause alterations of the
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effects brought about by LPS (Turrin et al., 2007), and justify the use of this approach for
studying innate immune responses to this stimulus.
Injections of lipopolysaccharide in mice
The method most commonly used to elicit the acute phase response in rodents is an injection
of LPS or a single cytokine. LPS activates a series of autonomic structures in the brain
(Elmquist et al., 1996; Rivest and Laflamme, 1995), and it causes fever, anorexia, lethargy
and HPA-axis activation.
In short, mice were briefly restrained and injected intraperitoneally (i.p.) with LPS diluted in
sterile 0.9 % saline solution. The dose and serotype of the injected LPS is important to
consider. We used a dose of 1 µg/mouse (50µg/kg) of LPS from Escherichia coli (serotype
O55:B5), since it has previously been shown to reliably produce anorexia in this species
(Ogimoto et al., 2006; Wisse et al., 2007). A strength of the current assay of LPS
administration instead of injecting single anorexigenic cytokines, such as IL-1β, is that LPS
induces not only IL-1β but many appetite suppressing cytokines (Dinarello et al., 1999), and
the results are thus not limited to only one cytokine but reflect many LPS-induced cytokines.
Further, LPS may be regarded as a more physiologically relevant stimulus since its effects are
more prolonged than some short-lived cytokines with half-lives in plasma of only a few
minutes (Givalois et al., 1994; Reimers et al., 1991). However, although the effects of LPS in
mice are similar to the responses in humans (Burrell, 1994; Michie et al., 1988; Reichenberg
et al., 2002), the LPS model probably only provides a simplified picture of the situation
during human diseases. Nevertheless, an i.p. injection of LPS as a model of infection
circumvents the need of using live bacteria, provides standardization, is well-defined, and reproducible. Although the acute model of LPS provides a short glimpse into the
pathophysiology, it nevertheless is a sensible starting point for studying chronic inflammatory
diseases.
Means of measuring food intake in rodents
In this thesis I have used two different ways of monitoring food intake in rats and mice. The
bulk of data (papers I-IV), has been obtained from manual recordings of accumulated food
intake over a defined time period (periodic), whereas food intake was also automatically
continuously monitored in real-time using a feeding monitoring instrument (paper II).
Manual periodic readings
During tumor experiments, rats (paper I) or mice (papers II-IV) were individually caged.
Cages for rats were lined with standard bedding, whereas cages for mice were equipped with
raised wire grid flooring. Data were registered during the light phase by manually weighing
the roof lid containing food pellets on an electronic balance. After a defined period of time
elapsed, this unit was reweighed and the amount of food consumed was obtained by
calculating the difference in weight. The rationale behind using wire grid flooring is that we
learnt that the eating behavior of mice in general produces gnaw waste, which accumulates in
the wooden bedding and thus increases over time. The use of a grid allows the gnaw waste,
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which otherwise would be lost in the wooden shavings, to be collected. If the spillage is left
unnoted, the food intake will be inaccurate and differences in food intake between treatments
and genotypes would be difficult to detect. While this method is time-consuming and tedious,
as the food waste needs to be manually separated from the animals’ excrements, it provides a
very precise measurement of daily food intake. In paper IV, food intake was recorded in mice
given LPS or saline and housed one-to-a cage. Food intake was recorded 3, 6, 9, and 12 h into
the dark cycle and again at 21 h. In our experience, the gnaw waste that may occur during
these time-windows between measurements is negligible, and mice were therefore housed
under standard conditions. Periodic monitoring of food intake is considered the standard in
the field, but it is associated with at least one shortcoming. The handling of the animal and its
food during the experiments may interrupt an ongoing meal or initiate a meal thereby
affecting food intake. However, when you do not need to record the structure of individual
meals or the initiation of feeding behavior this approach suffices.
Automated continuous readings
In paper II we performed a detailed meal pattern analysis using a feeding monitoring device
that allowed uninterrupted, undisturbed recordings of individual meals for each animal 24/7 in
its home cage. The system essentially consists of a very sensitive weight scale, onto which a
food hopper stands outside the cage. The scale is coupled to an interface and a computer that
reports the weight of its hopper with food once per ~ 1.5 second. The mice access the food
hopper from a tunnel inside the cage. When the animal initiates a feeding bout, the scale is
destabilized and the system marks the time of this event and any weight change. A feeding
bout was defined as whenever at least 0.01 g of food was removed from the hopper and
considered terminated if the food tray was left undisturbed for ≥ 5 min. The food hopper is
built-in to a food tray which collects any crumbles, and food spill is thus not registered as loss
of weight. Data obtained were processed by computerized analyses to give light- and dark
cycle food intake, meal duration, meal size, meal frequency, and inter-meal interval. Mice
were acclimatized to this environment and to powder food for one week before recordings of
basal food intake began. Obvious advantages of this approach are that the interaction between
the researcher conducting the experiment and the animal is less than for manual readings and
it allows analysis of all components of feeding. While a diet in powder form is preferable in
this set-up, because it limits the amount of food lost due to hoarding that otherwise would
contaminate the data, it is however not naturalistic to rodents. Nevertheless, the system
provides a good temporal overview of an animal’s native ingestive behavior at high resolution
with minimal human interference, but the fixed, short sampling interval (1.5 s) generates a
huge number of data points, and analysis requires dedicated software.
Protein and lipid analyses
Immunohistochemistry
Immunohistochemistry is based on the interaction between an antibody and an epitope in
tissue sections and the subsequent detection of these complexes with fluorescent dyes or with
enzymes producing a colored product that is visualized by microscopy. The first reported
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immunohistochemical staining was the work of Albert Coons and colleagues (1941) who used
an antibody that was fluorescent in ultraviolet light to detect pneumococci. In the past quarter
of a century, the method has undergone extensive modifications and encompasses a wide
range of visualization systems. In papers I and II, animals were rinsed free from blood by
transcardial perfusion with room-tempered saline, followed by fixation with ice-cold
paraformaldehyde. The brains were removed from the cranium and immersed in the same
fixative for 3 hours on ice after which the brains were cryopreserved in sucrose until
saturated, and subsequently transversely cut at 20 μm on a freezing sliding microtome, and
stored in anti-freeze solution at -20 °C until immunohistochemical stainings were performed.
The avidin-biotin-complex system with peroxidase as detection enzyme was used to stain
Cox-2, Fos, FosB, and IL-1β. Shortly after, free-floating tissue sections were incubated with
primary antibodies, which in turn were recognized by biotinylated secondary antibodies
against epitopes of the species in which the primary antibody was generated. Complexes of
avidin-biotin and peroxidase were added, which bind to the biotinylated secondary antibody
and coloration was achieved with 3,3’-diaminobenzidine tetrahydrochloride (commonly
abbreviated DAB) as chromogen, resulting in a blackish reaction product in the presence of
ammonium nickel sulphate and peroxide. The precipitate is insoluble in alcohol and other
organic solvents and allows long-term storage. In paper I, adjacent rat brainstem sections
were stained with thionin for cytoarchitectonic delineations.
A logical concern when reviewing this technique is the primary antibody specificity (Saper
and Sawchenko, 2003). Even though the conceptual principles and execution of
immunohistochemistry are fairly simple, it has become increasingly clear that surprisingly
many conclusions that have been reached on the basis of immunohistochemical stainings are
erroneous due to misinterpretations of non-specific staining patterns (Rhodes and Trimmer,
2006; Saper, 2005; Saper and Sawchenko, 2003). In order to avoid artifactual staining, several
control experiments can verify that an antibody is actually recognizing what it is supposed to
recognize. Ideally, an antibody should reasonably stain the correct number of bands of
appropriate molecular weight in relation to the protein’s known configurations in blots (most
often a single entity). Affinity-purified antibody preparations are used by many, since they are
less prone to cross-reactivity and to produce lower back-ground staining. A critical test, when
applicable, is to treat tissue from an animal from which the antigen has been removed. If the
antibody produces a similar staining pattern in wild-type and knock-out mice, the specificity
of this antibody can be doubted, and vice versa. However, the use of knock-out mice as the
gold standard for assessment of bona fide immunostaining has been criticized (Lorincz and
Nusser, 2008). The objection is that an antibody may possibly stain the protein of interest
even in a mouse lacking the functional gene product depending on the deletion strategy. One
possibility is that, despite the fact that the native gene transcription is disrupted, alternative
transcription starting sites may exist and a truncated protein - yet detectable to the antibody but without function is expressed. In this case, the premature conclusion would be that the
labeling should be regarded as unspecific, but it does not necessarily mean that the antibody is
non-specific. Furthermore, a gene deletion may be accompanied by down-regulation of other
genes, or even an isoform (Jones et al., 1997). If the antibody does not produce any labeling in
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the knock-out mouse for the protein of interest, this would confer the obvious interpretation
that all reactions produced by this antibody are specific. However, if the non-targeted isoform
is down-regulated due to the gene deletion, it would be difficult to exclude that the antibody
does not detect both isoforms. Finally, the mouse as a reference may not be suitable when
dealing with antibodies directed against epitopes that are not conserved between species.
Additional or alternative evaluation by staining sections from animals or cells where
expression levels have been attenuated by siRNA may be used. However, cells or animals
lacking, or over-expressing, the target protein may not always exist. In such cases, a useful
control is to incubate the primary antibody with the immunogen used for immunizing the host
species, a so called pre-adsorption control test. If staining disappears with this cocktail, this
indicates that the antibody at least detect the epitopes against which it was generated. This,
however, does not tell you whether the antibody actually may detect other but similar
structures, e.g. if the immunogen consists of an amino acid sequence that is shared among a
group of structurally related but different proteins. Re-doing the pre-absorption test, now
without the immunogen but including these related antigens could help overcome this
problem. In this case, labeling should persist. However, pre-adsorption tests do not provide
any meaningful information for monoclonal antibodies since they by definition always will be
blocked by their immunogen. Further alternative strategies are to compare the staining pattern
of the antibody to the mRNA pattern as detected by in situ hybridizations, or to look for
concordance with the expression from reporter molecules (such as GFP, Cre recombinase,
Tomato, luc or lacZ) genetically targeted in-frame for the gene of interest, or to compare the
staining pattern with other antibodies against non-overlapping portions of the same protein to
evaluate whether the patterns are identical to that previously reported. If a gene depleted
animal or antigen used for immunization is not available, a sensible control is to establish
whether the expression of one antibody co-localizes with that produced by a better
characterized antiserum from a different species in dual-labeling studies. The labeling pattern
however also depends on other experimental variables such as strength, type and duration of
fixative, pH and salt concentration of buffers, application of antigen-retrieval procedures,
blocking agents, detergents, method of sectioning and not only on the efficacy and specificity
of the primary antibody. In the present thesis, this guide was kept in mind in order to assure
genuine staining of the antibodies employed.
Immunoassays
Immunohistochemistry is the method of choice for detection of specific molecules, mostly
proteins, in tissues. Its intrinsic limitations often render it unsuitable for quantitative analysis
of the concentration or number of molecules in the sample. Immunoassays are based on the
same principle as immunohistochemistry, i.e. they rely on antibody-antigen interactions but in
fluid matrices, and they provide good quantitative measurements. In papers I and II, two
different techniques with pre-designed assays, namely bead-based Luminex® xMAP® for
measurement of IL-1β, IFN-γ, IL-6 and TNF-α, or PGE2 in plasma, and enzyme immunoassay
(EIA) for the measurement of PGE metabolites in plasma and PGE2 in liquor, were used. The
former method allows simultaneous detection of multiple analytes in a single reaction volume
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(multiplex), whereas EIA allows detection of one target molecule per sample at a time. Blood
was gently aspirated from the heart and transferred to EDTA-covered tubes and the blood was
centrifuged to obtain plasma. For determination of prostaglandin content in plasma,
indomethacin was added to inhibit ex vivo eicosanoid formation. As soon as blood had been
drawn, the mouse was fixed in a stereotactic device, with the head flexed anteriorly. Neck
muscles were divided in the midline to expose the atlanto-occipital membrane and CSF was
collected from the cisterna magna using a Hamilton syringe.
Luminex® xMAP®
The basis for the xMAP® technology is the coupling of target-specific antibodies to tiny
polymer microsphere particles (beads) with a unique spectral signature achieved by filling the
beads with different proportions of red and infrared fluorescent dyes. As each set of beads has
its own distinct and known optical identity determined by the ratio of red and infrared dyes,
sets of beads corresponding to different antigen-antibody interactions can be identified and
separated based on their color and wavelength intensity. In many applications, two antibodies
specific for the target of interest are required. One antibody is coated to the bead that
immobilizes the analyte (capture antibody) and a second antibody against the same antigen is
coupled to a fluorophore (detection antibody). Once the antibodies and antigen are hybridized,
a stream of suspended color-coded beads is lined up in single and analyzed using flow
cytometry. As a bead passes in the detection chamber, one laser excites the fluorophore
associated to the detection antibody to quantify the amount of analyte captured to the bead,
and a second laser excites the internal dye to identify the class of each individual bead, and
the wavelength of emitted light is analyzed. The concentration of an individual sample is
deduced by plotting the fluorescence intensity against a standard curve run on the same assay
plate. Luminex® xMAP® is high-throughput, and the number of antigens possible to detect
would increase exponentially if multiple dyes were used. A few microliters of sample should
be enough for determining abundance of an almost imaginary number of different analytes,
meaning more results from the same sample volume. A potential downside of multiplex is the
risk of cross-reactivity between antibodies for different antigens. A robust, but less costefficient, alternative is competitive immunoassays.
Enzyme immunoassay (EIA)
The basis for EIAs is exemplified by the PGE Metabolite kit used in paper II. This assay is
based on the conversion of 13,14-dihydro-15-keto PGA2 and 13,14-dihydro-15-keto PGE2,
the metabolites of PGE2, to a single, stable derivative (PGEM) that is quantified
spectrophotometrically. In this assay, the antigen (PGEM) competes with PGEM molecules
that have been covalently conjugated to a tracer (acethylcholinesterase; PGEM-AChE) for the
binding sites of a rabbit anti-PGEM antibody. The surfaces of a microtiter plate wells are precoated with anti-rabbit antibodies that bind either sample PGEM or the tracer depending on
the ratio of abundance of them. The chemical reactions between a constant amount of PGEMAChE applied and a developing reagent containing the substrate added generate a stable
product that has a distinct yellow color and absorbs light at 412 nm. The intensity of this
color, determined by a plate-reader, is proportional to the amount of tracer bound, which is
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inversely proportional to the amount of sample antigen in the well. The individual sample
concentrations are calculated from a standard curve. Thus, the greater arbitrary absorbance
units, the fewer antigens in the unknown sample existed to compete with the tracer for
antibody binding sites.
While measurement of the PGE metabolites provides an index of past PGE2 production, it
does not detect PGE2 per se. A similar competitive EIA format was used in order to measure
the PGE2 levels in the CSF whereas PGE2 concentrations in plasma were determined by
Luminex® xMAP®. This assay is based on the competition between PGE2 and a fluorescent
PGE2-phycoerytherin conjugate as tracer for binding sites to a monoclonal antibody specific
for PGE2 on the microsphere beads. After sufficient incubation, the plate was read in a
Luminex® 100TM analyzer. The basis for calculating the PGE2 concentration in each sample
is analogous with that of the competitive EIA explained above. The limitations of both EIA
and multiplex are similar to e.g. immunohistochemistry. Thus, antibody specificity is of
crucial importance (see above).
Quantitative real-time PCR
Quantitative real-time PCR is a strong tool to amplify and quantify genes. It follows the laws
of conventional PCR chemistry where the target gene is amplified in a cyclic manner, in
combination with a fluorescent reporter dye enabling the ability to monitor how the reaction
progresses in real-time (Higuchi et al., 1993). Two reporter chemistries dominate. Doublestranded DNA intercalating fluorescent dyes, often SYBR-green, or sequence specific probe,
often TaqMan®, based methods. In paper II, we quantified tumor-elicited gene inductions
and the effects of conditional disruption of Ptger4 in the mouse hypothalamus. For this
purpose, we utilized TaqMan® primers and probes. This technique essentially consists of
primers designed to surround the gene of interest, a probe labeled with a reporter dye at the 5’
end complementary to a nucleotide sequence enclosed by the primers, and a quencher
attached to the probe on the opposite end. Reagents containing all necessary ingredients,
including a DNA Taq polymerase, is added to the reaction vessel. Once the polymerase
reaches the probe bound to its target sequence, its 5’-3’ exonuclease activity cleaves off the 5’
end and degrades the probe, physically separating the reporter from the quencher (Holland et
al., 1991). This procedure allows unquenched emission of fluorescence by excitation with
laser light. The emitted light can be read by a detector. During each cycle, reporter dyes are
cleaved off, causing accumulation of fluorescent signal intensity which increases
proportionally with the amount of PCR product. Any increase in reporter fluorescence
emission is monitored after each PCR cycle. Thus, the signal correlates with the amount of
PCR product amplified. Expression of a gene of interest can be calculated relative to an
internal reference gene that should have constant expression (Nolan et al., 2006).
Quantification is done by comparing the number of cycles between samples required to cross
a certain threshold of fluorescence (Ct). This threshold, user determined, reflects the relative
difference of gene expression from the beginning. The threshold is set in the exponential
phase of the PCR during which maximal assay efficiency with a doubling of the amount of
product with each cycle is assumed. The Ct value for the gene of interest is related to an
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endogenous control gene (∆Ct) of each sample, and relative expression (2-∆Ct) is normalized
to the average expression in sham-operated controls or wild-type mice (2-∆∆Ct). Probe based
methods can detect very small differences, need only a tiny amount of RNA, and allow for
high-throughput, especially when probes are labeled with different fluorochromes and used
for multiplexing. Reporter probes are more expensive but also more specific than e.g. SYBRgreen. The process is fast and an assay is completed in an hour or less in the instrument.
In paper II, tissues were collected and dissected. RNA was isolated and equal amounts of
RNA were reversely transcribed into cDNA using commercially available reagents and
standard protocols. Gene expression was assayed with pre-designed primer and probes
(Applied Biosystems) on their 7500 Fast Real-time PCR cycler.
Statistics
Data are expressed as the mean ± standard error of the mean, or standard deviation, and
analyzed using one- or two-way ANOVA with Tukey’s or Bonferroni’s post-hoc tests
respectively, when three or more groups were compared. When only two groups were
compared, we used an unpaired, two-tailed, t-test. In one case, because of a skewed
distribution, data were analyzed by the Mann-Whitney test. Statistical calculations were
carried out in SPSS, Minitab, Excel or GraphPad Prism. A P-value less than 0.05 was
considered to be statistically significant.
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SUMMARY OF THE PAPERS
Paper I. Inoculation of tumor cells induces anorexia and arrested weight gain and
activates an intercoupled neurocircuit in the brainstem of rats
In paper I, we multiplied Morris hepatoma 7777 cells in vitro and injected them
subcutaneously into male Buffalo rats. Non-tumor-bearing rats (sham), rats that were fed the
same amount of food as the tumor-bearing animals (hence pair-fed), and rats that were starved
in order to mimic the weight development in tumor-bearing rats (food-restricted, pairweighted) served as controls. Tumor-bearing rats were killed according to two criteria: either
two days (disease onset) or five days (established disease) of negative weight development,
together with their respective controls. The brains were fixed, sectioned and stained for c-Fos
and FosB/∆FosB immunoreactivity as indices of neuronal activity. The key finding in paper I
is that the anorexia and retarded body weight growth or weight loss were associated with
extensive expression of Fos in the area postrema (AP) and the nucleus of the solitary tract
(NTS) in the medulla oblongata, as well as in the pontine parabrachial nucleus (PB) and that
this expression occurs without any obvious signs of peripheral or central inflammation.
Results:
Activation of the area postrema, the nucleus of the solitary tract and the external lateral
parabrachial nucleus in anorexic, weight-losing, tumor-bearing rats
The results showed that the tumor-bearing rats developed a reduced food intake about one
week after inoculation. Concomitant with anorexia, tumor-bearing animals did not gain
weight or actually had lost weight, whereas vehicle-injected free-fed rats showed a positive
linear body weight gain. A subnuclear analysis of the Fos-labeling, based on comparison with
thionin-stained adjacent sections, revealed a restricted Fos-expression pattern in tumorbearing rats that was preferentially located to the central region of the AP, the medial
subnuclei of the NTS and the outer external lateral PB (PBelo), an area where humoral as well
as orofacial, gustatory and vagal information is integrated. Sham-control, pair-fed, and fooddeprived vehicle-injected rats showed few, if any, Fos-expressing neurons in these nuclei. The
finding that pair-fed and food-deprived rats that displayed a similar weight loss as tumorbearing rats showed much less Fos in these nuclei demonstrates that the Fos-induction was
not a consequence of alterations in body weight or reduced food intake per se but a response
to the tumor. Statistical analysis showed that the Fos-expression in the AP and NTS correlated
positively with tumor weight and negatively with body weight development, respectively. For
FosB/∆FosB, only scattered labelled cells were found in the NTS and PB regardless of
treatment. However a small, yet statistically significant, FosB-induction was seen in the AP of
tumor-bearing rats that was not seen in the other treatment groups.
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Decreased food intake despite absence of peripheral and central cytokine and Cox-2
inductions
Determinations of cytokines in plasma, as judged by an immunoassay analysis, showed that
the levels of IL-1β, IFN-γ and IL-6 were below detection limit irrespective of treatment, and
that TNF-α, while above detection limit, was equally low in tumor-bearing and ad libitum fed
rats. Furthermore, no induced expression of Cox-2 and IL-1β was seen either in tumorbearing or in sham-operated rats. In contrast, these mediators were strongly induced in the
brains and plasma of rats injected systemically with LPS, a potent trigger of cytokine release,
used as an internal reference.
Discussion:
Fos expression pattern
The AP, the NTS and the PB are autonomic relay structures that integrate and transmit
afferent visceral and sensory information to higher brain areas (see introduction). Although
previous studies have shown that the AP, NTS and PB display induced Fos-labeling in other
experimental paradigms associated with reduced food intake, this is the first study to report
neuronal activation of these structures in a tumor model of the cancer anorexia syndrome.
While gastric distension or the administration of satiating agents as well as stimuli that give
rise to aversion and anorexia, such as lithium chloride, LPS, dexfenfluramine and IL-1β [for
references see (Ruud and Blomqvist, 2007)], and the hepatoma 7777 share the ability to
reduce food intake, their activation patterns in the brainstem seem to be distinct. Tumor
growth induced neuronal activity in a specific pattern. Thus, it was not associated with Fos in
the ventrolateral medulla, locus coeruleus or the caudal commissural subnucleus of the NTS,
structures that are strongly activated by LPS (Elmquist et al., 1996; Rivest and Laflamme,
1995). This is consistent with functional specificity in these pathways (Altschuler et al.,
1989), and suggests that the Fos expression is stimulated by distinct peripheral signals.
Routes for tumor-to-brain signaling
An outstanding question is the nature of the tumor elicited signal, and how it is transmitted to
and detected by the brain. Since food intake is controlled by the central nervous system and
since the tumor progressed outside this organ, the anorexigenic signals must by some route
reach the brain. Given that the degree of Fos expression strongly correlated to the size of the
induced tumor and arrested weight gain, and since the NTS and AP are associated with the
control of food intake (Grill and Kaplan, 2002), this may suggest potentially important roles
for these structures in the detection and transmission of tumor- or host-induced anorexigenic
mediators. At least two different routes to the CNS can be proposed, which both converge
onto the PB. In the PB, Fos labeling was confined to the outer external nucleus, corresponding
to the main ascending target of the medial NTS and the AP (Contreras et al., 1982a; Gwyn et
al., 1979; van der Kooy and Koda, 1983). The first potential signaling mechanism involves
activating area postrema neurons. The area postrema, a circumventricular organ that lacks the
blood-brain barrier, has fenestrated blood vessels that enable its cells to monitor the chemical
composition of blood and thus presumably tumor related signals. Interestingly, previous
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observations from parabiosis experiments have suggested that a factor transmissible in the
circulation causes the anorexia in rats (Illig et al., 1992; Mordes and Rossini, 1981; Norton et
al., 1985). Furthermore, taking our findings of AP activation into consideration together with
the observations that thermal lesions to the area postrema in rats inoculated with Leydig-cell
tumors prevented the anorexia (Bernstein et al., 1985), these findings may suggest that the
anorexia associated with cancer may be a result of a humoral agent acting on the AP. A
second interpretation, based on the induced Fos expression seen in the NTS, the primary
termination site for the vagus nerve, would be a mechanism for transmitting tumor related
signals to the brain via stimulation of vagal nerve afferents (Ek et al., 1998; Gidron et al.,
2005). Visceral vagal afferents have also been reported to terminate in the area postrema (van
der Kooy and Koda, 1983).
Mapping neuronal activation with Fos as a marker
The c-fos gene, encoding Fos, is an immediate-early-gene since its transcriptional response to
cellular stimuli is very rapid (Greenberg and Ziff, 1984). Thus, the basal levels of Fos are
generally very low in neurons, but rapidly induced, and degraded, upon chemical stimulation
and synaptic activation (Hunt et al., 1987; Morgan et al., 1987; Sagar et al., 1988), making
detection of Fos a good tool for mapping neuronal activation. However, the use of Fos as a
marker for neuronal activation has certain limitations. The absence of Fos expression does not
necessarily mean that these neurons are unaffected in the current condition. For example, an
inhibitory input onto a neuron would presumably not result in Fos expression (Hoffman and
Lyo, 2002). Thus, regions without Fos expression may also be involved in cancer-associated
anorexia. Conversely, while it is generally accepted that Fos is expressed when neurons are
firing action potentials, Fos-labeling is, however, not an unambiguous marker that the neurons
have been depolarized but rather a sign of activation of intracellular signaling pathways.
Neurons may also express transcription factors other than Fos upon stimulation, e.g. zif268 or
phosphoCREB. Phosphorylation of CREB in select populations of PB neurons, while not
giving rise to Fos expression in the same neurons (Hermanson and Blomqvist, 1997), have
been shown after nociceptive stimulation. The discrepancy between the magnitude of
FosB/∆FosB and Fos induction in the hindbrain of tumor-bearing rats (the Fos response being
much stronger) may further emphasize this notion. Finally, apart from the activation of the PB
after immune, anorexigenic, and aversive stimuli (see above), neurons of the PBelo have been
shown to react to changes in blood pressure (Chamberlin and Saper, 1992). Thus, Fos
expressing neurons in the AP, NTS and PB may well engage in physiological responses other
than the control of food intake.
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Paper II. Onset of cancer-induced anorexia involves Cox-1 but not Cox-2 through
another prostanoid than host mPGES-1-derived PGE2 acting on neuronal EP4 receptors
Despite the fact that the findings in paper I indicated that the anorexia and body weight loss
in the rat hepatoma 7777 model occur without apparent signs of central or peripheral
inflammation, a substantial amount of data has previously unequivocally demonstrated that
inflammatory signalling is a central theme in cancer anorexia-cachexia (Deans and Wigmore,
2005; Evans et al., 2008; Matthys and Billiau, 1997; Moldawer and Copeland, 1997). In
particular, inflammatory-induced prostaglandins, which are known to affect tumorigenesis,
have been proposed as key mediators (Cahlin et al., 2000a; Cahlin et al., 2000b; Gelin et al.,
1991a; Sonoshita et al., 2001; Tsujii et al., 1998; Williams et al., 2000; Yang et al., 2003).
Yet, the identity of the cyclooxygenase species and prostaglandins responsible for cancer
anorexia-cachexia is unknown. However, LPS-induced anorexia has been reported to depend
on Cox-2 (Johnson et al., 2002; Lugarini et al., 2002). Furthermore, because of the wellestablished role of Cox-2, mPGES-1 and PGE2 for carcinogenesis (Brown and DuBois, 2005;
Hanaka et al., 2009; Kamei et al., 2009; Nakanishi et al., 2008), and because deletion of
mPGES-1 largely abolishes IL-1-induced anorexia (Elander et al., 2007; Pecchi et al., 2006),
a number of experiments was designed to determine the significance of cyclooxygenases,
PGE2 and its synthesizing enzymes, as well as the receptor mediating the anorexic effects of
PGE2 for cancer-induced anorexia and weight loss using pharmacologic and genetic tools.
In paper II, we implanted to mice a MCG 101 tumor. Control mice were handled in the same
way but received no tumor-fragments. We performed a detailed meal pattern analysis, since it
has not been known which components of feeding that are affected in this tumor model. In a
separate series of experiments we explored if Cox-enzymes played any role for the decreased
food intake and body weight. Having established evidence that cyclooxygenases were critical
for the loss of appetite, we subsequently zeroed in on PGE2 and its synthesizing enzyme and
receptor system as the potential prostaglandin downstream of Cox responsible for the seen
effects on cancer-induced loss of appetite. The key findings in paper II are that decreased
meal frequency caused the anorexia, and that Cox-enzymes, most likely Cox-1, are critical for
cancer-elicited anorexia and weight loss and that these changes occur independently of host
mPGES-1, PGE2 and neuronal EP4 signaling.
Results:
Meal pattern analyses
Implantation of MCG 101 resulted in decreased nocturnal meal frequency, but not decreased
meal size or meal duration. In agreement with reduced meal number, inter-meal interval (IMI;
time elapsed between meals) was significantly longer in tumor-bearing mice. These
differences became more pronounced over time. No changes in feeding rate (meal size
divided by meal duration) were seen and the meal frequency during the light-phase was not
affected in tumor-bearing mice. On the last day of the experiment, meal size and meal
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duration were slightly larger and prolonged in tumor-bearing mice and satiety ratio (IMI
divided by meal size) was larger in these mice than in control mice.
Pharmacological and genetic intervention of Cox, Cox-1, Cox-2, mPGES-1, PGE2 and EP4
receptors
We found that chronic treatment with a general Cox-inhibitor (indomethacin p.o.) delayed the
onset of anorexia and impaired the anorexia development and tumor growth. When given
acutely at manifest anorexia, three different Cox-inhibitors (indomethacin, naproxen and
indomethacin-meglumine) independently of each other rescued the loss of appetite without
affecting tumor wet weights. Indomethacin was also found to prevent body weight loss in
tumor-bearing mice. Despite Cox-2 up-regulation in the brain and Cox-2 induction in the cells
associated to the blood-brain barrier in tumor-bearing mice, suggesting a mechanism for
tumor signalling to the brain, a Cox-2 inhibitor had no impact on tumor-induced anorexia at
doses and administration routes considered to efficiently inhibit Cox-2. By contrast, a Cox-1
inhibitor delayed the onset of the anorexic response. Tumor growth was associated with
robust increase in plasma PGE2, a response prevented by indomethacin, and a minor, but
statistically insignificant increase of the PGE2 levels in the CSF, in line with the modest Cox-2
induction in the brain and with tumor-bearing mice being afebrile. Neutralisation of peripheral
PGE2 with anti-PGE2 antibodies did not temper the anorexia, and deletion of host mPGES-1
did not affect neither anorexia nor tumor growth. Furthermore, tumor-bearing mice lacking
EP4 receptors selectively in the nervous system developed anorexia.
Inspired by the findings in paper I, we have also examined the neuronal brainstem activation
pattern in tumor-bearing mice. The preliminary results show that the tumor-bearing mice
display strong induced Fos-expression in three structures: the AP, the NTS and the PBl, but
not the VLM or locus coeruleus. In contrast, sham-implanted mice displayed only little
labeling in these nuclei.
Discussion:
Feeding behavior in tumor-bearing mice
While it has been known that tumor growth is associated with anorexia that is most apparent
at night (Morrison, 1974; Steele et al., 1988), and while there is evidence that Fischer rats
inoculated with MCA sarcoma cells display decreased meal frequency (Laviano et al., 2002),
earlier studies have not explored all aspects of feeding behavior in tumor-bearing mice in any
greater detail. To the best of my knowledge, our study is the first of its kind that has critically
investigated the temporal feeding pattern in a model of cancer anorexia and that conclusively
shows that tumor growth is associated with reduced nocturnal meal frequency, but not meal
size or meal duration. We also found that meal number during the light phase was unaffected.
This suggests that mechanisms regulating diurnal meal frequency make no attempt to
compensate or are ineffective in counterbalancing the decreased nocturnal meal frequency.
However, at day 10 we observed increased meal size and meal duration. Yet, these changes
were not sufficient to compensate for the reduced food intake. The reduced food intake may
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be a reflection of learned aversion, i.e. the brain memorizes a substance that has made the
organism sick in the past to avoid future harm, in this case a diet associated with a developing
illness. It could be aversion against food or taste, or both. Indeed, Bernstein and Sigmundi
(1980) reported that the decline in food intake due to tumor growth is accompanied by the
development of aversions to the diet consumed during tumor growth and that an immediate
elevation in food consumption occurred when a novel diet was introduced (Bernstein and
Sigmundi, 1980). Furthermore, the reduced meal frequency, but not meal size or duration,
seen in tumor-bearing mice is similar to the effects of other aversive agents that efficiently
reduce food intake such as lithium chloride injection or food adulteration [e.g. making the
food taste bitter (Blundell et al., 1985; West et al., 1987)]. This effect differs from that elicited
by other centrally acting anorexigenic signals, such as leptin, fenfluramine, cholecystokinin,
interferons and IL-1β, which reduce food intake by reducing meal size and not meal
frequency (Gaetani et al., 2003; Kahler et al., 1998; Plata-Salaman, 1992; 1994). We conclude
that reduced meal frequency is the causal factor for anorexia associated with cancer in this
model.
The significance of cyclooxygenases for cancer-induced anorexia: indomethacin rescues
appetite through a mechanism that is independent of its effect on tumor size
Through mechanisms that still remain elusive, accumulating evidence suggests that
prostanoids, while being critical for tumor cell proliferation and metastatic formation, play
important roles for cancer anorexia-cachexia. We confirm, in paper II, that prostanoids
contribute to tumor growth and tumor-induced anorexia, since chronic treatment with the nonselective Cox-inhibitor indomethacin attenuated the anorexia as well as the tumor growth,
similar to previous observations (Cahlin et al., 2000a; Cahlin et al., 2000b; Gelin et al., 1991a;
Sandstrom et al., 1990). Since anti-inflammatory drugs generally reduce tumor growth,
complicating the picture, it has been unclear whether the improved appetite is secondary to
reduced tumor burden. To differentiate between the effect of indomethacin on food intake and
tumor growth, we designed an experiment where we allowed tumor-bearing mice to develop
anorexia for two consecutive days, after which indomethacin or vehicle was administered p.o.
to tumor-bearing mice that had tumors of similar size. This treatment rescued the decreased
food intake without affecting tumor weight. The effect of Cox-inhibition on appetite is thus
not a consequence of reduced tumor size, but is an effect on the food intake per se.
Furthermore, analysis of carcass body weight (total body wet weight minus tumor wet weight)
revealed that whereas untreated tumor-bearing mice had lost ~7.5 % of their body weight, the
weight of tumor-bearing mice that had received indomethacin acutely could not be separated
from the sham-operated controls. Naproxen sodium and indomethacin meglumine reproduced
the effect of indomethacin on appetite, thus demonstrating that the effect is not limited to a
specific Cox-inhibitor but a general effect of Cox-inhibition. It may also be inferred that the
effects of Cox-inhibition on food intake occur through normalizing nocturnal meal frequency.
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The significance of cyclooxygenases for cancer-induced anorexia: induced Cox-2 expression
in cells associated with the blood-brain barrier in tumor-bearing mice is unlikely to explain
the reduced food intake
Quantitative real-time PCR analysis showed that Cox-2 mRNA, but not mPGES-1 mRNA, in
the brain of untreated tumor-bearing mice was upregulated by 100 % compared with that in
sham-operated mice. Also tumor-bearing mice treated with indomethacin throughout the
study period showed enhanced hypothalamic Cox-2 mRNA levels, a difference that however
did not reach statistical significance. Immunohistochemistry demonstrated induced Cox-2
protein expression in cells lining the cerebral vasculature, suggesting that the cells in the
blood-brain barrier was a plausible structure for the transduction of peripheral signals to the
brain to evoke centrally orchestrated anorexia. However, in spite of induced brain Cox-2
synthesis, Cox-2 was found to be dispensable for the anorexia since Cox-2 inhibition had no
effect on the anorexia. The induced Cox-2 levels may therefore rather associate some factor
not coupled to food intake. Thus, induced Cox-2 expression in the brain has been associated
with varying kinds of stress such as forced cold swim or electroconvulsive stimulation of
seizures (Yamagata et al., 1993). Moreover, Cox-2 mRNA levels in the brain have been
reported to be increased not only in tumor-bearing but also in pair-fed mice (Wang et al.,
2001b). Thus, Cox-2 mRNA alterations in these animals seem secondary to a decline in food
intake.
Role of mPGES-1 and PGE2
While PGE2 has been suggested to be implicated in the anorexia-cachexia response, our
findings suggested that PGE2 is not the critical prostanoid. Firstly, there was no significant
difference in PGE2 levels in the CSF between tumor-bearing and sham-implanted mice,
implying that central PGE2, which has been shown to suppress feeding (Ohinata et al., 2006),
was not involved. Secondly, injection of neutralizing antibodies to PGE2, a procedure that has
been demonstrated to attenuate other PGE2 elicited responses (Mnich et al., 1995; Portanova
et al., 1996; Zhang et al., 1997), did not alleviate the anorexia. Thirdly, genetic deletion of the
EP4 receptor did not have any effect on the anorexic response. And fourthly, mice with a
targeted mPGES-1 deletion developed anorexia and tumors of similar magnitude as wild-type
littermates. This observation is in contrast to the main finding by Pecchi and colleagues
(2008) that mPGES-1 knock-out mice exhibit resistance to tumor-induced anorexia (Pecchi et
al., 2008). While we confirm the absence of up-regulation of the mPGES-1 within the brain in
tumor-bearing mice, and that deletion of mPGES-1 does not affect tumor growth, we arrive at
different conclusions regarding the role of host mPGES-1 for cancer-induced anorexia. While
we cannot explain their results, we can only note that different tumor models (Lewis lung
carcinoma vs. MCG 101) and different strains and backgrounds of mice (DBA/1lacJ vs.
C57BL/6) were used. It should be noted that both the MCG 101 and the Lewis lung
carcinoma are syngeneic to the C57BL/6 strain that was used in the present thesis, and not to
DBA/1lacJ that was used in the Pecchi et al. (2008) study, and that the Lewis lung carcinoma
in the DBA/1lacJ strain hence may induce a different immune response than that one elicited
in the syngeneic strain.
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It may be argued that the phenotype in mPGES-1 deficient mice is caused by secondary
changes in the expression of other PGE synthases. For example, cPGES, being functionally
linked to Cox-1, has been reported to be up-regulated in the brain in response to immune
challenge (Tanioka et al., 2000). However, we hold it unlikely that cPGES or mPGES-2
would be of any importance to cancer-induced anorexia here, since the levels of PGE2 in
liquor was not statistically different compared to that in sham-operated mice, and since
treatment with anti-PGE2 antibodies did not improve the appetite. Our finding that tumor
growth was not affected from mPGES-1 deletion is at odds with the prevailing view that
mPEGS-1 may be an alternative therapeutic target for cancer treatment (Hanaka et al., 2009;
Kamei et al., 2009; Nakanishi et al., 2008; Sasaki et al., 2011). However, in line with our
findings, Elander and colleagues (2008) found that the number and size of intestinal tumors
were markedly increased in APCMin/+mPGES-1-/- mice, a model for familial adenomatous
polyposis, rather suggesting that mPGES-1 deficiency accelerated intestinal tumorigenesis
(Elander et al., 2008). Thus, the data concerning the role of mPGES-1 as a mediator of
tumorigenesis and cancer anorexia-cachexia point in different directions.
A role for Cox-1, but not Cox-2, in anorexia onset
The finding that unselective Cox-inhibition, but not specific Cox-2 blockade, attenuated or
reversed the anorexia in tumor-bearing mice, suggested that the anorexia is Cox-1 dependent.
We directly tested this hypothesis by examining the food intake in mice treated with a Cox-1
selective inhibitor, SC-560. The results showed that SC-560-treated tumor-bearing mice
displayed a food intake comparable to that of sham-implanted mice, in contrast to what was
seen in untreated tumor-bearing mice. However, this phenotype was lost after a few days, and
the SC-560 treated tumor-bearing mice subsequently displayed a similar reduction in food
intake as untreated tumor-bearing mice. That Cox-1, and not Cox-2, seems to initiate cancerinduced anorexia is a novel and unexpected finding. Interestingly, evidence from the Dey and
DuBois laboratories suggests a role for Cox-1, not Cox-2, in gynecological tumors (Daikoku
et al., 2006; Gupta et al., 2003). It has, for example, been demonstrated that SC-560, similar
to aspirin which preferentially inhibits Cox-1, reduces the growth of tumors in mice (Daikoku
et al., 2007; Daikoku et al., 2005). It is noteworthy that this effect of SC-560 occurred from
reduced tumor cell proliferation and/or increased apoptosis, a mechanism that is similar to the
effect of indomethacin on MCG 101 tumors (Axelsson et al., 2005). Furthermore, given the
observations that many ovarian cancers are epithelial derived, with a histopathology similar to
the low-differentiated, epithelial-like MCG 101, and the finding that aspirin decreases the risk
of developing ovarian cancer (Schildkraut et al., 2006), may together with our finding indicate
a role for Cox-1 both in carcinogenesis and anorexia-cachexia in certain malignancies. Since
inhibition of Cox-1 delayed the onset of anorexia, but did not hinder its development, we
cannot rule out that both Cox-1 and Cox-2 are involved in tumor-induced anorexia at late
stages of the disease. Thus, it is possible that Cox-1 and Cox-2 act in concert in an additive
manner, and that the inhibition of both enzymes, as achieved with general Cox-inhibitors, is
required to improve appetite at these time points. Indeed, it has been demonstrated that Cox-1
can drive the inflammatory responses (Gilroy et al., 1998; Langenbach et al., 1995; Swiergiel
and Dunn, 2002), when Cox-2 is presumably not yet fully upregulated. In line with this, the
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immediate corticosterone release seen after LPS administration is dependent on Cox-1 derived
prostanoids, whereas the later corticosterone response is dependent on Cox-2 (Elander et al.,
2010). Hence, it is possible that the Cox isoforms play distinct, but temporally supplementary
roles not only for the stress hormone response to inflammation but also for cancer elicited
anorexia. The putative role of Cox-1 for the development of tumor-induced anorexia, as
observed in the present experiments, further reinforce the notion that other prostanoids than
PGE2 may be involved. This observation is consistent with the absence of an effect on
appetite by inhibition of Cox-2 and mPGES-1, since Cox-2 and mPGES-1 are functionally
induced and coupled (Ek et al., 2001; Kudo and Murakami, 2005; Murakami et al., 2000;
Yamagata et al., 2001). In contrast, Cox-1 is generally not coupled to mPGES-1 and thus not
to induced PGE2 synthesis (Tanioka et al., 2000). The suggestion that Cox-1 but not Cox-2 is
the enzyme responsible for onset of cancer-induced anorexia further reinforces the notion that
the classical distinction between Cox-1 and Cox-2 activities may be too simplistic. The
anatomical substrate where Cox-1 exerts its effects on food intake is not known. A number of
structures, implicated in inflammatory signaling, have been shown to express Cox-1 such as
the vagus nerve (Matsumura et al., 2000), perivascular macrophages and endothelial cells
lining the cerebral blood vessels, as well as microglia during immune challenge (GarciaBueno et al., 2009). However, in a study by Cahlin et al (2000) it was argued that the MCG
101 tumor expressed Cox-1 (Cahlin et al., 2000a). Thus, the interference with Cox-1 of SC560 could be central, peripheral, or both.
A final comment on our findings on the Fos-expression pattern in the brainstem of tumorbearing mice is that we found the exact same neuronal structures to be activated in mice as in
rats. These results may point to an activation of a neural pathway involved in tumor-induced
anorexia.
Paper III. Abolished anorexic response to tumor growth in mice lacking MyD88
While the results in paper II clearly demonstrated that inflammation is a central component
for decreased food intake in tumor-bearing mice, the cellular and molecular mechanisms for
this response are still far from understood. MyD88, the intracellular adaptor molecule for
Toll-like receptor and IL-1/18 receptor signalling, is critical for the inflammatory response. In
paper II we assessed the possibility that elimination of MyD88 would affect the development
of cancer-induced anorexia. To do so, we implanted the MCG 101 tumor onto MyD88deficient and wild-type mice, and recorded their food intake and body weight. The key finding
in paper III is that genetic inactivation of MyD88 prevents mice from developing cancerinduced anorexia.
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Results:
Ubiquitous MyD88 deficiency protects from cancer-induced anorexia, but does not affect
basal food intake and body weight
As a first step, we evaluated the effect of MyD88 deletion on appetite by comparing daily
food intake normalized to body weight in naïve MyD88-/- and wild-type mice. We found that
disruption of MyD88 had no effect on basal food intake or body weight. Next, food intake and
body weight were monitored for 10 days after tumor or sham implantation. The results show
that tumor-bearing wild-type mice displayed a reduced food intake seven days postimplantation (similar to the findings of food intake recordings in tumor-bearing C57BL/6
mice in paper II) when compared with sham-operated mice of the same genotype. The food
intake of tumor-bearing wild-type mice gradually declined thereafter. In sharp contrast,
tumor-bearing MyD88-/- displayed an almost identical food intake as that seen in shamimplanted knock-out mice throughout the observation period. Thus, tumor-bearing MyD88-/did not show any signs of anorexia.
After the animals had been killed, the tumors were cut free from the surrounding tissues and
weighed. Wet tumor weights were on average lower in tumor-bearing MyD88-/- mice than in
wild-type mice. Although this different did not reach statistical significance, we nevertheless
wanted to examine the possibility that differences in tumor load could influence the degree of
anorexia and explain differences in food intake, as observed in paper I. By clustering animals
that had comparable tumor weights into two groups based on genotype, and limiting the
analysis to these two subsets of groups (n = 8-10 in each), we found that when tumor-burden
was similar (P = 0.82) between genotypes, wild-type mice consumed 34 % less food than
tumor-bearing knock-out mice (P < 0.001). Measurement of carcass body weight (i.e.
excluding the tumor) showed that tumor-bearing wild-type mice had lost 2 % of their body
weight. In contrast, tumor-bearing MyD88-/- mice had gained 10 % body weight.
Discussion:
While previous studies have shown that MyD88 is critical for LPS- and IL-1β-induced
anorexia (Ogimoto et al., 2006; Wisse et al., 2007), we here demonstrate that MyD88 is
necessary for reduced food intake in a mouse tumor model. Because tumor growth in this
model is associated with water retention (Lundholm et al., 1980; Lyden et al., 1995),
differences in wet weight between tumor-bearing subjects and sham-operated controls are
usually small. Thus the 10 % weight gain in tumor-bearing MyD88-deficient mice likely
reflects water retention in combination with normal food intake, whereas the small weight
loss in wild-type tumor-bearing mice thus probably reflects a larger difference in dry weight
loss. If dry body weight, or body weight in relation to lean body mass under the assumption
that genotypes had an equal extracellular fluid volume, had been analyzed it is likely that
wild-type tumor-bearing mice would have displayed a larger weight loss, and supports the
argument that MyD88 deficiency also protected from cancer-induced weight loss. While we
found that MyD88-deficient mice developed smaller tumors, supporting the observations on a
role of MyD88 in tumor formation and development (Naugler et al., 2007; Rakoff-Nahoum
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and Medzhitov, 2007; Swann et al., 2008), analysis of food intake in MyD88-/- and wild-type
mice with tumors within the same weight interval demonstrated a significant effect of
genotype on food intake that was independent of the degree of tumor load. Thus, despite
substantial tumor load (~ 5 % of total body weight), tumor-bearing MyD88-/- mice were
resistant to cancer-induced anorexia.
While these data, taken together with the effects of MyD88-deficiency on appetite during
acute inflammatory conditions, demonstrate a crucial role of MyD88 for disease-related
anorexia, the exact nature of the activation remains elusive. It is tempting to speculate that the
tumor is immunogenic, and therefore expected to secrete antigens that MyD88 expressing
cells recognize, followed by the release of inflammatory components that have anorexigenic
properties and that signal to the critical brain regions. Lack of ability to recognize the tumorby products would then confer protection against cancer-induced anorexia. A key question to
answer in this context is the identity of this or these signals. While they remain to be
identified, they should involve ligands to the toll-like/IL-1/18 receptors related to cell death,
tissue damage and inflammation induced by the tumor cells, as well as intrinsic factors
released by the tumor cells themselves (Rakoff-Nahoum and Medzhitov, 2009).
Paper IV. MyD88 in hematopoietic cells mediates endotoxin- and cancer-induced
anorexia and weight loss
While experimental data have begun to accumulate that define a critical role for MyD88 in
reduced food intake during acute and chronic inflammatory conditions, a key question in
understanding these observations remains unsolved. Specifically, the identity of the MyD88
expressing cells triggering disease-related anorexia is unknown. However, the issue has been
examined previously in an acute inflammatory model using chimeric mice. Wisse and
colleagues (2007) reported that MyD88 knock-out mice transplanted with wild-type
hematopoietic cells showed a weak, early, anorexic response to LPS, but that these mice
otherwise were resistant to LPS-induced anorexia, whereas transplantation of hematopoietic
cells lacking MyD88 to wild-type mice did not affect the anorexic response (Wisse et al.,
2007). The authors concluded that LPS reduces food intake via MyD88 signaling in the CNS
and/or other non-hematopoietic tissues and that circulating immune cells cannot mediate
sustained anorexia. Although this study pointed to the potential anatomical substrates
involved, experiments that show a direct proof for a causal relationship between MyD88
signaling in a specific cell type and disease-related anorexia are needed. We surmised that
MyD88 in neurons and astrocytes could be the non-hematopoietic compartment involved,
since intra-cerebral cytokines have been suggested to evoke central nervous responses
(Benveniste, 1992; Bluthe et al., 2000; Laye et al., 2000; Luheshi et al., 1999; Plata-Salaman,
2000; Rothwell and Hopkins, 1995), and since a critical role for central MyD88 signaling for
energy homeostasis has been reported (Kleinridders et al., 2009). Alternatively, since
cerebrovascular endothelial cells play a role for immune-induced pyresis (Cao et al., 1996a;
Ching et al., 2007; Ek et al., 2001; Engblom et al., 2002a; Lacroix and Rivest, 1998;
Matsumura et al., 1998; Proescholdt et al., 2002; Ridder et al., 2011; Yamagata et al., 2001),
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and may respond to LPS or IL-1 in a MyD88-dependent manner (Gosselin and Rivest, 2008),
the brain endothelium could be the critical nexus for illness-induced anorexia. Indeed, MyD88
is, according to recent observations, expressed in both neural cells and in the brain
endothelium (Gosselin and Rivest, 2008; Kleinridders et al., 2009; Laflamme et al., 2001),
and toll-like receptors are constitutively expressed in the brain (Bsibsi et al., 2002). In paper
IV we examined food intake and body weight development in two paradigms of illnessinduced anorexia in mice lacking MyD88 generally or in specific cell types. We utilized the
model of endotoxemia based on an injection of LPS, and the MCG 101 tumor model as used
in paper II and III. The main findings in paper IV are that MyD88 signaling in
hematopoietic cells, but not in brain endothelial cells or cells of neural origin, is critical for
the development of anorexia, both after acute immune challenge (LPS), and in a chronic
disease model (cancer). We also demonstrate that MyD88 signaling in hematopoietic cells is
involved in LPS- and tumor-elicited weight loss.
Results:
The resistance to LPS-induced anorexia in ubiquitous MyD88 knock-out mice is not explained
by MyD88 signaling in brain endothelial cells or neural cells
We first examined the effect of ubiquitous homozygous or heterozygous MyD88 disruption
on LPS-induced anorexia. The results show that homozygous null mice exposed to LPS
displayed a food intake comparable to saline-injected controls, whereas mice lacking one
MyD88 allele developed marked LPS-induced anorexia similar to that displayed by wild-type
littermates. Next, specifically testing the role of endothelial cells, mice lacking MyD88
selectively in the cerebral endothelium (MyD88Oatp14CreERT2) were given an injection of LPS.
The treatment reduced food intake and body weight at 3, 6 and 12 h in MyD88Oatp14CreERT2
mice similar to that seen in MyD88fl/fl (control) mice. Next, we examined the food intake and
body weight development in mice lacking MyD88 in neural cells (MyD88∆NesCre), and
MyD88fl/fl mice provoked with LPS or vehicle. While MyD88∆NesCre mice of both sexes
consistently showed a leaner phenotype compared with MyD88fl/fl controls and also were
significantly shorter, as estimated by measuring the naso-anal and anal-tail length, LPS
administration produced a prominent and similar anorexia and weight loss in both genotypes.
Abrogation of MyD88 in hematopoietic cells protects from LPS-induced anorexia but
attenuates LPS-induced weight loss
In light of these findings and since MyD88 is expressed in many cell types of the immune
system (Hardiman et al., 1997; Hardiman et al., 1996; Lord et al., 1990b), we next created
chimeric mice by exposing MyD88-/- (KO) and MyD88+/+ (WT) mice to potentially lethal
whole body -irradiation followed by transplantation of CD45+ enriched bone marrow cells
from mice of the opposite (WT → KO; KO → WT) or same genotype (WT → WT; KO →
KO), allowing us to differentiate between the role of MyD88 signaling in cells of the
hematopoietic or the non-hematopoietic lineages. We found that 98 % of the white blood cells
in the irradiated mice originated from transplanted bone marrow, as determined by examining
the proportion of GFP+ cells among the blood leukocytes by flow cytometry, which indicates
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that we successfully had created chimaeric mice. While KO → KO mice given LPS displayed
a food intake that did not significantly differ from that seen in mice injected with saline, as
was also seen in non-irradiated KO mice, WT → KO mice showed reduced food intake
throughout the entire length of the observation period. Furthermore, WT → WT and KO →
WT mice also displayed an anorexic response, which lasted at least 22 h after injection, and
was far more pronounced than that seen in WT → KO mice. The findings for body weight
development after LPS injection was similar to that seen for food intake. Thus, while body
weight development of LPS-treated KO → KO mice did not differ from that seen in vehicle
injected mice, LPS administration was accompanied by significant weight loss in LPSinjected WT → KO mice at all time-points investigated, although it was less pronounced than
that observed in LPS-injected KO → WT and WT → WT mice.
As a next step, we examined if the results obtained from the chimera could be verified by
genetically deleting MyD88 in hematopoietic cells using MyD88∆MX1Cre mice. MyD88fl/fl
littermates given LPS developed typical anorexia that lasted for at least 12 h. In contrast,
MyD88∆MX1Cre mice given LPS displayed attenuated anorexia 4 h post-injection. Thereafter
their food intake was not significantly different from that of saline injected mice. The effect of
MyD88 disruption of LPS-induced body weight loss was quite different. Thus, as expected,
MyD88fl/fl mice displayed a prominent body weight loss in response to LPS injection in
comparison with saline injected controls. Whereas MyD88∆MX1Cre mice were largely resistant
to LPS-induced anorexia, LPS administration evoked a significant weight loss in these mice,
but it was less pronounced than in MyD88fl/fl littermates.
A role for hematopoietic MyD88 in tumor-induced anorexia and weight loss
Having established a role for hematopoietic MyD88 signaling for LPS-induced anorexia and
body weight loss, we next explored whether a similar mechanism plays a role for reduced
food intake in malignant disease. To causally link MyD88 in the brain or periphery to cancerinduced anorexia, two fragments of the MCG 101 were implanted subcutaneously over the
flank of MyD88∆NesCre and MyD88∆MX1Cre mice. Control mice were sham-implanted. We
found that MyD88∆NesCre mice developed anorexia in response to tumor growth, similar to
their MyD88fl/fl littermates.
In the experiments with the MyD88∆MX1Cre strain, tumor-bearing MyD88fl/fl mice displayed
anorexia from day 7, and the anorexia developed progressively. While food intake in tumorbearing MyD88∆MX1Cre was somewhat decreased compared with that of the sham-implanted
MyD88∆MX1Cre mice, the food intake in tumor-bearing MyD88∆MX1Cre was only statistically
significantly lower on days 7 and 11 compared to sham-operated mice of the same genotype.
Furthermore, food consumption for tumor-bearing MyD88∆MX1Cre mice was at the end of the
experiment (days 10 and 11) significantly larger than that of MyD88fl/fl tumor-bearing mice.
Deletion of MyD88 in the hematopoietic system did not affect tumor growth, since postmortem tumor weights between genotypes did not differ. Analysis of carcass body weight
revealed that whereas the body weight of MyD88∆MX1Cre mice did not change much compared
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with the body weight pre-implantation, tumor-bearing MyD88fl/fl littermates had lost ~ 1.5 g
in body weight and differed statistically compared with tumor-bearing MyD88∆MX1Cre mice.
Discussion:
While food intake regulation is controlled by the CNS, the findings in paper IV indicate that
MyD88-dependent pathways within neural cells or cerebrovascular endothelial cells are not
critical for the perception of bacterial LPS or tumor related signals associated with anorexia.
While it is generally assumed that a large part of the LPS-effect can be attributed to proinflammatory cytokines and other acute phase reactants that act on critical brain regions
(Langhans, 2007), the origin of these mediators has remained controversial (Chakravarty and
Herkenham, 2005). Although it is known that TLR4 or MyD88 knock-out mice are resistant
to LPS-induced anorexia (Ogimoto et al., 2006; von Meyenburg et al., 2004), the site of
actions for LPS to be able to initiate reduced food intake has remained obscure. Thus, with
regard to generation of the anorexic response, it has been unclear whether LPS directly
activates TLR signal transduction in CNS cells to elicit reduced food intake and body weight
loss. And while we have shown that MyD88 knock-out mice are protected from tumorelicited anorexia (Ruud et al., 2010), one important outstanding question is where and in
which cell type the anorexigenic mediators specifically are generated during cancer. There are
two opposing views in the literature. The first working hypothesis has been focused on
intracerebral cytokine actions and is based on the observations that LPS- as well as tumorinduced anorexia is associated with induced expression of several pro-inflammatory cytokines
with anorexigenic properties within the brain parenchyma (Breder et al., 1994; Gayle et al.,
1998; Laye et al., 1994; Plata-Salaman et al., 1998; Quan et al., 1998; Turrin et al., 2004;
Vallieres and Rivest, 1997; van Dam et al., 1992; Wang et al., 2001b; Wong et al., 1997). The
second view is based on the idea that LPS administration and tumor growth elicit peripheral
inflammatory mediators that travel to the brain to reduce food intake [as reviewed by (Asarian
and Langhans, 2010; Tisdale, 1997)]. However, for both views, the evidence has been
circumstantial, and functional experiments that pin-point the cells responsible have been
lacking.
Using MyD88 chimeric mice, we show in paper IV that hematopoietic MyD88 is involved in
the anorexic response as well as body weight loss following peripheral LPS challenge. The
results from the transplantation study also indicate, however, that MyD88 signaling in nonhematopoietic cells is both sufficient and necessary for the full development of these
responses. Our data also suggest that while MyD88 in neural cells seems to be involved in
some aspects of metabolic control, as indicated by the effect of selective deletion of MyD88
in these cells on body weight and length, it plays no role for LPS-induced anorexia or weight
loss. Furthermore, the data show that the anorexia and body weight loss in response to LPS
were intact in endothelial-specific knock-out mice, thus indicating that MyD88 signaling in
endothelial cells at the blood-brain interface is not critical for these phenomena. This
observation is compatible with the fact that mice lacking TAK1 selectively in endothelial cells
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have a blunted febrile response but normal IL-1β-induced anorexia and body weight loss
(Ridder et al., 2011).
While our findings on the role of hematopoietic MyD88 for inflammation-induced anorexia
and weight loss are novel, its involvement in an acute inflammatory model using chimeric
mice has been examined previously, as mentioned above (Wisse et al., 2007). While we
confirm that WT mice transplanted with MyD88-deficient immune cells remain fully sensitive
to the effects of LPS, we arrive at different interpretations regarding the role of hematopoietic
MyD88. Whereas Wisse and colleagues (2007) found that restoring WT circulating immune
cells to mice lacking MyD88 conferred only a mild, short-lived anorexia in response to LPS
but that these mice otherwise were resistant to LPS-induced anorexia, we found that replacing
the bone marrow of KO mice with WT bone marrow cells caused a reduced food intake and
body weight loss lasting at least 21 h. While the data thus partly overlap, it is however
difficult to explain the discrepancy reached in the transplantation experiments, and we can
only note that factors such as choice of transplant (whole, unsorted in the study by Wisse and
colleagues versus CD45 enriched, purified bone marrow in our study), number of cells
injected (8 x 106 vs. 2 x 106), injection route (retro-orbital venous plexus vs. tail vein
injection), irradiation dose (10 vs. 9 Gy), and acclimatization after irradiation and
transplantation (3 vs. 6 months) could all be involved. Thus, data from bone-marrow
transplantations imply that MyD88 in immune cells contributes to LPS-induced anorexia and
weight loss.
We next asked whether removing MyD88 by Cre-LoxP methodology from cells of
hematopoietic origin could confirm these data. The results demonstrated that MX1Creinduced deletion of MyD88 largely conveyed resistance to LPS-induced anorexia, but only
attenuated weight loss. The results seen after genetic deletion using MX1Cre mice are thus
partly distinct from those obtained in chimeric mice. While both experimental models imply a
role for hematopoietic cells for LPS-induced anorexia, the interpretation of the role of nonhematopoietic cells seemed to differ. Whereas WT → KO chimeric mice displayed anorexia,
although less pronounced than in WT → WT and KO → WT, and hence implying that
MyD88 in hematopoietic cells contribute to but are not the critical component for eliciting
LPS-induced anorexia, MyD88∆MX1Cre mice with deletion of MyD88 in hematopoietic cells
displayed only an initial anorexic response to LPS, implying that MyD88 in hematopoietic
cells are the critical component for much of this response. Since our protocol was successful
in generating donor-derived hematopoietic chimerism it should provide a fairly similar
hematopoietic MyD88 deletion as the genetic approach. The data thus imply that the lack of
LPS response in MyD88∆MX1Cre mice is not simply a consequence of a more complete MyD88
deletion. A possible explanation to the discrepancy in the contribution of hematopoietic
MyD88 could be that the MX1 promoter may induce recombination in other cells as well,
such as liver parenchymal cells (Behrens et al., 2002; Kuhn et al., 1995). In fact, hepatocytes
express CD14, the LPS recognition molecule which through LPS-binding protein (LBP) and
MD2 interacts with LPS (Liu et al., 1998; Schumann et al., 1990; Wright et al., 1990; Wright
et al., 1989). CD14 levels in hepatocytes are markedly upregulated by LPS, and LBP is
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primarily thought to derive from hepatocytes (Liu et al., 1998; Su et al., 1999). LPS can be
found in hepatocytes about 5 minutes following an intraportal injection (Mimura et al., 1995),
and up to 80 % of the injected LPS is found in the liver within 20 to 30 min (Ruiter et al.,
1981). There is also good evidence that hepatocytes can directly respond to LPS (Pittner and
Spitzer, 1992; Wan et al., 1995). Furthermore, hepatocytes are the major source of most acute
phase reactants and are known to respond to inflammatory stimulus. Interestingly, MyD88deficient mice have impaired induction of acute phase proteins in response to IL-1 (Adachi et
al., 1998). This notion would be consonant with the observation from the transplantation
experiment and that the critical components of inflammatory-induced loss of appetite thus
would be both hematopoietic cells and hepatocytes. Mice lacking the MyD88 gene in
hematopoietic cells display only a minor and transient anorexia 4 hours post-injection. The
latter observation taken together with the findings that ubiquitous MyD88-deficient mice
resist LPS-elicited anorexia (paper IV), thus suggests that the early anorexia observed in the
cell-specific MX1Cre mutants is a result of MyD88 signaling in other cells than immune cells
and hepatocytes.
For body weight development after LPS-challenge, the transplantation experiments and the
genetic deletion of MyD88 by driving Cre via the MX1 promoter in the present study provided
observations that are in good accord. Thus, transplantation of wild-type bone marrow to mice
on a MyD88 knock-out background induced weight loss and genetic deletion of MyD88 in
MX1Cre mice resulted in attenuated weight loss. Taken together, these data show that
hematopoietic cells are involved in the development of body weight loss, but that MyD88 in
other cells types likely also contributes. Although our findings identified a mechanism by
which LPS is transduced to decrease food intake, it remained to be demonstrated that this
mechanism is relevant in a chronic disease model. While MyD88 dependent neural signaling
mechanisms were found dispensable for tumor-elicited anorexia, our results suggest that
hematopoietic MyD88 contributes to the cancer-induced anorexia, but that MyD88 in other
tissues also are likely to be involved.
Our results show, for the first time, that the hypothesis arguing that intracerebral innate
immune signaling is critical for inflammation-induced loss of appetite might need to be
moderated or revised, since we found no evidence for a role of brain innate immune signaling
for neither LPS- nor tumor-elicited anorexia as judged from anorexia development in mice
lacking MyD88 selectively in neural cells or the brain endothelial cells. In contrast, both
responses were largely abrogated by hematopoietic MyD88 ablation in spite of intact MyD88
signaling in the CNS. The present study provides answers to an important missing link since it
shows that LPS and tumor growth, being two distinct stimuli, both exert an effect via MyD88
at the peripheral level to influence central control of food intake. It is conceivable that LPS
binding to the TLR4 on hematopoietic cells, and possibly hepatocytes, triggers release of
mediators that in turn traverse to and impinge on the brain to reduce appetite.
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GENERAL DISCUSSION
Is there a common ground for reduced food intake in the two different tumor models used?
Do LPS and tumors elicit anorexia via an overlapping mechanism? Which neuronal
structure(s) and mechanism(s) are important for inflammation-induced loss of appetite, and by
which mechanism is the brain informed about the presence of endotoxins and tumors?
The Hepatoma 7777, the MCG 101 and LPS. Relations to induced neuronal activation
Although there are similarities, the Fos-patterns in tumor-bearing rats and in rats challenged
with LPS are distinct. While hepatoma 7777-growth (paper I) and LPS administration
(Rivest and Laflamme, 1995) are associated with activation of some overlapping neuronal
structures (AP, NTS and PB), the hepatoma 7777 is associated with activation of fewer
brainstem nuclei (not VLM or locus coeruleus). Furthermore, the difference in Fos labeling is
also reflected in the number of activated neurons in the responding neuronal groups. Hence,
the number of Fos-expressing cells in tumor-bearing rats is much lower than that elicited after
LPS administration (Elmquist et al., 1996). So is also the anorexic response. The tumorbearing animals typically consumed 30-40 % less food than sham-operated controls (papers
I-IV), whereas the food intake after LPS injection in many cases was blocked or strongly
inhibited (paper IV). Previous studies have shown that the magnitude of Fos-induction
reflects the strength of the stimulus (Elmquist et al., 1996). Thus, there seems to be a
correlation between the degree of neuronal activation of brainstem structures and the
magnitude of loss of appetite, which by itself may indicate a putative role for these structures
for inflammation- and cancer-induced anorexia. In several brain regions, c-fos mRNA
expression is induced within a few minutes after stimulation, peaks 1-3 hours post-stimulation
and gradually disappears after 4-6 hours (Kovacs, 1998). The kinetics of Fos synthesis and
degradation, taken together with the findings of Fos-induction in the tumor-bearing rats (a
chronic model), may imply that there is a constant ongoing stimulation of these neurons.
Is the activation of the AP neurons dependent on inflammatory signaling? There are indeed
several observations suggesting that the AP is an interface between the immune system and
the brain. Neurons and immune cells in the AP respond to systemic inflammation, and
expression of pro-inflammatory molecules and cognate receptors as well as the molecular
machinery necessary for innate immune signaling are also present in the AP (Brady et al.,
1994; Ericsson et al., 1995; Goehler et al., 2006; Lacroix et al., 1998; Laflamme and Rivest,
2001; Nadeau and Rivest, 1999; Rivest and Laflamme, 1995; Robertson et al., 2000; Vallieres
and Rivest, 1997). Whereas immune challenge and tumor-growth are associated with Fosinduction in neurons, the cells expressing mRNAs for cytokines, CD14 and TLR4 in the AP
are immune cells. It is thus conceivable that the cells in the AP can detect and convey
peripheral immune signals including cytokines and LPS in a MyD88-dependent manner.
Immune-induced brainstem activation and central prostaglandin synthesis have indeed been
shown to critically depend on MyD88. Gosselin and Rivest (2008) showed that the response
to IL-1β injections was dependent on MyD88, since MyD88-deficient mice exhibited neither
transcriptional activation of vascular Cox-2 and mPGES-1 in the brain, nor c-fos induction or
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indices of NF-κB activation in the AP or NTS, but induced c-fos in the VLM (Gosselin and
Rivest, 2008). This may indicate that the induced Fos-expression in tumor-bearing mice is a
result of MyD88 signaling. Thus, although speculative, a tumor- or immune-signal could
reach the immune cells in the AP, and induce synthesis and release of an anorexigenic
mediator resulting in the activation of a neural circuitry that shuts down appetite (Goehler et
al., 2006; Konsman et al., 1999; Quan et al., 1998), possibly via medullary prostanoids as
shown for the hypothalamic-pituitary axis activation (Ericsson et al., 1997).
Role of the parabrachial nucleus: relation to inflammation and central melanocortins
The PB is involved in conditioned taste aversion (CTA) learning (Yamamoto et al., 1995).
While the lateral PB is critical for acquisition of CTA, the maintenance of CTA depends on
the central nucleus of the amygdala (CeA). The role of the PB for tumor-induced anorexia
may be to relay information regarding the unconditioned stimulus (in this case the tumor),
while the coupling of the tumor with the conditioned stimulus (in this case the food and/or
taste/smell of the food) takes place in the CeA. Considering its dense bi-directional
communications with forebrain nuclei and with the AP and NTS, the PB is thus a potential
site where neuronal and humoral signals may converge and trigger reduced eating. The PB
(especially the PBelo) expresses melanocortin receptors (Mountjoy et al., 1994) that are coexpressed with c-fos after inflammatory and aversive stimuli (Paues et al., 2006). The cerebral
melanocortins are key regulators of appetite and body weight (Cone, 2005) and include
POMC that by cleavage yields α-MSH which is anorexigenic and acts on the melanocortin 3
and 4 receptors (MC3/4-receptors). Whereas the melanocortin receptors are widely expressed
in the brain, POMC is only expressed in the arcuate nucleus and the NTS, and the PB receives
immunoreactive fibers for α-MSH and the endogenous melanocortin receptor antagonist
AgRP from one or both of these nuclei (Bagnol et al., 1999; Broberger et al., 1998b; Lu et al.,
1994; Yamazoe et al., 1984). There is strong evidence that the central melanocortin receptors
play a key role for the anorexia in response to LPS and tumors (Huang et al., 1999; Markison
et al., 2005; Marks et al., 2003; Marks et al., 2001; Wisse et al., 2001). Thus, since MC4receptors are expressed on PBelo neurons, which receive AgRP and/or α-MSH input from the
arcuate nucleus and/or the NTS, the activation of the PBelo neurons during tumor growth and
anorexia may be melanocortin dependent. However, also CGRP (calcitonin gene-related
protein), which reduces food intake, is densely expressed in PBelo neurons (Kresse et al.,
1995), and cyclooxygenase inhibitors, which rescue appetite, can reduce CGRP levels (Krahn
et al., 1984; Ma and Eisenach, 2003). Alternatively therefore, the anorexia may be dependent
on CGRP.
A role for prostanoids in cancer anorexia-cachexia
Cox-inhibition, cancer anorexia-cachexia and congruence between experimental and clinical
studies
We found (paper II) that indomethacin, a prostanoid-synthesis inhibitor, attenuated the
anorexia when mice were given indomethacin for ten days. The same treatment has been
shown to increase survival of tumor-bearing mice, which indicates that production of
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prostanoids is related to shortened survival (Gelin et al., 1991a; Gelin et al., 1988; Lonnroth et
al., 1995). These results are similar to the findings from clinical observations. In a
randomized, placebo controlled study, Lundholm and colleagues (1994) found that
indomethacin p.o. during every day from diagnosis until death to patients with insidious or
overt malnutrition due to malignancy (various kinds of solid tumors) doubled the mean
survival period (Lundholm et al., 1994). In a retrospective case control study, the elevated
resting energy expenditure in weight-losing cancer patients was significantly reduced by
indomethacin treatment, and Cox-inhibition was found to preserve total body fat (Lundholm
et al., 2004b). Indomethacin also decreased systemic inflammation, which together with the
level of resting energy metabolism was predictive for cancer-induced weight loss. In a
subsequent study, Lundholm and colleagues (2004) assessed the effects of palliative
nutritional treatment in weight-losing patients with malignant disease who received
indomethacin, and demonstrated that patients receiving nutritional support lived longer,
displayed improved energy balance, had increased body fat and a greater maximum exercise
capacity (Lundholm et al., 2004a). The authors concluded that nutrition influences survival
and that nutritional support protects metabolic function in patients with progressive cachexia
secondary to malignant disease (Lundholm et al., 2004a). Yet, while thus convincing data
strongly support the concept that Cox-enzymes have detrimental effects on metabolism, life
expectancy, and nutritional status in experimental and clinical cancer, we lack a mechanistic
understanding of the processes underlying these observations. For example, indomethacin,
while having clear beneficial metabolic effects, targets both Cox-1 and Cox-2.
Whereas much is known about the role of certain prostanoids for tumorigenesis, the terminal
isomerase converting PGH2 to prostanoids, as well as the prostanoid and the receptor
mediating cancer anorexia-cachexia are unknown. These unresolved questions are not
academic issues. The presently available unselective Cox-inhibitors as well as the selective
Cox-2 inhibitors are associated with some side-effects. The development of anti-inflammatory
drugs with selective action on inflammation-induced PGE2 synthesis has therefore attracted
huge interest (Samuelsson et al., 2007). In particular, a novel class of selective mPGES-1
inhibitors with the supposedly added safety over Cox and Cox-2 inhibitors is being developed
(Cheng et al., 2006; Xu et al., 2008). Thus, establishing that inflammation-induced PGE2
synthesis is important for cancer anorexia could open a new avenue to not only impede tumor
progression but also to successfully treat cancer anorexia-cachexia.
Role of mPGES-1 and PGE2 in cancer anorexia-cachexia
While synthesis of Cox-2 and PGE2 is critical for tumorigenesis (Liu et al., 2001; Oshima et
al., 1996), it has remained to be clarified if PGE2 is important for cancer-induced anorexia. A
line of evidence points to a role for PGE2 for cancer-induced anorexia. Central or systemic
injection of PGE2 has been shown to suppress food intake (Levine and Morley, 1981; Ohinata
et al., 2006; Wang et al., 2001b). Microsomal PGES-1 is expressed by human tumors, and
mPGES-1 knock-down or deficiency causes impairment of inflammatory-induced anorexia
(Elander et al., 2007; Pecchi et al., 2006) and reduce tumor growth and metastasis (Hanaka et
al., 2009; Kamei et al., 2009; Nakanishi et al., 2008). Elevated levels of prostaglandins, PGE2
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in particular, is a common finding in human tumors (Husby et al., 1977), and EP receptors are
pivotal for the development of some cancers (Kawamori et al., 2005; Mutoh et al., 2002;
Sonoshita et al., 2001; Yang et al., 2006; Yang et al., 2003). Moreover, the MCG 101, the
tumor used in the present thesis, is associated with high PGE2 production (Lonnroth et al.,
2001; Lonnroth et al., 1995). Intracerebroventricularly injected EP4 agonists, but not agonists
to the other PGE2 receptors, induce anorexia, and the anorexia elicited by central injection of
PGE2 can be blocked by an EP4 antagonist (Ohinata et al., 2006). While the EP3 receptor is
critical for immune-induced fever (Lazarus et al., 2007; Ushikubi et al., 1998), unpublished
data from this laboratory show that inflammation-induced anorexia, being dependent on
mPGES-1, is not mediated by the EP1, EP2 or EP3 receptors. Furthermore, taking these
observations together with the finding that tumor-bearing EP1 and EP3 deficient mice develop
tumor-induced anorexia (Wang et al., 2005a), thus indicate that PGE2 acting on EP1 or EP3
does not play any role for cancer-elicited anorexia. This left the EP4 as a potential candidate.
We found that tumor growth was accompanied by high levels of PGE metabolites and PGE2,
and that these elevations as well as anorexia development could be prevented by
indomethacin. Taken together with the observations that peripheral administration of PGE2 is
associated with suppressed food intake (Levine and Morley, 1981; Wang et al., 2001b), these
data pointed to a logical chain of events where PGE2 could be transported into the brain where
it could target EP4 receptors to reduce food intake. While thus the rationale behind PGE2 as
the mediator of cancer-induced anorexia is sound, our findings in paper II show that the
anorexia most likely is not dependent on PGE2. Analysis of PGE2 concentrations in CSF did
not show any statistically significant increase in the tumor-bearing mice, despite the presence
of high levels in plasma, which hence suggest that circulating PGE2 does not enter the brain.
Neutralizing PGE2 with anti-PGE2 antibodies, or deletion of the EP4 receptor both in the
central and peripheral nervous system, did not temper the anorexia. Finally, mice lacking the
key enzyme for induced PGE2 synthesis, mPGES-1, developed cancer-induced anorexia.
Although beyond the scope of the current thesis, it is interesting to note that tumor growth did
not induce a febrile response despite the substantial rise in plasma PGE2. Our data thus
contrast with studies reporting that PGE2 is capable of inducing fever when injected
intravenously (Romanovsky et al., 1999), and that peripheral PGE2 may explain the febrile
response (Steiner et al., 2006). In contrast, unpublished observations from this laboratory
indicate that fever is critically dependent on PGE2 production in brain endothelial cells and
not hematopoietic cells (Engström et al., manuscript submitted), which supports the notion
that increased intracerebral levels of PGE2 during endotoxemia do not stem from the bloodstream.
Relationship between cyclooxygenases, Fos expression and LPS- and tumor-induced anorexia
During immune stimulation with LPS, Cox-1 and Cox-2 have been shown to be involved in
the activation of distinct neural structures (Zhang et al., 2003), although conflicting data also
exist (Elander et al., 2009). It has been suggested that Cox-2 is important for the activation of
forebrain structures (such as the paraventricular hypothalamus and the preoptic nucleus),
74

while Cox-1 is responsible for induced Fos-expression in brainstem nuclei such as the NTS
and PB (Nadjar et al., 2010; Zhang et al., 2003). In paper II, we found that Cox-1 inhibition
delayed the onset of anorexia, and unpublished observations show Fos expression in the AP,
NTS and PB in tumor-bearing mice. Although speculative, this could point to activation of a
neuronal pathway dependent on Cox-1 that decreases food intake. PGE2 is unlikely to be
involved since activation of CVOs (such as the area postrema) is known to be dependent upon
humoral mechanisms rather than central PGE2 synthesis (Scammell et al., 1996). In addition,
studies on the expression of EP receptors show that few immune-activated neurons in the PB
express the EP4 receptor (Engblom et al., 2001), and while the EP3 receptor is heavily
expressed in the PBelo in cells activated by LPS (Engblom et al., 2001), tumor-bearing EP3
deficient mice develop anorexia (Wang et al., 2005a). Furthermore, although EP receptors are
heavily expressed in the lateral PB and the NTS, PGE2 injected into these structures, or into
the fourth ventricle failed to induce anorexia. Only PGE2 injections into the third ventricle or
the paraventricular hypothalamic nucleus resulted in an anorexic response (Skibicka et al.,
2011). A role for the PVH in control of feeding is clearly established (Cowley et al., 1999),
and the effect of PGE2 in the PVH is most likely due to actions on the EP4 receptor on PVH
neurons (Zhang and Rivest, 1999). Thus, these observations are all in agreement with the
notion that PGE2 acting on hindbrain substrates is not the explanation for the tumor-induced
anorexia.
The observations in paper II, suggest that Cox-1 and not Cox-2 is the isoform involved in
cancer-induced anorexia, a finding that has not, to our knowledge, been described before. A
role for Cox-1 for tumor-induced anorexia adds to the data showing that Cox-1 and Cox-2 are
not simply two enzymes that produce prostanoids during normal physiological or
inflammatory conditions, respectively. This has recently been verified in mice in which Cox-1
was expressed under the Cox-2 regulatory elements by a gene targeting "knock-in" strategy.
Whereas LPS induced Cox-1, Cox-1 under the Cox-2 gene failed to substitute effectively for
Cox-2 in LPS-induced PGE2-synthesis and only partially rescued the reproductive
dysfunction and the renal pathology consequent to Cox-2 deletion (Yu et al., 2007). These
findings thus indicate that Cox-1 can only partially substitute for some of the Cox-2 mediated
functions and rescue only some of the consequences of Cox-2 deficiency.
Attenuated cancer-induced anorexia from anti-inflammatory prostaglandins?
The effect of Cox-1 inhibition on cancer anorexia (paper II) could be due to 1) the removal
of a Cox-1 derived anorexigenic prostanoid, or to 2) shunting mechanisms resulting in
increased levels of anti-inflammatory metabolites. Little is known about other prostanoids
besides PGE2 in relation to anorexia, and much less, if anything, has been done so far on the
role of non-PGE2 prostanoids in relation to tumor-induced anorexia. Previous studies have
suggested that prostaglandin E1, F1α, F2α, A1, B1 decrease feeding (Scaramuzzi et al., 1971).
Out of these five, PGF2α appears the most other studied (Doggett and Jawaharlal, 1977a; Lal,
1984). Two observations however argue against a role for PGF2α in cancer-induced anorexiacachexia. Firstly, it has been demonstrated that the appetite suppressing effect of PGF2α is
short-lived (possibly lasting 180 min), especially when delivered peripherally [15-30 min;
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(Doggett and Jawaharlal, 1977b)]. Secondly, although PGF2α may reduce food intake, it also
activates muscle protein synthesis, which is quite different to the muscle wasting that is
characteristic for cachexia.
In acute situations, Cox-2 metabolites (such as PGE2) generally are inflammatory. However,
several studies have shown that during chronic conditions, Cox-2 metabolites such as
prostaglandin D2 and 15-deoxy-delta(12,14)-prostaglandin J2 (15d-PGJ2) exert antiinflammatory effects (Gilroy et al., 1999; Wallace et al., 1998). 15d-PGJ2 has been shown to
inhibit NF-κB through PPAR-γ (peroxisome proliferator-activated receptor-gamma)
dependent and PPAR-γ independent manners in macrophages, and to block the synthesis of
pro-inflammatory cytokines (Ricote et al., 1998; Straus et al., 2000). PPAR-γ ligands also
repress expression of Toll-like receptor target genes in macrophages and inhibit recruitment
of leukocytes to the site of inflammation (Straus and Glass, 2007). Thus, 15d-PGJ2 regulates
the inflammatory response by inhibiting NF-κB and its kinases in macrophages, a pivotal
player and cell type in MyD88 signaling. 15d-PGJ2 is a cyclopentenone, and delta(7)-PGA1
and delta(12)-PGJ2 (other cyclopentenones) are anti-neoplastic since they are able to induce
tumor cell apoptosis. This effect is similar to the effect of indomethacin on MCG 101 tumor
cells, as well as the effects of aspirin and Cox-1 inhibition on ovarian tumor cells (Axelsson et
al., 2005; Daikoku et al., 2007; Daikoku et al., 2005). Although speculative, Cox-1 inhibition
would presumably lead to lower levels of Cox-1 metabolites, while at the same time increase
the levels of (presumably) anti-inflammatory metabolites derived from Cox-2, with the
potential of inhibiting the anorexic response in chronic settings.
The MCG 101 and LPS: relationship to prostaglandins and central versus peripheral
mechanisms
The question whether the inflammatory mechanism responsible for LPS/IL-1-induced loss of
appetite occurs centrally or peripherally has long been sought to be answered (Hellerstein et
al., 1989). In this context, it has been unclear whether Cox-inhibitors, often capable of
blocking inflammation-induced anorexia, operate centrally or peripherally. The inability of
acetaminophen (paracetamol), which has been claimed to preferentially inhibit brain
cyclooxygenases and not those in peripheral tissues (Flower and Vane, 1972), to block IL-1βinduced anorexia (Hellerstein et al., 1989) supports a peripheral mechanism. Furthermore, it
has also been reported that central administration of ibuprofen does not affect IL-1β-induced
anorexia although it blocks the febrile response from IL-1β (Shimizu et al., 1991).
Furthermore, pretreatment of chickens with indomethacin given peripherally attenuated the
LPS-induced anorexia, whereas injections of indomethacin into the brain ventricle system did
not affect LPS-induced anorexia (Johnson et al., 1993). Moreover, a recent report showed that
whereas central Cox-2 inhibition attenuated extracellular signal-regulated kinase-1/2
phosphorylation and c-fos induction in the median preoptic area and arcuate nucleus but not
in brainstem structures (in line with the role of Cox-2 for activation of forebrain hypothalamic
structures as mentioned above) after intraperitoneal IL-1β administration, brain Cox-2
inhibition did not affect IL-1β-induced anorexia (Nadjar et al., 2010). These results thus
indicate that LPS (and IL-1) induces anorexia by activating cyclooxygenases peripherally.
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This would fit well with our observations that the MyD88 signaling critical for inflammationinduced anorexia takes place in the hematopoietic system (paper IV).
While the mechanisms for LPS- and IL-1β-induced anorexia seem to overlap there are
however fundamental differences. LPS-induced PGE2 synthesis through mPGES-1 in
macrophages and in the brain is dependent on TLR/4MyD88 (Gosselin and Rivest, 2008;
Uematsu et al., 2002). Disrupting this signaling pathway, by removing any of these genes by
homologous recombination in mice, blocks or attenuates inflammation-induced anorexia
(Elander et al., 2007; Ogimoto et al., 2006; Pecchi et al., 2006; von Meyenburg et al., 2004).
Whereas deficiency for mPGES-1 prevents the onset of anorexia and attenuates IL-1βinduced anorexia, LPS induces a strong anorexic response in mPGES-1 knock-out mice
(Elander et al., 2007). Hence, while the inflammatory anorexia elicited by peripheral IL-1β
seems largely to be dependent on mPGES-1-induced PGE2 synthesis, the LPS-induced
anorexia is independent of PGE2 synthesis, which suggests that inflammatory anorexia is
mediated by partly different mechanisms depending on the nature of inflammatory stimulus.
Mice lacking mPGES-1 are not impaired in the LPS-induced production of inflammatory
cytokines and show a normal response to LPS-induced shock (Uematsu et al., 2002). Thus,
mPGES-1 is critically involved in the biosynthesis of PGE2 induced by LPS and IL-1, but is
dispensable for some patophysiological responses to endotoxin such as anorexia and shock.
Thus, the phenotype characteristic for mPGES-1 deficient mice, when challenged with LPS or
IL-1, indicates that while both ligands signal through MyD88, the difference(s) lies in the
downstream signaling cascade. The onset of anorexia after LPS injection generally occurs
within one hour. That anorexia establishes itself after a delay of one hour indicates that
synthesis of messengers is required. Whereas LPS activates pathways that generate
inflammatory messengers with the capacity to quell appetite independently of PGE2, IL-1
appears to be functionally coupled to PGE2. However, IL-1-induced anorexia also involves
other non-PGE2 mediators (possibly the same as after LPS), since mPGES-1 deficient mice
show some anorexic response even to IL-1 (Elander et al., 2007). Removing MyD88 upstreams the LPS- and IL-1 induced mediators leads to abrogation of the synthesis of such
mediators and resistance to inflammation-induced appetite.
The critical role of MyD88 signaling for the reduced food intake in tumor-bearing mice, as
well as the evidence demonstrating a role for IL-1 in cancer-induced anorexia (Gelin et al.,
1991b), and the observation that IL-1/IL-1R signaling is critically dependent on MyD88 (see
introduction), raise the possibility that cancer-induced anorexia is a result of IL-1 signaling.
This view is strengthened by the observation that anti-IL-1R immunoglobulins improve
appetite in MCG 101-bearing mice (Gelin et al., 1991b). The cerebral endothelium expresses
the necessary components for innate immune signaling, including IL-1R, TLR4 and NF-κB
(Gosselin and Rivest, 2008; Konsman et al., 2004; Quan et al., 1997), thus indicating that it is
a dedicated structure for immune recognition, and signaling to the brain, and possibly being
the nexus for inflammation-induced anorexia. However, a line of evidence argues against IL1β-signaling for cancer-induced anorexia. Our results (paper IV) strongly suggest that the
endothelial cells of the brain are not engaged in either LPS- or tumor-induced anorexia since
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mice lacking MyD88 selectively in brain endothelial cells still developed anorexia. Although
Cox-2 was induced in cells of the cerebral vasculature in tumor-bearing mice, and IL-1induced anorexia can be prevented by ibuprofen (Hellerstein et al., 1989), selective Cox-2
inhibition was without effect on appetite in tumor-bearing mice. Extrapolating these
observations to the situation of a tumor indicates that LPS and the tumor signal via a similar
mechanism since they both are independent on PGE2 but rely on MyD88 (paper II-IV).
Moreover, mPGES-1 was found to be dispensable for cancer-induced anorexia as judged by
anorexia development in mPGES-1 deficient mice (paper II). These observations further
suggest that the anorexia occur independently of IL-1. Although the induced Cox-2
expression in the endothelial cells may reflect IL-1 actions on these cells, this pathway is not
important for cancer-induced anorexia. While this notion, however, does not reconcile with
the experiments showing that anti-IL-1R antibodies attenuated the anorexia in mice inoculated
with MCG 101 fragments (Gelin et al., 1991b), the findings are not necessarily mutually
exclusive. Neutralizing anti-TNF immunoglobulins replicated this effect, but combination of
the two drugs did not further improve appetite, which indicates that they acted through the
same mechanism [possibly through IL-1-induced TNF expression (Ikejima et al., 1990), a
process that requires cyclooxygenase products (Okusawa et al., 1988)]. The treatments also
significantly reduced tumor weight, and it is thus not possible to exclude the possibility that
the improved appetite was due to decreased tumor load. Antibodies are large molecules and
do not cross the blood-brain barrier to any large extent. Thus, the effect from anti-IL-1 or antiTNF is most likely a result of inhibiting these cytokines outside the brain, and is in agreement
with our findings that the inflammatory signaling responsible for reduced food intake per se
does not take place in the brain. Furthermore, TNF signaling shares some intracellular
transduction properties with IL-1R and TLR4 (see (Locksley et al., 2001) for references), and
TLRs transcriptionally induce pro-inflammatory cytokines, including TNF, through NF-κB.
Given that anti-TNF treatment in MCG 101-bearing mice attenuates, or delays the onset of the
anorexia (Gelin et al., 1991b; Sherry et al., 1989), it is therefore not unlikely that TNF acts
downstream of MyD88 to elicit loss of appetite. Cox-inhibition prevents LPS-induced
anorexia without preventing the increase in TNF or IL-6 (Johnson et al., 2002; Michie et al.,
1988), which indicates that cyclooxygenases in turn act downstream of the cytokines.
Hepatoma 7777: relations to inflammation
The findings of paper I, which suggest that the anorexia associated with the hepatoma 7777
is independent of inflammation, are inconsistent with the findings in papers II-IV that show
that cancer-induced anorexia and weight loss clearly are inflammatory-dependent (MCG 101).
Growth of the Morris 7777 hepatoma has been reported to increase levels of TNF, IL-1 and
IL-6 in spleen cells and weight loss of tumor-bearing SCID mice (Murray et al., 1997). While
the data of Murray and colleagues (1997) indicate that the increase of these cytokines or the
weight loss do not require the presence of T- or B-lymphocytes, their findings are in some
respects different from our observations. We can only note that the obvious differences in
species employed (rats versus mice), tumor origin (Buffalo rats), sample (plasma versus
spleen cells), and immune response (immune-competent versus SCID) could explain the
discrepancies. Furthermore, our findings that growth of the hepatoma 7777 is not associated
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with induced levels of cytokines have been confirmed by others (Pourtau et al., 2011).
However, the inability to associate plasma levels of TNF-α, IL-1β, IL-6 or IFN-γ to anorexia
or weight loss in tumor-bearing rats does not exclude a role for these cytokines. Langstein et
al (1991) found that antagonizing IFN-γ - despite undetectable levels of IFN-γ - attenuated the
anorexia and weight loss (Langstein et al., 1991). The fact that all cytokines analyzed, besides
TNF-α, were below detection limit in rat plasma (paper I) may be due to a very rapid
clearance and short half-life of cytokines in blood. However, there are at least two additional
reports that show that the anorexia in the 7777 model occurs independently of inflammation.
Strelkov and colleagues (1989) found that naproxen-treatment of hepatoma 7777-bearing rats
did not affect the anorexia, muscle mass or weight loss (Strelkov et al., 1989), whereas the
same dose of naproxen inhibited weight loss (but not the anorexia) by attenuating muscle
protein loss in the Yoshida ascites hepatoma-bearing animals (Strelkov et al., 1989).
Moreover, the same study reported that the growth of Morris hepatoma 7777 cells was not
associated with elevated PGE2 levels and that tumor growth was not affected by naproxen. In
contrast, the ascites hepatoma cells produced large amounts of PGE2, and this production as
well as tumor growth could be attenuated by naproxen. Furthermore, similar findings were
obtained in a separate study using the hepatoma 7777 tumor cell, in which ibuprofen or
indomethacin was found to not improve food intake or body weight (McCarthy, 1999). Thus,
while the brain activation patterns from the MCG 101 and hepatoma 7777 seem identical, the
hepatoma 7777 induces anorexia independently of cyclooxygenases.
Tumors and LPS: relations to feeding behaviour
Acquisition of food and ingestion of food can be divided into appetitive and consummatory
behaviors. Whereas appetitive behavior is the foraging of food, i.e. seeking and obtaining
food, consummatory behavior is the actual consumption of food. Consummatory behavior can
in turn be described in terms of meal size and meal frequency (Davies, 1977). We found that
tumor growth had no effect on the average rate at which mice consumed their meals, but that
it did result in a selective reduction in meal frequency, but not in decreased meal size or meal
duration. Tumor-bearing mice also displayed a higher satiety ratio. This finding may be
interpreted in several different ways. It may mean, paradoxically, because they actually were
losing weight, that the tumor-bearing mice are capable of withstanding longer times on a
given meal size, or that the appetitive drive is decreased, i.e. that the tumor-bearing mice are
not motivated enough to seek the food. The former interpretation would fit with the possibility
that the tumor-bearing mice experience pre-mature satiety, whereas the latter interpretation
would fit well with the observation of reduced meal frequency.
Injections of lithium chloride (LiCl, a strong aversive substance) are associated with
decreased consumption of palatable liquid substance provided via an intraoral cannula, thus
affecting consummatory behavior. In contrast, the liquid intake via the cannula was
unaffected by LPS injection (Cross-Mellor et al., 2003). The same study showed that an
intraperitoneal injection of LiCl or LPS decreased the voluntary consumption of a palatable
liquid presented in a bottle in the home cage. The results thus show that an aversive substance
like LiCl affects both consummatory and appetitive behavior, whereas LPS, an immune
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stimulus, only affects appetitive behavior. LPS reduces food intake by reducing meal
frequency without affecting meal size or meal duration (Langhans et al., 1990; Langhans et
al., 1989). So does the MCG 101 tumor (paper II). These findings may indicate that tumor
and LPS possibly reduce food intake via a similar, perhaps overlapping, mechanism.
Moreover, since IL-1 reduces food intake primarily through reduced meal size (Langhans et
al., 1993), whereas LPS and MCG 101 reduce meal numbers, these observations further
indicate that LPS/tumor do not affect feeding through exactly the same mechanism
downstream of MyD88 as IL-1.
Is the reduced meal frequency a result of brainstem neuronal activation? The brainstem is
considered crucial for forwarding sensations of satiety (partly determined by meal size), and
for short-term regulation of food intake (Grill and Kaplan, 2002). Most satiating hormones
mainly affect meal size and not meal frequency (Asarian and Langhans, 2005). Thus, the Fospattern in the brainstem, in line with AP and NTS being a “satiety center”, may reflect a
window in the brain for a mediator that possibly constantly signals satiety, and that suppresses
eating via the hindbrain axonal projections to the forebrain. The finding that the satiety ratio
was higher in tumor-bearing mice may support this notion. However, the finding that meal
size largely was unaffected by tumor growth indicates that the delayed gastric emptying
observed in patients with advanced cancer (Curtis et al., 1991) is unlikely to explain the
suppressed food intake in this model. A logical extension of these findings is that mechanisms
regulating meal cessation are not disarranged, and that the tumor-bearing mice do not seem to
experience premature satiety. Thus, the primary factor reducing food intake in tumor-bearing
mice is more likely coupled to processes of meal initiation over time, but not to factors
controlling cessation of meals. Thus, appetitive but not consummatory behavior appears to be
affected in tumor-bearing mice.

As a final general note, the MCG 101 is hence similar to LPS in many aspects, including a
role for cyclooxygenases and MyD88 for the loss of appetite. The two models also show
similar brain Fos-activation pattern and display reduced appetitive drive. Furthermore, the
anorexia elicited by LPS and MCG 101 seems to occur by a peripheral innate immune
signaling mechanism. While LPS and cancer-induced anorexia rely primarily on Cox-2 and
Cox-1 respectively, none of them seem to depend on PGE2, in contrast to IL-1-induced
anorexia which largely is dependent on PGE2.
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