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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 PGE2, 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 



 

 

10 

 

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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ABBREVIATIONS 

 

AChE  acetylcholinesterase 
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Ct  cycle of threshold  

CTA  conditioned taste aversion 

CVO  circumventricular organ 
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GFP  green fluorescent protein 
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IFN  interferon 
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IL  interleukin 

IL-1R  interleukin-1 receptor  

IL-1Ra  interleukin-1 receptor antagonist 

IL-18R  interleukin-18 receptor 

IL-6R  interleukin-6 receptor 

IMI  inter-meal interval 

IRAK  interleukin-1 receptor associated kinase 

IRF3  interferon regulatory factor 3 

i.p.  intraperitoneal 

KO  knock-out 

LBP  LPS-binding protein 
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LPL  lipoprotein lipase 

LPS  lipopolysaccharide 

MACS  magnetic-activated cell sorting 

MAL  MyD88-adaptor-like 

MAP  mitogen-activated protein 

MC  melanocortin  

mPGES  microsomal prostaglandin E synthase 

MyD88  myeloid primary differentiation response gene 88 

MX1  myxovirus-resistance protein 1 

NF-κB  nuclear factor-kappa B 

NPY  neuropeptide Y 

NTS  nucleus of the solitary tract 

PAMP  pathogen-associated molecular pattern 

PB  parabrachial nucleus 

 el(o)  external lateral subnucleus (outer part) 

 l  lateral part  

 m  medial part  

PG  prostaglandin  

PGEM  prostaglandin E metabolite 

PLA2  phospholipase A2 

POMC  pro-opiomelanocortin 

PPAR-γ  peroxisome proliferator-activated receptor-γ 

PRR  pattern recognition receptor 

PVH  paraventricular hypothalamus 

SARM  sterile α and HEAT-Armadillo motifs-containing protein 

s.c.  subcutaneous 

SCID  severe combined immunodeficiency 

SFO  subfornical organ 

TAB2/3  TGF-β activated kinase 1 binding protein 2/3 

TAK1  TGF-β activated kinase 1 

TIR  Toll-IL-1 receptor  

TLR  Toll-like receptor  

TNF  tumor necrosis factor 

TNFR  tumor necrosis factor receptor 

TRAF  tumor necrosis factor receptor-associated factor  

TRAM  TRIF-related adaptor molecule 

TRIF  TIR domain-containing adaptor inducing interferon-β 

TXA2  thromboxane A2 

VLM  ventrolateral medulla 

VMH  ventromedial hypothalamus 

WT  wild-type 
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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 T- 

and 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 (Plata-

Salaman, 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 anorexia-

cachexia 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-adapter-

like, 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, MyD88-

dependent 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 receptor-

associated 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 NF-

κB 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 LPS-

induced 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 TLR2-

deficient 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 iron-

binding 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 anorexia-

cachexia, 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 anorexia-

cachexia 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 anorexia-

cachexia. 

 

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 IL-

6 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 C-

26 cell line in vivo, systemic administration of these reagents did not reverse weight loss in C-

26-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-1-

induced 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 IL-

1R 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 anorexia-

cachexia. 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 over-

eating, 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 well-

established 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 amphetamine-

regulated 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 feed-

back 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 3
rd

 and 4
th

 

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 co-

expressed 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 blood-

brain barrier, since selective genetic ablation of IL-1R on brain endothelial cells, using a pan-

vessel 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 18
th

 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-the-

counter 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. 



 

 

42 

 

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 well-

accepted 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 by-

passes 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 gene-

deficient 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 ground-

breaking 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 loxP-

sites 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-CreER
T2

 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 CreER
T2

 

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 CreER
T2 

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 hematopoietically-

derived 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 read-

out.  

 

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 10
6
 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 re-

producible. 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 



 

 

50 

 

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 cost-

efficient, 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 pre-

coated 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 PGEM-

AChE 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. Double-

stranded 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. SYBR-

green. 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, pair-

weighted) 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 tumor-

bearing 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 food-

deprived 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 tumor-

bearing 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 tumor-

bearing 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 well-

established 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 non-

selective 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 APC
Min/+

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 cancer-

induced 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 (Garcia-

Bueno 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 SC-

560 could be central, peripheral, or both. 

 

A final comment on our findings on the Fos-expression pattern in the brainstem of tumor-

bearing 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 MyD88-

deficient 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 cancer-

induced 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 post-

implantation (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 sham-

implanted 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 tumor-

by 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 illness-

induced 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 (MyD88
Oatp14CreERT2

) were given an injection of LPS. 

The treatment reduced food intake and body weight at 3, 6 and 12 h in MyD88
Oatp14CreERT2

 

mice similar to that seen in MyD88
fl/fl

 (control) mice. Next, we examined the food intake and 

body weight development in mice lacking MyD88 in neural cells (MyD88
∆NesCre

), and 

MyD88
fl/fl

 mice provoked with LPS or vehicle. While MyD88
∆NesCre

 mice of both sexes 

consistently showed a leaner phenotype compared with MyD88
fl/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 LPS-

injected 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. MyD88
fl/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, 

MyD88
fl/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 MyD88
fl/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 cancer-

induced 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 MyD88
fl/fl

 littermates.  

 

In the experiments with the MyD88
∆MX1Cre

 strain, tumor-bearing MyD88
fl/fl

 mice displayed 

anorexia from day 7, and the anorexia developed progressively. While food intake in tumor-

bearing 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 MyD88
fl/fl

 tumor-bearing mice. 

Deletion of MyD88 in the hematopoietic system did not affect tumor growth, since post-

mortem 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 MyD88
fl/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 pro-

inflammatory 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 tumor-

elicited 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 tumor-

induced 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 non-

hematopoietic 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 10
6
 vs. 2 x 10

6
), 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 MX1Cre- 

induced 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 non-

hematopoietic 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, MyD88- 

deficient 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 tumor-

bearing 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 Fos-

induction 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 co-

expressed 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 MC4-

receptors 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 blood-

stream. 

 

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), 
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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 anorexia-

cachexia. 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 anti-

inflammatory 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-1β-

induced 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 inflammation-

induced 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-1β-

induced 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 up-

streams 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 IL-

1β-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-1-

induced 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 anti-

TNF 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 Fos-

pattern 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. 

 

 

 

 

 

 

 

 

 



 

 

81 

 

ACKNOWLEDGEMENTS 

 

This has, perhaps needless to say, been a long journey. Many are those that have contributed to this 

thesis, and I apologize if your name was forgotten to be listed. I would like to acknowledge: 

 

Anders Blomqvist, my supervisor, for admitting me for doctorate studies in your group. Thanks for 

letting me pursue my own ideas, and for allowing me to develop into an independent senior graduate 

student. Thank you also for introducing me to your ability on how to cut a proof by more than a half 

without losing any significant information, and for your high scientific standard. 

 

David Engblom, my assistant supervisor and friend, for your seemingly bottomless patience to discuss 

scientific matters during my daily visits to your office, and for promoting the adage “inte arsla 

omkring”, and for your (naïve?) infectious attitude that every experiment will be a huge success. Your 

guidance and conceptual strength have been imperative, especially in the work for paper IV. 

 

Ludmila Mackerlova, for the invaluable technical assistance, for tolerating my poor skills in planning 

ahead, and for putting up with my great attention to details. Furthermore, thanks for smoothly running 

the lab and for joyful conversations during many hours of laboratory work together. You have been a 

good friend and a good teacher. 

 

Sivert Lindström, for the inspiring and fascinating anecdotes from your experiences with the scientific 

community, and for passing on some of your vast knowledge in neuroscience around the coffee table 

and during seminars. 

 

Simin Mohseni and Claes Hildebrand for enrolling me on stipend once upon a time, and for letting me 

work on your projects, a key circumstance for how my life looks today. 

 

Fredrik Elinder, for being a role model for how to train (I am not thinking of 24 hours in-door running) 

graduate students, and for reminding me that top-notch science can be done even without using a 

mouse. 

 

Fredrik Bäckhed for fruitful collaborations and for swiftly providing answers to my many emails. 

 

Kent Lundholm, Britt-Marie Iresjö and Wenhua Wang for important contributions to this thesis. 

 

Jakob Paues and Louise Elander, for making graduate school a lot more enjoyable. Sharing office 

space with you was a critical component for the process of creative thinking, particularly for the 

concept of projectmaking. Jakob, you are great fun to have around and I missed your presence in the 

lab after you left, and Louise, I admire your integrity. Martin Hallbeck, for being a senior researcher 

caring about the freshman, for preaching that carefulness is a virtue, for the lunches and the tactical 

mentorship in the potentially harsh world of academia. Daniel B. Wilhelms for shared interest in the 

circuitry controlling food intake - despite our divergent cuisine preferences - and for the many 

working-hours at unconventional times of the day paved with memorable snippets such as “åt upp hela 



 

 

82 

 

hudkostymen” och “kemisk pneumonit”.  I cherish them, and to work with you, a lot. You are one of 

the few people that have made a long-lasting impression on me, and with your exceptional people 

reading skills I trust you know what I mean. Namik Hamzic, for the trips to Napoli filled with gossip 

and strategic planning. Interestingly, we seem to think alike because we have repeatedly ended up in 

the same place. Hence, I’ll see you in Cologne! Anna Nilsson for your constant willingness to help 

and for your excellent sense of humor, and Anna Eskilsson for fruitful work together and for being 

helpful. Unn Kugelberg, for keeping a caring eye on me, for flawless handling of administrative 

matters, and your thoroughness in laboratory work. 

 

Past and present colleagues, among many Åsa Amandusson, Johan Brask (for good spirit and for all 

our talks during early mornings), Sara Börjesson, Ulrika Englund, Björn Granseth, Robert Ihnatko, 

Susanne Jonsson, Ylva Kastrup, Anders Larsson, Christina Lillesaar, Sarah Lindstrom, Takashi 

Matsuwaki, Camilla Nilsberth (thanks for the PGE2 CSF analysis), Nina Ottosson, Anna Pfister, Jakob 

Renhorn, Khadijah Rosén, Kent Stening, Sofie Sundberg, and Ana-Maria Vasilache for being such 

wonderful persons and for contributing in establishing a nice atmosphere to work in. 

 

Yan-Juan Tang for analyzing reconstitution, and Maarit Jaarola for help with genotyping animals and 

colony management in Tbase (what is that?) for paper IV. 

 

Florence Sjögren for all your kind assistance at the Flow Cytometry Unit, and for answering all my 

questions related to multiplexing, especially when I asked the same question more than once. 

 

The staff at IKE for managing administration, logistics, infrastructure, and computer support, 

especially Jerker Adolfsson, Eva Danielsson, Monika Hardmark, Anna Lardfelt, Erik Mårdh, Lena 

Cedergren, and Håkan Wiktander. 

 

The staff at the animal facility, especially Anders Delleskog for all your help and care about my 

experiments. 

 

Danne Linghammar for your encouraging support, for being such a sympathetic person, and always 

doing your outmost for the sake of the experiments. 

 

Larry Lundgren for reviewing this thesis. 

 

Tobias Strid for the many hours together, being more or less motivated, teaching more or less 

motivated students histology. 

 

Olle Eriksson and Kalle Wahlin for input on statistics. 

 

The Elander, Engblom, Hallbeck, Kugelberg, Paues and Wilhelm families for the occasional social 

gatherings. 

 



 

 

83 

 

Joakim Henricson, Petter Isaksson, Johan Junker and Alexander Persson for shared dinners and the 

beer fests. 

 

Cancerfonden, the County Council of Östergötland, the Swedish Medical Research Council, and the 

Swedish Nutrition Foundation for financial support. 

 

Börje, Christina, Martin and Yulia for the warm welcoming into your family, and for having sympathy 

when I repeatedly have had to leave our gatherings for work. Thanks also for your generosity, and all 

practical support with and Axel and Olle. 

 

My parents (Roger and Eva) and my sister (Linda) for encouraging me to apply for graduate studies 

(parents are always right, I guess), for the economic, logistic and unconditional support and 

confidence in me, and not the least your unreserved passion for and time spent with Axel and Olle. 

Thesis work would have been very difficult without you. 

 

Linda Engström Ruud, my informal supervisor during my first years in the lab and darling wife. Who 

knew that the art of mounting sections on glass slides could be that romantic, and later lead to and 

bless us with Axel and Olle. No matter how much I would thank you, it is not enough. Axel and Olle, 

when you are able to read this thesis, you will probably find other stuff more interesting. Thanks for 

giving me a different view of life, for reminding me that a failed experiment isn’t the end of the world, 

and for being a strong Zeitgeber, re-setting my internal clock so I now can perform more or less 

intellectual tasks at ungodly hours. 

 

Das war ja toll! 

 

 

  



 

 

84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

85 

 

REFERENCES 

 
Abizaid A, Gao Q, Horvath TL. 2006. Thoughts for food: brain mechanisms and peripheral energy 

balance. Neuron 51(6):691-702. 

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, Sakagami M, Nakanishi K, Akira S. 1998. 

Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-mediated function. 

Immunity 9(1):143-150. 

Adamo SA, Fidler TL, Forestell CA. 2007. Illness-induced anorexia and its possible function in the 

caterpillar, Manduca sexta. Brain, behavior, and immunity 21(3):292-300. 

Ahlberg K, Ekman T, Gaston-Johansson F, Mock V. 2003. Assessment and management of cancer-

related fatigue in adults. Lancet 362(9384):640-650. 

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. 2001. Recognition of double-stranded RNA and 

activation of NF-kappaB by Toll-like receptor 3. Nature 413(6857):732-738. 

Altschuler SM, Bao XM, Bieger D, Hopkins DA, Miselis RR. 1989. Viscerotopic representation of the 

upper alimentary tract in the rat: sensory ganglia and nuclei of the solitary and spinal 

trigeminal tracts. The Journal of comparative neurology 283(2):248-268. 

Anand BK, Brobeck JR. 1951. Hypothalamic control of food intake in rats and cats. The Yale journal 

of biology and medicine 24(2):123-140. 

Anderson KV, Bokla L, Nusslein-Volhard C. 1985a. Establishment of dorsal-ventral polarity in the 

Drosophila embryo: the induction of polarity by the Toll gene product. Cell 42(3):791-798. 

Anderson KV, Jurgens G, Nusslein-Volhard C. 1985b. Establishment of dorsal-ventral polarity in the 

Drosophila embryo: genetic studies on the role of the Toll gene product. Cell 42(3):779-789. 

Asarian L, Langhans W. 2005. Current perspectives on behavioural and cellular mechanisms of illness 

anorexia. Int Rev Psychiatry 17(6):451-459. 

Asarian L, Langhans W. 2010. A new look on brain mechanisms of acute illness anorexia. Physiology 

& behavior 100(5):464-471. 

Axelsson H, Lonnroth C, Wang W, Svanberg E, Lundholm K. 2005. Cyclooxygenase inhibition in 

early onset of tumor growth and related angiogenesis evaluated in EP1 and EP3 knockout 

tumor-bearing mice. Angiogenesis 8(4):339-348. 

Baeuerle PA, Baltimore D. 1996. NF-kappa B: ten years after. Cell 87(1):13-20. 

Bagnol D, Lu XY, Kaelin CB, Day HE, Ollmann M, Gantz I, Akil H, Barsh GS, Watson SJ. 1999. 

Anatomy of an endogenous antagonist: relationship between Agouti-related protein and 

proopiomelanocortin in brain. J Neurosci 19(18):RC26. 

Balkwill F, Mantovani A. 2001. Inflammation and cancer: back to Virchow? Lancet 357(9255):539-

545. 

Balkwill F, Osborne R, Burke F, Naylor S, Talbot D, Durbin H, Tavernier J, Fiers W. 1987. Evidence 

for tumor necrosis factor/cachectin production in cancer. Lancet 2(8570):1229-1232. 

Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM. 1996. Leptin enters the brain by a saturable 

system independent of insulin. Peptides 17(2):305-311. 

Banks WA, Ortiz L, Plotkin SR, Kastin AJ. 1991. Human interleukin (IL) 1 alpha, murine IL-1 alpha 

and murine IL-1 beta are transported from blood to brain in the mouse by a shared saturable 

mechanism. The Journal of pharmacology and experimental therapeutics 259(3):988-996. 

Batshake B, Nilsson C, Sundelin J. 1995. Molecular characterization of the mouse prostanoid EP1 

receptor gene. European journal of biochemistry / FEBS 231(3):809-814. 

Bazar KA, Yun AJ, Lee PY. 2005. "Starve a fever and feed a cold": feeding and anorexia may be 

adaptive behavioral modulators of autonomic and T helper balance. Medical hypotheses 

64(6):1080-1084. 

Behrens A, Sibilia M, David JP, Mohle-Steinlein U, Tronche F, Schutz G, Wagner EF. 2002. Impaired 

postnatal hepatocyte proliferation and liver regeneration in mice lacking c-jun in the liver. 

EMBO J 21(7):1782-1790. 

Belgardt BF, Okamura T, Bruning JC. 2009. Hormone and glucose signalling in POMC and AgRP 

neurons. The Journal of physiology 587(Pt 22):5305-5314. 

Benveniste EN. 1992. Inflammatory cytokines within the central nervous system: sources, function, 

and mechanism of action. The American journal of physiology 263(1 Pt 1):C1-16. 



 

 

86 

 

Bernstein IL, Sigmundi RA. 1980. Tumor anorexia: a learned food aversion? Science 209(4454):416-

418. 

Berthoud HR, Morrison C. 2008. The brain, appetite, and obesity. Annu Rev Psychol 59:55-92. 

Beutler B, Mahoney J, Le Trang N, Pekala P, Cerami A. 1985. Purification of cachectin, a lipoprotein 

lipase-suppressing hormone secreted by endotoxin-induced RAW 264.7 cells. The Journal of 

experimental medicine 161(5):984-995. 

Blundell JE, Rogers PJ, Hill AJ. 1985. Behavioural structure and mechanisms of anorexia: calibration 

of natural and abnormal inhibition of eating. Brain research bulletin 15(4):371-376. 

Bluthe RM, Laye S, Michaud B, Combe C, Dantzer R, Parnet P. 2000. Role of interleukin-1beta and 

tumor necrosis factor-alpha in lipopolysaccharide-induced sickness behaviour: a study with 

interleukin-1 type I receptor-deficient mice. Eur J Neurosci 12(12):4447-4456. 

Bluthe RM, Michaud B, Kelley KW, Dantzer R. 1996. Vagotomy blocks behavioural effects of 

interleukin-1 injected via the intraperitoneal route but not via other systemic routes. 

Neuroreport 7(15-17):2823-2827. 

Bonnert TP, Garka KE, Parnet P, Sonoda G, Testa JR, Sims JE. 1997. The cloning and 

characterization of human MyD88: a member of an IL-1 receptor related family. FEBS letters 

402(1):81-84. 

Bosaeus I, Daneryd P, Lundholm K. 2002. Dietary intake, resting energy expenditure, weight loss and 

survival in cancer patients. The Journal of nutrition 132(11 Suppl):3465S-3466S. 

Bosaeus I, Daneryd P, Svanberg E, Lundholm K. 2001. Dietary intake and resting energy expenditure 

in relation to weight loss in unselected cancer patients. International journal of cancer 

93(3):380-383. 

Brady LS, Lynn AB, Herkenham M, Gottesfeld Z. 1994. Systemic interleukin-1 induces early and late 

patterns of c-fos mRNA expression in brain. J Neurosci 14(8):4951-4964. 

Breder CD, Hazuka C, Ghayur T, Klug C, Huginin M, Yasuda K, Teng M, Saper CB. 1994. Regional 

induction of tumor necrosis factor alpha expression in the mouse brain after systemic 

lipopolysaccharide administration. Proceedings of the National Academy of Sciences of the 

United States of America 91(24):11393-11397. 

Brennan MF. 1977. Uncomplicated starvation versus cancer cachexia. Cancer research 37(7 Pt 

2):2359-2364. 

Breyer RM, Bagdassarian CK, Myers SA, Breyer MD. 2001. Prostanoid receptors: subtypes and 

signaling. Annual review of pharmacology and toxicology 41:661-690. 

Broberger C, De Lecea L, Sutcliffe JG, Hokfelt T. 1998a. Hypocretin/orexin- and melanin-

concentrating hormone-expressing cells form distinct populations in the rodent lateral 

hypothalamus: relationship to the neuropeptide Y and agouti gene-related protein systems. 

The Journal of comparative neurology 402(4):460-474. 

Broberger C, Johansen J, Johansson C, Schalling M, Hokfelt T. 1998b. The neuropeptide Y/agouti 

gene-related protein (AGRP) brain circuitry in normal, anorectic, and monosodium glutamate-

treated mice. Proceedings of the National Academy of Sciences of the United States of 

America 95(25):15043-15048. 

Brown JR, DuBois RN. 2005. COX-2: a molecular target for colorectal cancer prevention. J Clin 

Oncol 23(12):2840-2855. 

Bruera E. 1997. ABC of palliative care. Anorexia, cachexia, and nutrition. BMJ (Clinical research ed 

315(7117):1219-1222. 

Bruera E. 1998. Pharmacological treatment of cachexia: any progress? Support Care Cancer 6(2):109-

113. 

Bsibsi M, Ravid R, Gveric D, van Noort JM. 2002. Broad expression of Toll-like receptors in the 

human central nervous system. Journal of neuropathology and experimental neurology 

61(11):1013-1021. 

Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bodmer JL, Di Marco F, French L, Tschopp J. 

1998. MyD88, an adapter protein involved in interleukin-1 signaling. The Journal of 

biological chemistry 273(20):12203-12209. 

Burrell R. 1994. Human responses to bacterial endotoxin. Circulatory shock 43(3):137-153. 



 

 

87 

 

Cahlin C, Gelin J, Delbro D, Lonnroth C, Doi C, Lundholm K. 2000a. Effect of cyclooxygenase and 

nitric oxide synthase inhibitors on tumor growth in mouse tumor models with and without 

cancer cachexia related to prostanoids. Cancer research 60(6):1742-1749. 

Cahlin C, Korner A, Axelsson H, Wang W, Lundholm K, Svanberg E. 2000b. Experimental cancer 

cachexia: the role of host-derived cytokines interleukin (IL)-6, IL-12, interferon-gamma, and 

tumor necrosis factor alpha evaluated in gene knockout, tumor-bearing mice on C57 Bl 

background and eicosanoid-dependent cachexia. Cancer research 60(19):5488-5493. 

Cai D, Frantz JD, Tawa NE, Jr., Melendez PA, Oh BC, Lidov HG, Hasselgren PO, Frontera WR, Lee 

J, Glass DJ, Shoelson SE. 2004. IKKbeta/NF-kappaB activation causes severe muscle wasting 

in mice. Cell 119(2):285-298. 

Cao C, Matsumura K, Yamagata K, Watanabe Y. 1996a. Endothelial cells of the rat brain vasculature 

express cyclooxygenase-2 mRNA in response to systemic interleukin-1 beta: a possible site of 

prostaglandin synthesis responsible for fever. Brain research 733(2):263-272. 

Cao Z, Henzel WJ, Gao X. 1996b. IRAK: a kinase associated with the interleukin-1 receptor. Science 

271(5252):1128-1131. 

Cao Z, Xiong J, Takeuchi M, Kurama T, Goeddel DV. 1996c. TRAF6 is a signal transducer for 

interleukin-1. Nature 383(6599):443-446. 

Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, Williamson B. 1975. An endotoxin-induced serum 

factor that causes necrosis of tumors. Proceedings of the National Academy of Sciences of the 

United States of America 72(9):3666-3670. 

Carty M, Goodbody R, Schroder M, Stack J, Moynagh PN, Bowie AG. 2006. The human adaptor 

SARM negatively regulates adaptor protein TRIF-dependent Toll-like receptor signaling. 

Nature immunology 7(10):1074-1081. 

Chakravarty S, Herkenham M. 2005. Toll-like receptor 4 on nonhematopoietic cells sustains CNS 

inflammation during endotoxemia, independent of systemic cytokines. J Neurosci 25(7):1788-

1796. 

Chamberlin NL, Saper CB. 1992. Topographic organization of cardiovascular responses to electrical 

and glutamate microstimulation of the parabrachial nucleus in the rat. The Journal of 

comparative neurology 326(2):245-262. 

Chandrasekharan NV, Dai H, Roos KL, Evanson NK, Tomsik J, Elton TS, Simmons DL. 2002. COX-

3, a cyclooxygenase-1 variant inhibited by acetaminophen and other analgesic/antipyretic 

drugs: cloning, structure, and expression. Proceedings of the National Academy of Sciences of 

the United States of America 99(21):13926-13931. 

Chen D, Wu CF, Shi B, Xu YM. 2002. Tamoxifen and toremifene cause impairment of learning and 

memory function in mice. Pharmacology, biochemistry, and behavior 71(1-2):269-276. 

Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ, Lakey ND, Culpepper J, Moore KJ, 

Breitbart RE, Duyk GM, Tepper RI, Morgenstern JP. 1996. Evidence that the diabetes gene 

encodes the leptin receptor: identification of a mutation in the leptin receptor gene in db/db 

mice. Cell 84(3):491-495. 

Cheng Y, Wang M, Yu Y, Lawson J, Funk CD, Fitzgerald GA. 2006. Cyclooxygenases, microsomal 

prostaglandin E synthase-1, and cardiovascular function. The Journal of clinical investigation 

116(5):1391-1399. 

Ching S, Zhang H, Belevych N, He L, Lai W, Pu XA, Jaeger LB, Chen Q, Quan N. 2007. Endothelial-

specific knockdown of interleukin-1 (IL-1) type 1 receptor differentially alters CNS responses 

to IL-1 depending on its route of administration. J Neurosci 27(39):10476-10486. 

Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman LA, Lin AY, Milona N, Knopf JL. 1991. A novel 

arachidonic acid-selective cytosolic PLA2 contains a Ca(2+)-dependent translocation domain 

with homology to PKC and GAP. Cell 65(6):1043-1051. 

Coleman DL. 1973. Effects of parabiosis of obese with diabetes and normal mice. Diabetologia 

9(4):294-298. 

Coleman DL. 2010. A historical perspective on leptin. Nature medicine 16(10):1097-1099. 

Coleman DL, Hummel KP. 1969. Effects of parabiosis of normal with genetically diabetic mice. The 

American journal of physiology 217(5):1298-1304. 

Coleman RA, Grix SP, Head SA, Louttit JB, Mallett A, Sheldrick RL. 1994. A novel inhibitory 

prostanoid receptor in piglet saphenous vein. Prostaglandins 47(2):151-168. 



 

 

88 

 

Colotta F, Re F, Muzio M, Bertini R, Polentarutti N, Sironi M, Giri JG, Dower SK, Sims JE, 

Mantovani A. 1993. Interleukin-1 type II receptor: a decoy target for IL-1 that is regulated by 

IL-4. Science 261(5120):472-475. 

Cone RD. 2005. Anatomy and regulation of the central melanocortin system. Nature neuroscience 

8(5):571-578. 

Contreras RJ, Beckstead RM, Norgren R. 1982a. The central projections of the trigeminal, facial, 

glossopharyngeal and vagus nerves: an autoradiographic study in the rat. Journal of the 

autonomic nervous system 6(3):303-322. 

Contreras RJ, Fox E, Drugovich ML. 1982b. Area postrema lesions produce feeding deficits in the rat: 

effects of preoperative dieting and 2-deoxy-D-glucose. Physiology & behavior 29(5):875-884. 

Copeland EM, 3rd, Daly JM, Dudrick SJ. 1977. Nutrition as an adjunct to cancer treatment in the 

adult. Cancer research 37(7 Pt 2):2451-2456. 

Coussens LM, Werb Z. 2002. Inflammation and cancer. Nature 420(6917):860-867. 

Coutinho A, Moller G, Gronowicz E. 1975. Genetical control of B-cell responses. IV. Inheritance of 

the unresponsiveness to lipopolysaccharides. The Journal of experimental medicine 

142(1):253-258. 

Cowley MA, Pronchuk N, Fan W, Dinulescu DM, Colmers WF, Cone RD. 1999. Integration of NPY, 

AGRP, and melanocortin signals in the hypothalamic paraventricular nucleus: evidence of a 

cellular basis for the adipostat. Neuron 24(1):155-163. 

Cross-Mellor SK, Roberts S, Kavaliers M, Ossenkopp KP. 2003. Activation of the immune system in 

rats with lipopolysaccharide reduces voluntary sucrose intake but not intraoral intake. 

Pharmacology, biochemistry, and behavior 76(1):153-159. 

Croston GE, Cao Z, Goeddel DV. 1995. NF-kappa B activation by interleukin-1 (IL-1) requires an IL-

1 receptor-associated protein kinase activity. The Journal of biological chemistry 

270(28):16514-16517. 

Cunningham ET, Jr., Miselis RR, Sawchenko PE. 1994. The relationship of efferent projections from 

the area postrema to vagal motor and brain stem catecholamine-containing cell groups: an 

axonal transport and immunohistochemical study in the rat. Neuroscience 58(3):635-648. 

Curtis EB, Krech R, Walsh TD. 1991. Common symptoms in patients with advanced cancer. Journal 

of palliative care 7(2):25-29. 

Daikoku T, Tranguch S, Chakrabarty A, Wang D, Khabele D, Orsulic S, Morrow JD, Dubois RN, Dey 

SK. 2007. Extracellular signal-regulated kinase is a target of cyclooxygenase-1-peroxisome 

proliferator-activated receptor-delta signaling in epithelial ovarian cancer. Cancer research 

67(11):5285-5292. 

Daikoku T, Tranguch S, Trofimova IN, Dinulescu DM, Jacks T, Nikitin AY, Connolly DC, Dey SK. 

2006. Cyclooxygenase-1 is overexpressed in multiple genetically engineered mouse models of 

epithelial ovarian cancer. Cancer research 66(5):2527-2531. 

Daikoku T, Wang D, Tranguch S, Morrow JD, Orsulic S, DuBois RN, Dey SK. 2005. 

Cyclooxygenase-1 is a potential target for prevention and treatment of ovarian epithelial 

cancer. Cancer research 65(9):3735-3744. 

Dantzer R. 2004. Cytokine-induced sickness behaviour: a neuroimmune response to activation of 

innate immunity. Eur J Pharmacol 500(1-3):399-411. 

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. 2008. From inflammation to sickness 

and depression: when the immune system subjugates the brain. Nature reviews Neuroscience 

9(1):46-56. 

Davies RF. 1977. Long-and short-term regulation of feeding patterns in the rat. Journal of comparative 

and physiological psychology 91(3):574-585. 

Deans C, Wigmore SJ. 2005. Systemic inflammation, cachexia and prognosis in patients with cancer. 

Current opinion in clinical nutrition and metabolic care 8(3):265-269. 

Dempsey EW. 1973. Neural and vascular ultrastructure of the area postrema in the rat. The Journal of 

comparative neurology 150(2):177-199. 

DeWitt DL, Smith WL. 1988. Primary structure of prostaglandin G/H synthase from sheep vesicular 

gland determined from the complementary DNA sequence. Proceedings of the National 

Academy of Sciences of the United States of America 85(5):1412-1416. 

DeWys WD. 1980. Nutritional care of the cancer patient. Jama 244(4):374-376. 



 

 

89 

 

Dinarello CA, Gatti S, Bartfai T. 1999. Fever: links with an ancient receptor. Current biology : CB 

9(4):R147-150. 

Diserbo M, Agin A, Lamproglou I, Mauris J, Staali F, Multon E, Amourette C. 2002. Blood-brain 

barrier permeability after gamma whole-body irradiation: an in vivo microdialysis study. 

Canadian journal of physiology and pharmacology 80(7):670-678. 

Doggett NS, Jawaharlal K. 1977a. Anorectic activity of prostaglandin precursors. British journal of 

pharmacology 60(3):417-423. 

Doggett NS, Jawaharlal K. 1977b. Some observations on the anorectic activity of prostaglandin 

F2alpha. British journal of pharmacology 60(3):409-415. 

Dubois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, Van De Putte LB, Lipsky PE. 1998. 

Cyclooxygenase in biology and disease. Faseb J 12(12):1063-1073. 

Edwards GL, Ritter RC. 1981. Ablation of the area postrema causes exaggerated consumption of 

preferred foods in the rat. Brain research 216(2):265-276. 

Eisenberg SP, Evans RJ, Arend WP, Verderber E, Brewer MT, Hannum CH, Thompson RC. 1990. 

Primary structure and functional expression from complementary DNA of a human 

interleukin-1 receptor antagonist. Nature 343(6256):341-346. 

Ek M, Arias C, Sawchenko P, Ericsson-Dahlstrand A. 2000. Distribution of the EP3 prostaglandin 

E(2) receptor subtype in the rat brain: relationship to sites of interleukin-1-induced cellular 

responsiveness. The Journal of comparative neurology 428(1):5-20. 

Ek M, Engblom D, Saha S, Blomqvist A, Jakobsson PJ, Ericsson-Dahlstrand A. 2001. Inflammatory 

response: pathway across the blood-brain barrier. Nature 410(6827):430-431. 

Ek M, Kurosawa M, Lundeberg T, Ericsson A. 1998. Activation of vagal afferents after intravenous 

injection of interleukin-1beta: role of endogenous prostaglandins. J Neurosci 18(22):9471-

9479. 

Elander L, Engstrom L, Hallbeck M, Blomqvist A. 2007. IL-1beta and LPS induce anorexia by 

distinct mechanisms differentially dependent on microsomal prostaglandin E synthase-1. 

American journal of physiology 292(1):R258-267. 

Elander L, Engstrom L, Ruud J, Mackerlova L, Jakobsson PJ, Engblom D, Nilsberth C, Blomqvist A. 

2009. Inducible prostaglandin E2 synthesis interacts in a temporally supplementary sequence 

with constitutive prostaglandin-synthesizing enzymes in creating the hypothalamic-pituitary-

adrenal axis response to immune challenge. J Neurosci 29(5):1404-1413. 

Elander L, Ruud J, Korotkova M, Jakobsson PJ, Blomqvist A. 2010. Cyclooxygenase-1 mediates the 

immediate corticosterone response to peripheral immune challenge induced by 

lipopolysaccharide. Neuroscience letters 470(1):10-12. 

Elander N, Ungerback J, Olsson H, Uematsu S, Akira S, Soderkvist P. 2008. Genetic deletion of 

mPGES-1 accelerates intestinal tumorigenesis in APC(Min/+) mice. Biochemical and 

biophysical research communications 372(1):249-253. 

Elmquist JK, Ahima RS, Maratos-Flier E, Flier JS, Saper CB. 1997a. Leptin activates neurons in 

ventrobasal hypothalamus and brainstem. Endocrinology 138(2):839-842. 

Elmquist JK, Breder CD, Sherin JE, Scammell TE, Hickey WF, Dewitt D, Saper CB. 1997b. 

Intravenous lipopolysaccharide induces cyclooxygenase 2-like immunoreactivity in rat brain 

perivascular microglia and meningeal macrophages. The Journal of comparative neurology 

381(2):119-129. 

Elmquist JK, Elias CF, Saper CB. 1999. From lesions to leptin: hypothalamic control of food intake 

and body weight. Neuron 22(2):221-232. 

Elmquist JK, Scammell TE, Jacobson CD, Saper CB. 1996. Distribution of Fos-like immunoreactivity 

in the rat brain following intravenous lipopolysaccharide administration. The Journal of 

comparative neurology 371(1):85-103. 

Engblom D, Ek M, Andersson IM, Saha S, Dahlstrom M, Jakobsson PJ, Ericsson-Dahlstrand A, 

Blomqvist A. 2002a. Induction of microsomal prostaglandin E synthase in the rat brain 

endothelium and parenchyma in adjuvant-induced arthritis. The Journal of comparative 

neurology 452(3):205-214. 

Engblom D, Ek M, Ericsson-Dahlstrand A, Blomqvist A. 2001. Activation of prostanoid EP(3) and 

EP(4) receptor mRNA-expressing neurons in the rat parabrachial nucleus by intravenous 



 

 

90 

 

injection of bacterial wall lipopolysaccharide. The Journal of comparative neurology 

440(4):378-386. 

Engblom D, Ek M, Hallbeck M, Ericsson-Dahlstrand A, Blomqvist A. 2000. Distribution of 

prostaglandin EP(3) and EP(4) receptor mRNA in the rat parabrachial nucleus. Neuroscience 

letters 281(2-3):163-166. 

Engblom D, Ek M, Saha S, Ericsson-Dahlstrand A, Jakobsson PJ, Blomqvist A. 2002b. Prostaglandins 

as inflammatory messengers across the blood-brain barrier. Journal of molecular medicine 

(Berlin, Germany) 80(1):5-15. 

Engblom D, Saha S, Engstrom L, Westman M, Audoly LP, Jakobsson PJ, Blomqvist A. 2003. 

Microsomal prostaglandin E synthase-1 is the central switch during immune-induced pyresis. 

Nature neuroscience 6(11):1137-1138. 

Engstrom L, Engblom D, Ortegren U, Mackerlova L, Paues J, Blomqvist A. 2001. Preproenkephalin 

mRNA expression in rat parabrachial neurons: relation to cells activated by systemic immune 

challenge. Neuroscience letters 316(3):165-168. 

Erdmann G, Schutz G, Berger S. 2007. Inducible gene inactivation in neurons of the adult mouse 

forebrain. BMC Neurosci 8:63. 

Ericsson A, Arias C, Sawchenko PE. 1997. Evidence for an intramedullary prostaglandin-dependent 

mechanism in the activation of stress-related neuroendocrine circuitry by intravenous 

interleukin-1. J Neurosci 17(18):7166-7179. 

Ericsson A, Liu C, Hart RP, Sawchenko PE. 1995. Type 1 interleukin-1 receptor in the rat brain: 

distribution, regulation, and relationship to sites of IL-1-induced cellular activation. The 

Journal of comparative neurology 361(4):681-698. 

Evans WJ, Morley JE, Argiles J, Bales C, Baracos V, Guttridge D, Jatoi A, Kalantar-Zadeh K, Lochs 

H, Mantovani G, Marks D, Mitch WE, Muscaritoli M, Najand A, Ponikowski P, Rossi Fanelli 

F, Schambelan M, Schols A, Schuster M, Thomas D, Wolfe R, Anker SD. 2008. Cachexia: a 

new definition. Clinical nutrition (Edinburgh, Scotland) 27(6):793-799. 

Evans WK, Makuch R, Clamon GH, Feld R, Weiner RS, Moran E, Blum R, Shepherd FA, Jeejeebhoy 

KN, DeWys WD. 1985. Limited impact of total parenteral nutrition on nutritional status 

during treatment for small cell lung cancer. Cancer research 45(7):3347-3353. 

Exton MS. 1997. Infection-induced anorexia: active host defence strategy. Appetite 29(3):369-383. 

Faulconbridge LF, Cummings DE, Kaplan JM, Grill HJ. 2003. Hyperphagic effects of brainstem 

ghrelin administration. Diabetes 52(9):2260-2265. 

Fearon K, Strasser F, Anker SD, Bosaeus I, Bruera E, Fainsinger RL, Jatoi A, Loprinzi C, MacDonald 

N, Mantovani G, Davis M, Muscaritoli M, Ottery F, Radbruch L, Ravasco P, Walsh D, 

Wilcock A, Kaasa S, Baracos VE. 2011. Definition and classification of cancer cachexia: an 

international consensus. The lancet oncology 12(5):489-495. 

Fearon KC, McMillan DC, Preston T, Winstanley FP, Cruickshank AM, Shenkin A. 1991. Elevated 

circulating interleukin-6 is associated with an acute phase response but reduced fixed hepatic 

protein synthesis in patients with cancer. Annals of surgery 213(1):26-31. 

Fearon KC, Voss AC, Hustead DS. 2006. Definition of cancer cachexia: effect of weight loss, reduced 

food intake, and systemic inflammation on functional status and prognosis. Am J Clin Nutr 

83(6):1345-1350. 

Feil R, Brocard J, Mascrez B, LeMeur M, Metzger D, Chambon P. 1996. Ligand-activated site-

specific recombination in mice. Proceedings of the National Academy of Sciences of the 

United States of America 93(20):10887-10890. 

Fields AL, Wolman SL, Cheema-Dhadli S, Morris HP, Halperin ML. 1981. Regulation of energy 

metabolism in Morris hepatoma 7777 and 7800. Cancer research 41(7):2762-2766. 

Fiering S, Epner E, Robinson K, Zhuang Y, Telling A, Hu M, Martin DI, Enver T, Ley TJ, Groudine 

M. 1995. Targeted deletion of 5'HS2 of the murine beta-globin LCR reveals that it is not 

essential for proper regulation of the beta-globin locus. Genes & development 9(18):2203-

2213. 

Fitzgerald KA, Palsson-McDermott EM, Bowie AG, Jefferies CA, Mansell AS, Brady G, Brint E, 

Dunne A, Gray P, Harte MT, McMurray D, Smith DE, Sims JE, Bird TA, O'Neill LA. 2001. 

Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal transduction. Nature 

413(6851):78-83. 



 

 

91 

 

Fitzgerald KA, Rowe DC, Barnes BJ, Caffrey DR, Visintin A, Latz E, Monks B, Pitha PM, Golenbock 

DT. 2003. LPS-TLR4 signaling to IRF-3/7 and NF-kappaB involves the toll adapters TRAM 

and TRIF. The Journal of experimental medicine 198(7):1043-1055. 

Flower RJ, Vane JR. 1972. Inhibition of prostaglandin synthetase in brain explains the anti-pyretic 

activity of paracetamol (4-acetamidophenol). Nature 240(5381):410-411. 

Fouladiun M, Korner U, Bosaeus I, Daneryd P, Hyltander A, Lundholm KG. 2005. Body composition 

and time course changes in regional distribution of fat and lean tissue in unselected cancer 

patients on palliative care--correlations with food intake, metabolism, exercise capacity, and 

hormones. Cancer 103(10):2189-2198. 

Fry M, Hoyda TD, Ferguson AV. 2007. Making sense of it: roles of the sensory circumventricular 

organs in feeding and regulation of energy homeostasis. Exp Biol Med (Maywood) 232(1):14-

26. 

Fujita J, Tsujinaka T, Yano M, Ebisui C, Saito H, Katsume A, Akamatsu K, Ohsugi Y, Shiozaki H, 

Monden M. 1996. Anti-interleukin-6 receptor antibody prevents muscle atrophy in colon-26 

adenocarcinoma-bearing mice with modulation of lysosomal and ATP-ubiquitin-dependent 

proteolytic pathways. International journal of cancer 68(5):637-643. 

Fukata M, Abreu MT. 2008. Role of Toll-like receptors in gastrointestinal malignancies. Oncogene 

27(2):234-243. 

Fulwiler CE, Saper CB. 1984. Subnuclear organization of the efferent connections of the parabrachial 

nucleus in the rat. Brain research 319(3):229-259. 

Furuyashiki T, Narumiya S. 2011. Stress responses: the contribution of prostaglandin E(2) and its 

receptors. Nature reviews Endocrinology 7(3):163-175. 

Gaetani S, Oveisi F, Piomelli D. 2003. Modulation of meal pattern in the rat by the anorexic lipid 

mediator oleoylethanolamide. Neuropsychopharmacology 28(7):1311-1316. 

Galindo RL, Edwards DN, Gillespie SK, Wasserman SA. 1995. Interaction of the pelle kinase with the 

membrane-associated protein tube is required for transduction of the dorsoventral signal in 

Drosophila embryos. Development 121(7):2209-2218. 

Gallucci S, Matzinger P. 2001. Danger signals: SOS to the immune system. Current opinion in 

immunology 13(1):114-119. 

Garcia-Bueno B, Serrats J, Sawchenko PE. 2009. Cerebrovascular cyclooxygenase-1 expression, 

regulation, and role in hypothalamic-pituitary-adrenal axis activation by inflammatory stimuli. 

J Neurosci 29(41):12970-12981. 

Gay NJ, Keith FJ. 1991. Drosophila Toll and IL-1 receptor. Nature 351(6325):355-356. 

Gayle D, Ilyin SE, Flynn MC, Plata-Salaman CR. 1998. Lipopolysaccharide (LPS)- and muramyl 

dipeptide (MDP)-induced anorexia during refeeding following acute fasting: characterization 

of brain cytokine and neuropeptide systems mRNAs. Brain research 795(1-2):77-86. 

Gelin J, Andersson C, Lundholm K. 1991a. Effects of indomethacin, cytokines, and cyclosporin A on 

tumor growth and the subsequent development of cancer cachexia. Cancer research 51(3):880-

885. 

Gelin J, Moldawer LL, Lonnroth C, deMan P, Svanborg-Eden C, Lowry SF, Lundholm KG. 1988. 

Appearance of hybridoma growth factor/interleukin-6 in the serum of mice bearing a 

methylcholanthrene-induced sarcoma. Biochemical and biophysical research communications 

157(2):575-579. 

Gelin J, Moldawer LL, Lonnroth C, Sherry B, Chizzonite R, Lundholm K. 1991b. Role of endogenous 

tumor necrosis factor alpha and interleukin 1 for experimental tumor growth and the 

development of cancer cachexia. Cancer research 51(1):415-421. 

Geurts AM, Cost GJ, Freyvert Y, Zeitler B, Miller JC, Choi VM, Jenkins SS, Wood A, Cui X, Meng 

X, Vincent A, Lam S, Michalkiewicz M, Schilling R, Foeckler J, Kalloway S, Weiler H, 

Menoret S, Anegon I, Davis GD, Zhang L, Rebar EJ, Gregory PD, Urnov FD, Jacob HJ, 

Buelow R. 2009. Knockout rats via embryo microinjection of zinc-finger nucleases. Science 

325(5939):433. 

Ghosh S, Gifford AM, Riviere LR, Tempst P, Nolan GP, Baltimore D. 1990. Cloning of the p50 DNA 

binding subunit of NF-kappa B: homology to rel and dorsal. Cell 62(5):1019-1029. 

Gibbs RA, Weinstock GM, et a. 2004. Genome sequence of the Brown Norway rat yields insights into 

mammalian evolution. Nature 428(6982):493-521. 



 

 

92 

 

Gidron Y, Perry H, Glennie M. 2005. Does the vagus nerve inform the brain about preclinical tumors 

and modulate them? The lancet oncology 6(4):245-248. 

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ, Willoughby DA. 1999. Inducible 

cyclooxygenase may have anti-inflammatory properties. Nature medicine 5(6):698-701. 

Gilroy DW, Tomlinson A, Willoughby DA. 1998. Differential effects of inhibition of isoforms of 

cyclooxygenase (COX-1, COX-2) in chronic inflammation. Inflamm Res 47(2):79-85. 

Givalois L, Dornand J, Mekaouche M, Solier MD, Bristow AF, Ixart G, Siaud P, Assenmacher I, 

Barbanel G. 1994. Temporal cascade of plasma level surges in ACTH, corticosterone, and 

cytokines in endotoxin-challenged rats. The American journal of physiology 267(1 Pt 

2):R164-170. 

Goehler LE, Erisir A, Gaykema RP. 2006. Neural-immune interface in the rat area postrema. 

Neuroscience 140(4):1415-1434. 

Goehler LE, Gaykema RP, Nguyen KT, Lee JE, Tilders FJ, Maier SF, Watkins LR. 1999. Interleukin-

1beta in immune cells of the abdominal vagus nerve: a link between the immune and nervous 

systems? J Neurosci 19(7):2799-2806. 

Gold J. 1968. Proposed treatment of cancer by inhibition of gluconeogenesis. Oncology 22(2):185-

207. 

Good RA, Fernandes G, Yunis EJ, Cooper WC, Jose DC, Kramer TR, Hansen MA. 1976. Nutritional 

deficiency, immunologic function, and disease. The American journal of pathology 84(3):599-

614. 

Gosselin D, Rivest S. 2008. MyD88 signaling in brain endothelial cells is essential for the neuronal 

activity and glucocorticoid release during systemic inflammation. Mol Psychiatry 13(5):480-

497. 

Greenberg ME, Ziff EB. 1984. Stimulation of 3T3 cells induces transcription of the c-fos proto-

oncogene. Nature 311(5985):433-438. 

Grieger TA, Kluger MJ. 1978. Fever and survival: the role of serum iron. The Journal of physiology 

279:187-196. 

Grill HJ, Kaplan JM. 2002. The neuroanatomical axis for control of energy balance. Frontiers in 

neuroendocrinology 23(1):2-40. 

Grill HJ, Norgren R. 1978. Neurological tests and behavioral deficits in chronic thalamic and chronic 

decerebrate rats. Brain research 143(2):299-312. 

Grill HJ, Schwartz MW, Kaplan JM, Foxhall JS, Breininger J, Baskin DG. 2002. Evidence that the 

caudal brainstem is a target for the inhibitory effect of leptin on food intake. Endocrinology 

143(1):239-246. 

Grivennikov SI, Greten FR, Karin M. 2010. Immunity, inflammation, and cancer. Cell 140(6):883-

899. 

Gross PM. 1991. Morphology and physiology of capillary systems in subregions of the subfornical 

organ and area postrema. Canadian journal of physiology and pharmacology 69(7):1010-1025. 

Grosshans J, Bergmann A, Haffter P, Nusslein-Volhard C. 1994. Activation of the kinase Pelle by 

Tube in the dorsoventral signal transduction pathway of Drosophila embryo. Nature 

372(6506):563-566. 

Grubbs B, Rogers W, Cameron I. 1979. Total parenteral nutrition and inhibition of gluconeogenesis on 

tumor-host responses. Oncology 36(5):216-223. 

Gu H, Marth JD, Orban PC, Mossmann H, Rajewsky K. 1994. Deletion of a DNA polymerase beta 

gene segment in T cells using cell type-specific gene targeting. Science 265(5168):103-106. 

Gu H, Zou YR, Rajewsky K. 1993. Independent control of immunoglobulin switch recombination at 

individual switch regions evidenced through Cre-loxP-mediated gene targeting. Cell 

73(6):1155-1164. 

Guay J, Bateman K, Gordon R, Mancini J, Riendeau D. 2004. Carrageenan-induced paw edema in rat 

elicits a predominant prostaglandin E2 (PGE2) response in the central nervous system 

associated with the induction of microsomal PGE2 synthase-1. The Journal of biological 

chemistry 279(23):24866-24872. 

Gupta RA, Tejada LV, Tong BJ, Das SK, Morrow JD, Dey SK, DuBois RN. 2003. Cyclooxygenase-1 

is overexpressed and promotes angiogenic growth factor production in ovarian cancer. Cancer 

research 63(5):906-911. 



 

 

93 

 

Gutierrez EG, Banks WA, Kastin AJ. 1993. Murine tumor necrosis factor alpha is transported from 

blood to brain in the mouse. Journal of neuroimmunology 47(2):169-176. 

Gwyn DG, Leslie RA, Hopkins DA. 1979. Gastric afferents to the nucleus of the solitary tract in the 

cat. Neuroscience letters 14(1):13-17. 

Hacker H, Redecke V, Blagoev B, Kratchmarova I, Hsu LC, Wang GG, Kamps MP, Raz E, Wagner 

H, Hacker G, Mann M, Karin M. 2006. Specificity in Toll-like receptor signalling through 

distinct effector functions of TRAF3 and TRAF6. Nature 439(7073):204-207. 

Hailman E, Lichenstein HS, Wurfel MM, Miller DS, Johnson DA, Kelley M, Busse LA, Zukowski 

MM, Wright SD. 1994. Lipopolysaccharide (LPS)-binding protein accelerates the binding of 

LPS to CD14. The Journal of experimental medicine 179(1):269-277. 

Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lallone RL, Burley SK, 

Friedman JM. 1995. Weight-reducing effects of the plasma protein encoded by the obese 

gene. Science 269(5223):543-546. 

Hanaka H, Pawelzik SC, Johnsen JI, Rakonjac M, Terawaki K, Rasmuson A, Sveinbjornsson B, 

Schumacher MC, Hamberg M, Samuelsson B, Jakobsson PJ, Kogner P, Radmark O. 2009. 

Microsomal prostaglandin E synthase 1 determines tumor growth in vivo of prostate and lung 

cancer cells. Proceedings of the National Academy of Sciences of the United States of 

America 106(44):18757-18762. 

Hansen MK, O'Connor KA, Goehler LE, Watkins LR, Maier SF. 2001. The contribution of the vagus 

nerve in interleukin-1beta-induced fever is dependent on dose. American journal of 

physiology 280(4):R929-934. 

Hardiman G, Jenkins NA, Copeland NG, Gilbert DJ, Garcia DK, Naylor SL, Kastelein RA, Bazan JF. 

1997. Genetic structure and chromosomal mapping of MyD88. Genomics 45(2):332-339. 

Hardiman G, Rock FL, Balasubramanian S, Kastelein RA, Bazan JF. 1996. Molecular characterization 

and modular analysis of human MyD88. Oncogene 13(11):2467-2475. 

Hart BL. 1988. Biological basis of the behavior of sick animals. Neurosci Biobehav Rev 12(2):123-

137. 

Hashimoto C, Hudson KL, Anderson KV. 1988. The Toll gene of Drosophila, required for dorsal-

ventral embryonic polarity, appears to encode a transmembrane protein. Cell 52(2):269-279. 

Hellerstein MK, Meydani SN, Meydani M, Wu K, Dinarello CA. 1989. Interleukin-1-induced 

anorexia in the rat. Influence of prostaglandins. The Journal of clinical investigation 

84(1):228-235. 

Heppner G, Weiss DW. 1965. High Susceptibility of Strain A Mice to Endotoxin and Endotoxin-Red 

Blood Cell Mixtures. Journal of bacteriology 90(3):696-703. 

Herbert H, Moga MM, Saper CB. 1990. Connections of the parabrachial nucleus with the nucleus of 

the solitary tract and the medullary reticular formation in the rat. The Journal of comparative 

neurology 293(4):540-580. 

Herbert H, Saper CB. 1990. Cholecystokinin-, galanin-, and corticotropin-releasing factor-like 

immunoreactive projections from the nucleus of the solitary tract to the parabrachial nucleus 

in the rat. The Journal of comparative neurology 293(4):581-598. 

Hermanson O, Blomqvist A. 1997. Differential expression of the AP-1/CRE-binding proteins FOS and 

CREB in preproenkephalin mRNA-expressing neurons of the rat parabrachial nucleus after 

nociceptive stimulation. Brain Res Mol Brain Res 51(1-2):188-196. 

Hervey GR. 1959. The effects of lesions in the hypothalamus in parabiotic rats. The Journal of 

physiology 145(2):336-352. 

Higuchi R, Fockler C, Dollinger G, Watson R. 1993. Kinetic PCR analysis: real-time monitoring of 

DNA amplification reactions. Biotechnology (N Y) 11(9):1026-1030. 

Hla T, Neilson K. 1992. Human cyclooxygenase-2 cDNA. Proceedings of the National Academy of 

Sciences of the United States of America 89(16):7384-7388. 

Hoffman GE, Lyo D. 2002. Anatomical markers of activity in neuroendocrine systems: are we all 'fos-

ed out'? J Neuroendocrinol 14(4):259-268. 

Holland PM, Abramson RD, Watson R, Gelfand DH. 1991. Detection of specific polymerase chain 

reaction product by utilizing the 5'----3' exonuclease activity of Thermus aquaticus DNA 

polymerase. Proceedings of the National Academy of Sciences of the United States of 

America 88(16):7276-7280. 



 

 

94 

 

Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, Takeda K, Akira S. 1999. Cutting 

edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive to lipopolysaccharide: 

evidence for TLR4 as the Lps gene product. J Immunol 162(7):3749-3752. 

Hosoi T, Okuma Y, Matsuda T, Nomura Y. 2005. Novel pathway for LPS-induced afferent vagus 

nerve activation: possible role of nodose ganglion. Autonomic neuroscience : basic & clinical 

120(1-2):104-107. 

Hotamisligil GS, Erbay E. 2008. Nutrient sensing and inflammation in metabolic diseases. Nature 

reviews Immunology 8(12):923-934. 

Hou B, Reizis B, DeFranco AL. 2008. Toll-like receptors activate innate and adaptive immunity by 

using dendritic cell-intrinsic and -extrinsic mechanisms. Immunity 29(2):272-282. 

Huang QH, Hruby VJ, Tatro JB. 1999. Role of central melanocortins in endotoxin-induced anorexia. 

The American journal of physiology 276(3 Pt 2):R864-871. 

Hultmark D. 1994. Macrophage differentiation marker MyD88 is a member of the Toll/IL-1 receptor 

family. Biochemical and biophysical research communications 199(1):144-146. 

Hummel KP, Dickie MM, Coleman DL. 1966. Diabetes, a new mutation in the mouse. Science 

153(3740):1127-1128. 

Hunt SP, Pini A, Evan G. 1987. Induction of c-fos-like protein in spinal cord neurons following 

sensory stimulation. Nature 328(6131):632-634. 

Husby G, Strickland RG, Rigler GL, Peake GT, Williams RC, Jr. 1977. Direct immunochemical 

detection of prostaglandin-E and cyclic nucleotides in human malignant tumors. Cancer 

40(4):1629-1642. 

Hyde TM, Miselis RR. 1983. Effects of area postrema/caudal medial nucleus of solitary tract lesions 

on food intake and body weight. The American journal of physiology 244(4):R577-587. 

Ikejima T, Okusawa S, Ghezzi P, van der Meer JW, Dinarello CA. 1990. Interleukin-1 induces tumor 

necrosis factor (TNF) in human peripheral blood mononuclear cells in vitro and a circulating 

TNF-like activity in rabbits. The Journal of infectious diseases 162(1):215-223. 

Illig KA, Maronian N, Peacock JL. 1992. Cancer cachexia is transmissible in plasma. The Journal of 

surgical research 52(4):353-358. 

Ingalls AM, Dickie MM, Snell GD. 1950. Obese, a new mutation in the house mouse. The Journal of 

heredity 41(12):317-318. 

Ivanov AI, Pero RS, Scheck AC, Romanovsky AA. 2002. Prostaglandin E(2)-synthesizing enzymes in 

fever: differential transcriptional regulation. American journal of physiology 283(5):R1104-

1117. 

Jakobsson PJ, Thoren S, Morgenstern R, Samuelsson B. 1999. Identification of human prostaglandin E 

synthase: a microsomal, glutathione-dependent, inducible enzyme, constituting a potential 

novel drug target. Proceedings of the National Academy of Sciences of the United States of 

America 96(13):7220-7225. 

James WP. 2008. The epidemiology of obesity: the size of the problem. Journal of internal medicine 

263(4):336-352. 

Janeway CA, Jr. 1989. Approaching the asymptote? Evolution and revolution in immunology. Cold 

Spring Harbor symposia on quantitative biology 54 Pt 1:1-13. 

Janeway CA, Jr., Medzhitov R. 2002. Innate immune recognition. Annual review of immunology 

20:197-216. 

Jatoi A, Dakhil SR, Nguyen PL, Sloan JA, Kugler JW, Rowland KM, Jr., Soori GS, Wender DB, Fitch 

TR, Novotny PJ, Loprinzi CL. 2007. A placebo-controlled double blind trial of etanercept for 

the cancer anorexia/weight loss syndrome: results from N00C1 from the North Central Cancer 

Treatment Group. Cancer 110(6):1396-1403. 

Johnen H, Lin S, Kuffner T, Brown DA, Tsai VW, Bauskin AR, Wu L, Pankhurst G, Jiang L, 

Junankar S, Hunter M, Fairlie WD, Lee NJ, Enriquez RF, Baldock PA, Corey E, Apple FS, 

Murakami MM, Lin EJ, Wang C, During MJ, Sainsbury A, Herzog H, Breit SN. 2007. 

Tumor-induced anorexia and weight loss are mediated by the TGF-beta superfamily cytokine 

MIC-1. Nature medicine 13(11):1333-1340. 

Johnson PM, Vogt SK, Burney MW, Muglia LJ. 2002. COX-2 inhibition attenuates anorexia during 

systemic inflammation without impairing cytokine production. American journal of 

physiology 282(3):E650-656. 



 

 

95 

 

Johnson RS, Spiegelman BM, Papaioannou V. 1992. Pleiotropic effects of a null mutation in the c-fos 

proto-oncogene. Cell 71(4):577-586. 

Johnson RW, Curtis SE, Dantzer R, Kelley KW. 1993. Central and peripheral prostaglandins are 

involved in sickness behavior in birds. Physiology & behavior 53(1):127-131. 

Johnstone LE, Fong TM, Leng G. 2006. Neuronal activation in the hypothalamus and brainstem 

during feeding in rats. Cell Metab 4(4):313-321. 

Jones A, Korpi ER, McKernan RM, Pelz R, Nusser Z, Makela R, Mellor JR, Pollard S, Bahn S, 

Stephenson FA, Randall AD, Sieghart W, Somogyi P, Smith AJ, Wisden W. 1997. Ligand-

gated ion channel subunit partnerships: GABAA receptor alpha6 subunit gene inactivation 

inhibits delta subunit expression. J Neurosci 17(4):1350-1362. 

Jones RL, Peterson CM, Grady RW, Kumbaraci T, Cerami A, Graziano JH. 1977. Effects of iron 

chelators and iron overload on Salmonella infection. Nature 267(5606):63-65. 

Kahler A, Geary N, Eckel LA, Campfield LA, Smith FJ, Langhans W. 1998. Chronic administration 

of OB protein decreases food intake by selectively reducing meal size in male rats. The 

American journal of physiology 275(1 Pt 2):R180-185. 

Kamei D, Murakami M, Sasaki Y, Nakatani Y, Majima M, Ishikawa Y, Ishii T, Uematsu S, Akira S, 

Hara S, Kudo I. 2009. Microsomal prostaglandin E synthase-1 in both cancer cells and hosts 

contributes to tumor growth, invasion and metastasis. The Biochemical journal 425(2):361-

371. 

Kaplan JM, Seeley RJ, Grill HJ. 1993. Daily caloric intake in intact and chronic decerebrate rats. 

Behavioral neuroscience 107(5):876-881. 

Karin M, Lawrence T, Nizet V. 2006. Innate immunity gone awry: linking microbial infections to 

chronic inflammation and cancer. Cell 124(4):823-835. 

Karlberg I, Edstrom S, Ekman L, Johansson S, Schersten T, Lundholm K. 1981. Metabolic host 

reaction in response to the proliferation of nonmalignant cells versus malignant cells in vivo. 

Cancer research 41(10):4154-4161. 

Kaufmann WE, Andreasson KI, Isakson PC, Worley PF. 1997. Cyclooxygenases and the central 

nervous system. Prostaglandins 54(3):601-624. 

Kawagoe T, Sato S, Matsushita K, Kato H, Matsui K, Kumagai Y, Saitoh T, Kawai T, Takeuchi O, 

Akira S. 2008. Sequential control of Toll-like receptor-dependent responses by IRAK1 and 

IRAK2. Nature immunology 9(6):684-691. 

Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. 1999. Unresponsiveness of MyD88-deficient mice 

to endotoxin. Immunity 11(1):115-122. 

Kawai T, Akira S. 2010. The role of pattern-recognition receptors in innate immunity: update on Toll-

like receptors. Nature immunology 11(5):373-384. 

Kawakami M, Cerami A. 1981. Studies of endotoxin-induced decrease in lipoprotein lipase activity. 

The Journal of experimental medicine 154(3):631-639. 

Kawamori T, Kitamura T, Watanabe K, Uchiya N, Maruyama T, Narumiya S, Sugimura T, 

Wakabayashi K. 2005. Prostaglandin E receptor subtype EP(1) deficiency inhibits colon 

cancer development. Carcinogenesis 26(2):353-357. 

Keating SE, Maloney GM, Moran EM, Bowie AG. 2007. IRAK-2 participates in multiple toll-like 

receptor signaling pathways to NFkappaB via activation of TRAF6 ubiquitination. The 

Journal of biological chemistry 282(46):33435-33443. 

Kennedy GC. 1953. The role of depot fat in the hypothalamic control of food intake in the rat. Proc R 

Soc Lond B Biol Sci 140(901):578-596. 

Kent S, Bret-Dibat JL, Kelley KW, Dantzer R. 1996. Mechanisms of sickness-induced decreases in 

food-motivated behavior. Neurosci Biobehav Rev 20(1):171-175. 

Kim Y, Zhou P, Qian L, Chuang JZ, Lee J, Li C, Iadecola C, Nathan C, Ding A. 2007. MyD88-5 links 

mitochondria, microtubules, and JNK3 in neurons and regulates neuronal survival. The 

Journal of experimental medicine 204(9):2063-2074. 

Kissileff HR, Pi-Sunyer FX, Thornton J, Smith GP. 1981. C-terminal octapeptide of cholecystokinin 

decreases food intake in man. Am J Clin Nutr 34(2):154-160. 

Kleinridders A, Schenten D, Konner AC, Belgardt BF, Mauer J, Okamura T, Wunderlich FT, 

Medzhitov R, Bruning JC. 2009. MyD88 signaling in the CNS is required for development of 

fatty acid-induced leptin resistance and diet-induced obesity. Cell Metab 10(4):249-259. 



 

 

96 

 

Kluger MJ. 1991. Fever: role of pyrogens and cryogens. Physiological reviews 71(1):93-127. 

Kluger MJ, Rothenburg BA. 1979. Fever and reduced iron: their interaction as a host defense response 

to bacterial infection. Science 203(4378):374-376. 

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. 1999. Ghrelin is a growth-

hormone-releasing acylated peptide from stomach. Nature 402(6762):656-660. 

Koller BH, Hagemann LJ, Doetschman T, Hagaman JR, Huang S, Williams PJ, First NL, Maeda N, 

Smithies O. 1989. Germ-line transmission of a planned alteration made in a hypoxanthine 

phosphoribosyltransferase gene by homologous recombination in embryonic stem cells. 

Proceedings of the National Academy of Sciences of the United States of America 

86(22):8927-8931. 

Kono H, Rock KL. 2008. How dying cells alert the immune system to danger. Nature reviews 

Immunology 8(4):279-289. 

Konsman JP, Blomqvist A. 2005. Forebrain patterns of c-Fos and FosB induction during cancer-

associated anorexia-cachexia in rat. Eur J Neurosci 21(10):2752-2766. 

Konsman JP, Kelley K, Dantzer R. 1999. Temporal and spatial relationships between 

lipopolysaccharide-induced expression of Fos, interleukin-1beta and inducible nitric oxide 

synthase in rat brain. Neuroscience 89(2):535-548. 

Konsman JP, Parnet P, Dantzer R. 2002. Cytokine-induced sickness behaviour: mechanisms and 

implications. Trends Neurosci 25(3):154-159. 

Konsman JP, Vigues S, Mackerlova L, Bristow A, Blomqvist A. 2004. Rat brain vascular distribution 

of interleukin-1 type-1 receptor immunoreactivity: relationship to patterns of inducible 

cyclooxygenase expression by peripheral inflammatory stimuli. The Journal of comparative 

neurology 472(1):113-129. 

Kovacs KJ. 1998. c-Fos as a transcription factor: a stressful (re)view from a functional map. 

Neurochemistry international 33(4):287-297. 

Krahn DD, Gosnell BA, Levine AS, Morley JE. 1984. Effects of calcitonin gene-related peptide on 

food intake. Peptides 5(5):861-864. 

Kresse A, Jacobowitz DM, Skofitsch G. 1995. Detailed mapping of CGRP mRNA expression in the 

rat central nervous system: comparison with previous immunocytochemical findings. Brain 

research bulletin 36(3):261-274. 

Kudo I, Murakami M. 2002. Phospholipase A2 enzymes. Prostaglandins & other lipid mediators 68-

69:3-58. 

Kudo I, Murakami M. 2005. Prostaglandin E synthase, a terminal enzyme for prostaglandin E2 

biosynthesis. Journal of biochemistry and molecular biology 38(6):633-638. 

Kuhn R, Schwenk F, Aguet M, Rajewsky K. 1995. Inducible gene targeting in mice. Science 

269(5229):1427-1429. 

Kujubu DA, Fletcher BS, Varnum BC, Lim RW, Herschman HR. 1991. TIS10, a phorbol ester tumor 

promoter-inducible mRNA from Swiss 3T3 cells, encodes a novel prostaglandin 

synthase/cyclooxygenase homologue. The Journal of biological chemistry 266(20):12866-

12872. 

Kyriazakis II, Tolkamp BJ, Hutchings MR. 1998. Towards a functional explanation for the occurrence 

of anorexia during parasitic infections. Animal behaviour 56(2):265-274. 

Lacroix S, Feinstein D, Rivest S. 1998. The bacterial endotoxin lipopolysaccharide has the ability to 

target the brain in upregulating its membrane CD14 receptor within specific cellular 

populations. Brain Pathol 8(4):625-640. 

Lacroix S, Rivest S. 1998. Effect of acute systemic inflammatory response and cytokines on the 

transcription of the genes encoding cyclooxygenase enzymes (COX-1 and COX-2) in the rat 

brain. Journal of neurochemistry 70(2):452-466. 

Laflamme N, Rivest S. 1999. Effects of systemic immunogenic insults and circulating 

proinflammatory cytokines on the transcription of the inhibitory factor kappaB alpha within 

specific cellular populations of the rat brain. Journal of neurochemistry 73(1):309-321. 

Laflamme N, Rivest S. 2001. Toll-like receptor 4: the missing link of the cerebral innate immune 

response triggered by circulating gram-negative bacterial cell wall components. Faseb J 

15(1):155-163. 



 

 

97 

 

Laflamme N, Soucy G, Rivest S. 2001. Circulating cell wall components derived from gram-negative, 

not gram-positive, bacteria cause a profound induction of the gene-encoding Toll-like receptor 

2 in the CNS. Journal of neurochemistry 79(3):648-657. 

Lakso M, Sauer B, Mosinger B, Jr., Lee EJ, Manning RW, Yu SH, Mulder KL, Westphal H. 1992. 

Targeted oncogene activation by site-specific recombination in transgenic mice. Proceedings 

of the National Academy of Sciences of the United States of America 89(14):6232-6236. 

Lal J. 1984. Possible role of prostaglandins in the regulation of food intake in the newborn rat. 

Archives internationales de pharmacodynamie et de therapie 272(1):140-149. 

Lander ES, Linton LM, et a. 2001. Initial sequencing and analysis of the human genome. Nature 

409(6822):860-921. 

Lang MF, Salinin S, Ridder DA, Kleesiek J, Hroudova J, Berger S, Schutz G, Schwaninger M. 2011. 

A transgenic approach to identify thyroxine transporter-expressing structures in brain 

development. J Neuroendocrinol 23(12):1194-1203. 

Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, Chulada PC, Mahler JF, Lee CA, 

Goulding EH, Kluckman KD, Kim HS, Smithies O. 1995. Prostaglandin synthase 1 gene 

disruption in mice reduces arachidonic acid-induced inflammation and indomethacin-induced 

gastric ulceration. Cell 83(3):483-492. 

Langhans W. 2007. Signals generating anorexia during acute illness. Proc Nutr Soc 66(3):321-330. 

Langhans W, Harlacher R, Balkowski G, Scharrer E. 1990. Comparison of the effects of bacterial 

lipopolysaccharide and muramyl dipeptide on food intake. Physiology & behavior 47(5):805-

813. 

Langhans W, Harlacher R, Scharrer E. 1989. Verapamil and indomethacin attenuate endotoxin-

induced anorexia. Physiology & behavior 46(3):535-539. 

Langhans W, Savoldelli D, Weingarten S. 1993. Comparison of the feeding responses to bacterial 

lipopolysaccharide and interleukin-1 beta. Physiology & behavior 53(4):643-649. 

Langstein HN, Doherty GM, Fraker DL, Buresh CM, Norton JA. 1991. The roles of gamma-interferon 

and tumor necrosis factor alpha in an experimental rat model of cancer cachexia. Cancer 

research 51(9):2302-2306. 

Lanzotti VJ, Thomas DR, Boyle LE, Smith TL, Gehan EA, Samuels ML. 1977. Survival with 

inoperable lung cancer: an integration of prognostic variables based on simple clinical criteria. 

Cancer 39(1):303-313. 

Laviano A, Meguid MM, Gleason JR, Rossi-Fanelli F. 2002. VMN/LHA functional inhibition in 

tumor-bearing rats suggests hypothalamic involvement in cancer anorexia. Nutritional 

neuroscience 5(6):443-456. 

Laye S, Gheusi G, Cremona S, Combe C, Kelley K, Dantzer R, Parnet P. 2000. Endogenous brain IL-

1 mediates LPS-induced anorexia and hypothalamic cytokine expression. American journal of 

physiology 279(1):R93-98. 

Laye S, Parnet P, Goujon E, Dantzer R. 1994. Peripheral administration of lipopolysaccharide induces 

the expression of cytokine transcripts in the brain and pituitary of mice. Brain Res Mol Brain 

Res 27(1):157-162. 

Lazarus M, Yoshida K, Coppari R, Bass CE, Mochizuki T, Lowell BB, Saper CB. 2007. EP3 

prostaglandin receptors in the median preoptic nucleus are critical for fever responses. Nature 

neuroscience 10(9):1131-1133. 

Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, Lee JI, Friedman JM. 1996. 

Abnormal splicing of the leptin receptor in diabetic mice. Nature 379(6566):632-635. 

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. 1996. The dorsoventral regulatory 

gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. 

Cell 86(6):973-983. 

Letsou A, Alexander S, Wasserman SA. 1993. Domain mapping of tube, a protein essential for 

dorsoventral patterning of the Drosophila embryo. EMBO J 12(9):3449-3458. 

Levine AS, Morley JE. 1981. The effect of prostaglandins (PGE2 and PGF2 alpha) on food intake in 

rats. Pharmacology, biochemistry, and behavior 15(5):735-738. 

Li BH, Rowland NE. 1993. Dexfenfluramine induces Fos-like immunoreactivity in discrete brain 

regions in rats. Brain research bulletin 31(1-2):43-48. 



 

 

98 

 

Li BH, Spector AC, Rowland NE. 1994. Reversal of dexfenfluramine-induced anorexia and c-Fos/c-

Jun expression by lesion in the lateral parabrachial nucleus. Brain research 640(1-2):255-267. 

Li S, Strelow A, Fontana EJ, Wesche H. 2002. IRAK-4: a novel member of the IRAK family with the 

properties of an IRAK-kinase. Proceedings of the National Academy of Sciences of the United 

States of America 99(8):5567-5572. 

Lim H, Paria BC, Das SK, Dinchuk JE, Langenbach R, Trzaskos JM, Dey SK. 1997. Multiple female 

reproductive failures in cyclooxygenase 2-deficient mice. Cell 91(2):197-208. 

Lin SC, Lo YC, Wu H. 2010. Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R 

signalling. Nature 465(7300):885-890. 

Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E, Haudenschild C, Lane TF, Hla T. 2001. 

Overexpression of cyclooxygenase-2 is sufficient to induce tumorigenesis in transgenic mice. 

The Journal of biological chemistry 276(21):18563-18569. 

Liu S, Khemlani LS, Shapiro RA, Johnson ML, Liu K, Geller DA, Watkins SC, Goyert SM, Billiar 

TR. 1998. Expression of CD14 by hepatocytes: upregulation by cytokines during 

endotoxemia. Infection and immunity 66(11):5089-5098. 

Locksley RM, Killeen N, Lenardo MJ. 2001. The TNF and TNF receptor superfamilies: integrating 

mammalian biology. Cell 104(4):487-501. 

Lonnroth C, Andersson M, Lundholm K. 2001. Indomethacin and telomerase activity in tumor growth 

retardation. International journal of oncology 18(5):929-937. 

Lonnroth C, Svaninger G, Gelin J, Cahlin C, Iresjo B, Cvetkovska E, Edstrom S, Andersson M, 

Svanberg E, Lundholm K. 1995. Effects related to indomethacin prolonged survival and 

decreased tumor-growth in a mouse-tumor model with cytokine dependent cancer cachexia. 

International journal of oncology 7(6):1405-1413. 

Lord KA, Hoffman-Liebermann B, Liebermann DA. 1990a. Complexity of the immediate early 

response of myeloid cells to terminal differentiation and growth arrest includes ICAM-1, Jun-

B and histone variants. Oncogene 5(3):387-396. 

Lord KA, Hoffman-Liebermann B, Liebermann DA. 1990b. Nucleotide sequence and expression of a 

cDNA encoding MyD88, a novel myeloid differentiation primary response gene induced by 

IL6. Oncogene 5(7):1095-1097. 

Lorincz A, Nusser Z. 2008. Specificity of immunoreactions: the importance of testing specificity in 

each method. J Neurosci 28(37):9083-9086. 

Lu D, Willard D, Patel IR, Kadwell S, Overton L, Kost T, Luther M, Chen W, Woychik RP, Wilkison 

WO, et al. 1994. Agouti protein is an antagonist of the melanocyte-stimulating-hormone 

receptor. Nature 371(6500):799-802. 

Lugarini F, Hrupka BJ, Schwartz GJ, Plata-Salaman CR, Langhans W. 2002. A role for 

cyclooxygenase-2 in lipopolysaccharide-induced anorexia in rats. American journal of 

physiology 283(4):R862-868. 

Luheshi GN, Gardner JD, Rushforth DA, Loudon AS, Rothwell NJ. 1999. Leptin actions on food 

intake and body temperature are mediated by IL-1. Proceedings of the National Academy of 

Sciences of the United States of America 96(12):7047-7052. 

Lundholm K, Daneryd P, Bosaeus I, Korner U, Lindholm E. 2004a. Palliative nutritional intervention 

in addition to cyclooxygenase and erythropoietin treatment for patients with malignant 

disease: Effects on survival, metabolism, and function. Cancer 100(9):1967-1977. 

Lundholm K, Daneryd P, Korner U, Hyltander A, Bosaeus I. 2004b. Evidence that long-term COX-

treatment improves energy homeostasis and body composition in cancer patients with 

progressive cachexia. International journal of oncology 24(3):505-512. 

Lundholm K, Edstrom S, Ekman L, Karlberg I, Bylund AC, Schersten T. 1978. A comparative study 

of the influence of malignant tumor on host metabolism in mice and man: evaluation of an 

experimental model. Cancer 42(2):453-461. 

Lundholm K, Edstrom S, Karlberg I, Ekman L, Schersten T. 1980. Relationship of food intake, body 

composition, and tumor growth to host metabolism in nongrowing mice with sarcoma. Cancer 

research 40(7):2516-2522. 

Lundholm K, Gelin J, Hyltander A, Lonnroth C, Sandstrom R, Svaninger G, Korner U, Gulich M, 

Karrefors I, Norli B, et al. 1994. Anti-inflammatory treatment may prolong survival in 

undernourished patients with metastatic solid tumors. Cancer research 54(21):5602-5606. 



 

 

99 

 

Luquet S, Perez FA, Hnasko TS, Palmiter RD. 2005. NPY/AgRP neurons are essential for feeding in 

adult mice but can be ablated in neonates. Science 310(5748):683-685. 

Lutz TA, Senn M, Althaus J, Del Prete E, Ehrensperger F, Scharrer E. 1998. Lesion of the area 

postrema/nucleus of the solitary tract (AP/NTS) attenuates the anorectic effects of amylin and 

calcitonin gene-related peptide (CGRP) in rats. Peptides 19(2):309-317. 

Lyden E, Cvetkovska E, Westin T, Oldfors A, Soussi B, Gustafsson B, Edstrom S. 1995. Effects of 

nandrolone propionate on experimental tumor growth and cancer cachexia. Metabolism: 

clinical and experimental 44(4):445-451. 

Ma W, Eisenach JC. 2003. Intraplantar injection of a cyclooxygenase inhibitor ketorolac reduces 

immunoreactivities of substance P, calcitonin gene-related peptide, and dynorphin in the 

dorsal horn of rats with nerve injury or inflammation. Neuroscience 121(3):681-690. 

Mahoney JR, Jr., Beutler BA, Le Trang N, Vine W, Ikeda Y, Kawakami M, Cerami A. 1985. 

Lipopolysaccharide-treated RAW 264.7 cells produce a mediator that inhibits lipoprotein 

lipase in 3T3-L1 cells. J Immunol 134(3):1673-1675. 

Maltoni M, Fabbri L, Nanni O, Scarpi E, Pezzi L, Flamini E, Riccobon A, Derni S, Pallotti G, 

Amadori D. 1997. Serum levels of tumor necrosis factor alpha and other cytokines do not 

correlate with weight loss and anorexia in cancer patients. Support Care Cancer 5(2):130-135. 

Mansour SL, Thomas KR, Capecchi MR. 1988. Disruption of the proto-oncogene int-2 in mouse 

embryo-derived stem cells: a general strategy for targeting mutations to non-selectable genes. 

Nature 336(6197):348-352. 

March CJ, Mosley B, Larsen A, Cerretti DP, Braedt G, Price V, Gillis S, Henney CS, Kronheim SR, 

Grabstein K, et al. 1985. Cloning, sequence and expression of two distinct human interleukin-

1 complementary DNAs. Nature 315(6021):641-647. 

Markison S, Foster AC, Chen C, Brookhart GB, Hesse A, Hoare SR, Fleck BA, Brown BT, Marks 

DL. 2005. The regulation of feeding and metabolic rate and the prevention of murine cancer 

cachexia with a small-molecule melanocortin-4 receptor antagonist. Endocrinology 

146(6):2766-2773. 

Marks DL, Butler AA, Turner R, Brookhart G, Cone RD. 2003. Differential role of melanocortin 

receptor subtypes in cachexia. Endocrinology 144(4):1513-1523. 

Marks DL, Ling N, Cone RD. 2001. Role of the central melanocortin system in cachexia. Cancer 

research 61(4):1432-1438. 

Martin F, Santolaria F, Batista N, Milena A, Gonzalez-Reimers E, Brito MJ, Oramas J. 1999. 

Cytokine levels (IL-6 and IFN-gamma), acute phase response and nutritional status as 

prognostic factors in lung cancer. Cytokine 11(1):80-86. 

Matsumura K, Cao C, Ozaki M, Morii H, Nakadate K, Watanabe Y. 1998. Brain endothelial cells 

express cyclooxygenase-2 during lipopolysaccharide-induced fever: light and electron 

microscopic immunocytochemical studies. J Neurosci 18(16):6279-6289. 

Matsumura K, Kaihatsu S, Imai H, Terao A, Shiraki T, Kobayashi S. 2000. Cyclooxygenase in the 

vagal afferents: is it involved in the brain prostaglandin response evoked by 

lipopolysaccharide? Autonomic neuroscience : basic & clinical 85(1-3):88-92. 

Matthys P, Billiau A. 1997. Cytokines and cachexia. Nutrition 13(9):763-770. 

Matthys P, Dijkmans R, Proost P, Van Damme J, Heremans H, Sobis H, Billiau A. 1991a. Severe 

cachexia in mice inoculated with interferon-gamma-producing tumor cells. International 

journal of cancer 49(1):77-82. 

Matthys P, Heremans H, Opdenakker G, Billiau A. 1991b. Anti-interferon-gamma antibody treatment, 

growth of Lewis lung tumors in mice and tumor-associated cachexia. Eur J Cancer 27(2):182-

187. 

McCarthy DO. 1999. Inhibitors of prostaglandin synthesis do not improve food intake or body weight 

of tumor-bearing rats. Research in nursing & health 22(5):380-387. 

McCoy JM, Wicks JR, Audoly LP. 2002. The role of prostaglandin E2 receptors in the pathogenesis of 

rheumatoid arthritis. The Journal of clinical investigation 110(5):651-658. 

Medzhitov R, Janeway CA, Jr. 1997. Innate immunity: impact on the adaptive immune response. 

Current opinion in immunology 9(1):4-9. 

Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr. 1997. A human homologue of the Drosophila Toll 

protein signals activation of adaptive immunity. Nature 388(6640):394-397. 



 

 

100 

 

Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen C, Ghosh S, Janeway CA, Jr. 1998. 

MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol Cell 

2(2):253-258. 

Merlie JP, Fagan D, Mudd J, Needleman P. 1988. Isolation and characterization of the complementary 

DNA for sheep seminal vesicle prostaglandin endoperoxide synthase (cyclooxygenase). The 

Journal of biological chemistry 263(8):3550-3553. 

Michie HR, Manogue KR, Spriggs DR, Revhaug A, O'Dwyer S, Dinarello CA, Cerami A, Wolff SM, 

Wilmore DW. 1988. Detection of circulating tumor necrosis factor after endotoxin 

administration. The New England journal of medicine 318(23):1481-1486. 

Miller AD, Leslie RA. 1994. The area postrema and vomiting. Frontiers in neuroendocrinology 

15(4):301-320. 

Mimura Y, Sakisaka S, Harada M, Sata M, Tanikawa K. 1995. Role of hepatocytes in direct clearance 

of lipopolysaccharide in rats. Gastroenterology 109(6):1969-1976. 

Mitcham JL, Parnet P, Bonnert TP, Garka KE, Gerhart MJ, Slack JL, Gayle MA, Dower SK, Sims JE. 

1996. T1/ST2 signaling establishes it as a member of an expanding interleukin-1 receptor 

family. The Journal of biological chemistry 271(10):5777-5783. 

Miyamoto T, Ogino N, Yamamoto S, Hayaishi O. 1976. Purification of prostaglandin endoperoxide 

synthetase from bovine vesicular gland microsomes. The Journal of biological chemistry 

251(9):2629-2636. 

Mnich SJ, Veenhuizen AW, Monahan JB, Sheehan KC, Lynch KR, Isakson PC, Portanova JP. 1995. 

Characterization of a monoclonal antibody that neutralizes the activity of prostaglandin E2. J 

Immunol 155(9):4437-4444. 

Moldawer LL, Copeland EM, 3rd. 1997. Proinflammatory cytokines, nutritional support, and the 

cachexia syndrome: interactions and therapeutic options. Cancer 79(9):1828-1839. 

Moldawer LL, Rogy MA, Lowry SF. 1992. The role of cytokines in cancer cachexia. JPEN Journal of 

parenteral and enteral nutrition 16(6 Suppl):43S-49S. 

Moley JF, Aamodt R, Rumble W, Kaye W, Norton JA. 1987. Body cell mass in cancer-bearing and 

anorexic patients. JPEN Journal of parenteral and enteral nutrition 11(3):219-222. 

Molfino A, Rossi-Fanelli F, Laviano A. 2009. The interaction between pro-inflammatory cytokines 

and the nervous system. Nature reviews Cancer 9(3):224. 

Monje ML, Mizumatsu S, Fike JR, Palmer TD. 2002. Irradiation induces neural precursor-cell 

dysfunction. Nature medicine 8(9):955-962. 

Moran TH, Smith GP, Hostetler AM, McHugh PR. 1987. Transport of cholecystokinin (CCK) binding 

sites in subdiaphragmatic vagal branches. Brain research 415(1):149-152. 

Mordes JP, Rossini AA. 1981. Tumor-induced anorexia in the Wistar rat. Science 213(4507):565-567. 

Morgan JI, Cohen DR, Hempstead JL, Curran T. 1987. Mapping patterns of c-fos expression in the 

central nervous system after seizure. Science 237(4811):192-197. 

Morham SG, Langenbach R, Loftin CD, Tiano HF, Vouloumanos N, Jennette JC, Mahler JF, 

Kluckman KD, Ledford A, Lee CA, Smithies O. 1995. Prostaglandin synthase 2 gene 

disruption causes severe renal pathology in the mouse. Cell 83(3):473-482. 

Morisato D, Anderson KV. 1994. The spatzle gene encodes a component of the extracellular signaling 

pathway establishing the dorsal-ventral pattern of the Drosophila embryo. Cell 76(4):677-688. 

Morita Y, Finger TE. 1987. Area postrema of the goldfish, Carassius auratus: ultrastructure, fiber 

connections, and immunocytochemistry. The Journal of comparative neurology 256(1):104-

116. 

Morley JE, Flood JF. 1991. Amylin decreases food intake in mice. Peptides 12(4):865-869. 

Morrison SD. 1974. Diurnal distribution of motor activity and feeding during growth of tumors. 

Cancer research 34(7):1632-1635. 

Morton GJ, Blevins JE, Williams DL, Niswender KD, Gelling RW, Rhodes CJ, Baskin DG, Schwartz 

MW. 2005. Leptin action in the forebrain regulates the hindbrain response to satiety signals. 

The Journal of clinical investigation 115(3):703-710. 

Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz MW. 2006. Central nervous system 

control of food intake and body weight. Nature 443(7109):289-295. 



 

 

101 

 

Mountjoy KG, Mortrud MT, Low MJ, Simerly RB, Cone RD. 1994. Localization of the melanocortin-

4 receptor (MC4-R) in neuroendocrine and autonomic control circuits in the brain. Mol 

Endocrinol 8(10):1298-1308. 

Murakami M, Naraba H, Tanioka T, Semmyo N, Nakatani Y, Kojima F, Ikeda T, Fueki M, Ueno A, 

Oh S, Kudo I. 2000. Regulation of prostaglandin E2 biosynthesis by inducible membrane-

associated prostaglandin E2 synthase that acts in concert with cyclooxygenase-2. The Journal 

of biological chemistry 275(42):32783-32792. 

Murray MJ, Murray AB. 1979. Anorexia of infection as a mechanism of host defense. Am J Clin Nutr 

32(3):593-596. 

Murray S, Schell K, McCarthy DO, Albertini MR. 1997. Tumor growth, weight loss and cytokines in 

SCID mice. Cancer letters 111(1-2):111-115. 

Mutoh M, Watanabe K, Kitamura T, Shoji Y, Takahashi M, Kawamori T, Tani K, Kobayashi M, 

Maruyama T, Kobayashi K, Ohuchida S, Sugimoto Y, Narumiya S, Sugimura T, Wakabayashi 

K. 2002. Involvement of prostaglandin E receptor subtype EP(4) in colon carcinogenesis. 

Cancer research 62(1):28-32. 

Muzio M, Ni J, Feng P, Dixit VM. 1997. IRAK (Pelle) family member IRAK-2 and MyD88 as 

proximal mediators of IL-1 signaling. Science 278(5343):1612-1615. 

Nadeau S, Rivest S. 1999. Effects of circulating tumor necrosis factor on the neuronal activity and 

expression of the genes encoding the tumor necrosis factor receptors (p55 and p75) in the rat 

brain: a view from the blood-brain barrier. Neuroscience 93(4):1449-1464. 

Nadjar A, Sauvant J, Combe C, Parnet P, Konsman JP. 2010. Brain cyclooxygenase-2 mediates 

interleukin-1-induced cellular activation in preoptic and arcuate hypothalamus, but not 

sickness symptoms. Neurobiology of disease 39(3):393-401. 

Nagy A. 2000. Cre recombinase: the universal reagent for genome tailoring. Genesis 26(2):99-109. 

Nakamura K, Kaneko T, Yamashita Y, Hasegawa H, Katoh H, Negishi M. 2000. 

Immunohistochemical localization of prostaglandin EP3 receptor in the rat nervous system. 

The Journal of comparative neurology 421(4):543-569. 

Nakanishi M, Montrose DC, Clark P, Nambiar PR, Belinsky GS, Claffey KP, Xu D, Rosenberg DW. 

2008. Genetic deletion of mPGES-1 suppresses intestinal tumorigenesis. Cancer research 

68(9):3251-3259. 

Naugler WE, Sakurai T, Kim S, Maeda S, Kim K, Elsharkawy AM, Karin M. 2007. Gender disparity 

in liver cancer due to sex differences in MyD88-dependent IL-6 production. Science 

317(5834):121-124. 

Nguyen M, Camenisch T, Snouwaert JN, Hicks E, Coffman TM, Anderson PA, Malouf NN, Koller 

BH. 1997. The prostaglandin receptor EP4 triggers remodelling of the cardiovascular system 

at birth. Nature 390(6655):78-81. 

Nixon DW, Heymsfield SB, Cohen AE, Kutner MH, Ansley J, Lawson DH, Rudman D. 1980. 

Protein-calorie undernutrition in hospitalized cancer patients. The American journal of 

medicine 68(5):683-690. 

Noguchi Y, Vydelingum NA, Younes RN, Fried SK, Brennan MF. 1991. Tumor-induced alterations in 

tissue lipoprotein lipase activity and mRNA levels. Cancer research 51(3):863-869. 

Nolan T, Hands RE, Bustin SA. 2006. Quantification of mRNA using real-time RT-PCR. Nature 

protocols 1(3):1559-1582. 

Norris JL, Manley JL. 1996. Functional interactions between the pelle kinase, Toll receptor, and tube 

suggest a mechanism for activation of dorsal. Genes & development 10(7):862-872. 

Norton JA, Moley JF, Green MV, Carson RE, Morrison SD. 1985. Parabiotic transfer of cancer 

anorexia/cachexia in male rats. Cancer research 45(11 Pt 1):5547-5552. 

Nusslein-Volhard C, Wieschaus E. 1980. Mutations affecting segment number and polarity in 

Drosophila. Nature 287(5785):795-801. 

O'Banion MK, Sadowski HB, Winn V, Young DA. 1991. A serum- and glucocorticoid-regulated 4-

kilobase mRNA encodes a cyclooxygenase-related protein. The Journal of biological 

chemistry 266(34):23261-23267. 

O'Neill LA, Bowie AG. 2007. The family of five: TIR-domain-containing adaptors in Toll-like 

receptor signalling. Nature reviews Immunology 7(5):353-364. 



 

 

102 

 

Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, Zarnegar B, Perry A, Cheng G. 2006. Critical 

role of TRAF3 in the Toll-like receptor-dependent and -independent antiviral response. Nature 

439(7073):208-211. 

Ogimoto K, Harris MK, Jr., Wisse BE. 2006. MyD88 is a key mediator of anorexia, but not weight 

loss, induced by lipopolysaccharide and interleukin-1 beta. Endocrinology 147(9):4445-4453. 

Ohinata K, Suetsugu K, Fujiwara Y, Yoshikawa M. 2006. Activation of prostaglandin E receptor EP4 

subtype suppresses food intake in mice. Prostaglandins & other lipid mediators 81(1-2):31-36. 

Oka M, Yamamoto K, Takahashi M, Hakozaki M, Abe T, Iizuka N, Hazama S, Hirazawa K, Hayashi 

H, Tangoku A, Hirose K, Ishihara T, Suzuki T. 1996. Relationship between serum levels of 

interleukin 6, various disease parameters and malnutrition in patients with esophageal 

squamous cell carcinoma. Cancer research 56(12):2776-2780. 

Oka T, Oka K, Kobayashi T, Sugimoto Y, Ichikawa A, Ushikubi F, Narumiya S, Saper CB. 2003. 

Characteristics of thermoregulatory and febrile responses in mice deficient in prostaglandin 

EP1 and EP3 receptors. The Journal of physiology 551(Pt 3):945-954. 

Oka T, Oka K, Scammell TE, Lee C, Kelly JF, Nantel F, Elmquist JK, Saper CB. 2000. Relationship 

of EP(1-4) prostaglandin receptors with rat hypothalamic cell groups involved in 

lipopolysaccharide fever responses. The Journal of comparative neurology 428(1):20-32. 

Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, Tanimoto T, Torigoe K, Okura T, Nukada 

Y, Hattori K, et al. 1995. Cloning of a new cytokine that induces IFN-gamma production by T 

cells. Nature 378(6552):88-91. 

Okusawa S, Gelfand JA, Ikejima T, Connolly RJ, Dinarello CA. 1988. Interleukin 1 induces a shock-

like state in rabbits. Synergism with tumor necrosis factor and the effect of cyclooxygenase 

inhibition. The Journal of clinical investigation 81(4):1162-1172. 

Oliff A, Defeo-Jones D, Boyer M, Martinez D, Kiefer D, Vuocolo G, Wolfe A, Socher SH. 1987. 

Tumors secreting human TNF/cachectin induce cachexia in mice. Cell 50(4):555-563. 

Opara EI, Laviano A, Meguid MM, Yang ZJ. 1995. Correlation between food intake and CSF IL-1 

alpha in anorectic tumor bearing rats. Neuroreport 6(5):750-752. 

Orban PC, Chui D, Marth JD. 1992. Tissue- and site-specific DNA recombination in transgenic mice. 

Proceedings of the National Academy of Sciences of the United States of America 

89(15):6861-6865. 

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B, Kwong E, Trzaskos JM, Evans JF, 

Taketo MM. 1996. Suppression of intestinal polyposis in Apc delta716 knockout mice by 

inhibition of cyclooxygenase 2 (COX-2). Cell 87(5):803-809. 

Ozinsky A, Smith KD, Hume D, Underhill DM. 2000. Co-operative induction of pro-inflammatory 

signaling by Toll-like receptors. Journal of endotoxin research 6(5):393-396. 

Paues J, Mackerlova L, Blomqvist A. 2006. Expression of melanocortin-4 receptor by rat parabrachial 

neurons responsive to immune and aversive stimuli. Neuroscience 141(1):287-297. 

Pecchi E, Dallaporta M, Jean A, Thirion S, Troadec JD. 2008. mPGES-1 knock-out mice are resistant 

to cancer-induced anorexia despite the absence of central mPGES-1 up-regulation in wild-type 

anorexic mice. Journal of neuroimmunology 199(1-2):104-114. 

Pecchi E, Dallaporta M, Thirion S, Salvat C, Berenbaum F, Jean A, Troadec JD. 2006. Involvement of 

central microsomal prostaglandin E synthase-1 in IL-1beta-induced anorexia. Physiological 

genomics 25(3):485-492. 

Pepersack T. 2011. For an operational definition of cachexia. The lancet oncology 12(5):423-424. 

Picard C, von Bernuth H, Ghandil P, Chrabieh M, Levy O, Arkwright PD, McDonald D, Geha RS, 

Takada H, Krause JC, Creech CB, Ku CL, Ehl S, Marodi L, Al-Muhsen S, Al-Hajjar S, Al-

Ghonaium A, Day-Good NK, Holland SM, Gallin JI, Chapel H, Speert DP, Rodriguez-

Gallego C, Colino E, Garty BZ, Roifman C, Hara T, Yoshikawa H, Nonoyama S, 

Domachowske J, Issekutz AC, Tang M, Smart J, Zitnik SE, Hoarau C, Kumararatne DS, 

Thrasher AJ, Davies EG, Bethune C, Sirvent N, de Ricaud D, Camcioglu Y, Vasconcelos J, 

Guedes M, Vitor AB, Rodrigo C, Almazan F, Mendez M, Arostegui JI, Alsina L, Fortuny C, 

Reichenbach J, Verbsky JW, Bossuyt X, Doffinger R, Abel L, Puel A, Casanova JL. 2010. 

Clinical features and outcome of patients with IRAK-4 and MyD88 deficiency. Medicine 

89(6):403-425. 



 

 

103 

 

Pittner RA, Spitzer JA. 1992. Endotoxin and TNF alpha directly stimulate nitric oxide formation in 

cultured rat hepatocytes from chronically endotoxemic rats. Biochemical and biophysical 

research communications 185(1):430-435. 

Plata-Salaman CR. 1992. Interferons and central regulation of feeding. The American journal of 

physiology 263(6 Pt 2):R1222-1227. 

Plata-Salaman CR. 1994. Meal patterns in response to the intracerebroventricular administration of 

interleukin-1 beta in rats. Physiology & behavior 55(4):727-733. 

Plata-Salaman CR. 1996. Anorexia during acute and chronic disease. Nutrition 12(2):69-78. 

Plata-Salaman CR. 2000. Central nervous system mechanisms contributing to the cachexia-anorexia 

syndrome. Nutrition 16(10):1009-1012. 

Plata-Salaman CR, Ilyin SE, Gayle D. 1998. Brain cytokine mRNAs in anorectic rats bearing prostate 

adenocarcinoma tumor cells. The American journal of physiology 275(2 Pt 2):R566-573. 

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E, Silva M, Galanos 

C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler B. 1998. Defective LPS 

signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 

282(5396):2085-2088. 

Portanova JP, Zhang Y, Anderson GD, Hauser SD, Masferrer JL, Seibert K, Gregory SA, Isakson PC. 

1996. Selective neutralization of prostaglandin E2 blocks inflammation, hyperalgesia, and 

interleukin 6 production in vivo. The Journal of experimental medicine 184(3):883-891. 

Porter MH, Hrupka BJ, Langhans W, Schwartz GJ. 1998. Vagal and splanchnic afferents are not 

necessary for the anorexia produced by peripheral IL-1beta, LPS, and MDP. The American 

journal of physiology 275(2 Pt 2):R384-389. 

Pourtau L, Leemburg S, Roux P, Leste-Lasserre T, Costaglioli P, Garbay B, Drutel G, Konsman JP. 

2011. Hormonal, hypothalamic and striatal responses to reduced body weight gain are 

attenuated in anorectic rats bearing small tumors. Brain, behavior, and immunity 25(4):777-

786. 

Price CJ, Hoyda TD, Ferguson AV. 2008. The area postrema: a brain monitor and integrator of 

systemic autonomic state. The Neuroscientist : a review journal bringing neurobiology, 

neurology and psychiatry 14(2):182-194. 

Proescholdt MG, Chakravarty S, Foster JA, Foti SB, Briley EM, Herkenham M. 2002. 

Intracerebroventricular but not intravenous interleukin-1beta induces widespread vascular-

mediated leukocyte infiltration and immune signal mRNA expression followed by brain-wide 

glial activation. Neuroscience 112(3):731-749. 

Quan N, Banks WA. 2007. Brain-immune communication pathways. Brain, behavior, and immunity 

21(6):727-735. 

Quan N, Whiteside M, Herkenham M. 1998. Time course and localization patterns of interleukin-

1beta messenger RNA expression in brain and pituitary after peripheral administration of 

lipopolysaccharide. Neuroscience 83(1):281-293. 

Quan N, Whiteside M, Kim L, Herkenham M. 1997. Induction of inhibitory factor kappaBalpha 

mRNA in the central nervous system after peripheral lipopolysaccharide administration: an in 

situ hybridization histochemistry study in the rat. Proceedings of the National Academy of 

Sciences of the United States of America 94(20):10985-10990. 

Qureshi ST, Lariviere L, Leveque G, Clermont S, Moore KJ, Gros P, Malo D. 1999. Endotoxin-

tolerant mice have mutations in Toll-like receptor 4 (Tlr4). The Journal of experimental 

medicine 189(4):615-625. 

Rakoff-Nahoum S, Medzhitov R. 2007. Regulation of spontaneous intestinal tumorigenesis through 

the adaptor protein MyD88. Science 317(5834):124-127. 

Rakoff-Nahoum S, Medzhitov R. 2009. Toll-like receptors and cancer. Nature reviews Cancer 

9(1):57-63. 

Ransohoff RM. 2007. Microgliosis: the questions shape the answers. Nature neuroscience 

10(12):1507-1509. 

Reichenberg A, Kraus T, Haack M, Schuld A, Pollmacher T, Yirmiya R. 2002. Endotoxin-induced 

changes in food consumption in healthy volunteers are associated with TNF-alpha and IL-6 

secretion. Psychoneuroendocrinology 27(8):945-956. 



 

 

104 

 

Reid G, Wielinga P, Zelcer N, van der Heijden I, Kuil A, de Haas M, Wijnholds J, Borst P. 2003. The 

human multidrug resistance protein MRP4 functions as a prostaglandin efflux transporter and 

is inhibited by nonsteroidal antiinflammatory drugs. Proceedings of the National Academy of 

Sciences of the United States of America 100(16):9244-9249. 

Reimers J, Wogensen LD, Welinder B, Hejnaes KR, Poulsen SS, Nilsson P, Nerup J. 1991. The 

pharmacokinetics, distribution and degradation of human recombinant interleukin 1 beta in 

normal rats. Scandinavian journal of immunology 34(5):597-610. 

Rhodes KJ, Trimmer JS. 2006. Antibodies as valuable neuroscience research tools versus reagents of 

mass distraction. J Neurosci 26(31):8017-8020. 

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. 1998. The peroxisome proliferator-activated 

receptor-gamma is a negative regulator of macrophage activation. Nature 391(6662):79-82. 

Ridder DA, Lang MF, Salinin S, Roderer JP, Struss M, Maser-Gluth C, Schwaninger M. 2011. TAK1 

in brain endothelial cells mediates fever and lethargy. The Journal of experimental medicine 

208(13):2615-2623. 

Ritter S, McGlone JJ, Kelley KW. 1980. Absence of lithium-induced taste aversion after area 

postrema lesion. Brain research 201(2):501-506. 

Rivest S, Laflamme N. 1995. Neuronal activity and neuropeptide gene transcription in the brains of 

immune-challenged rats. J Neuroendocrinol 7(7):501-525. 

Robertson B, Kong G, Peng Z, Bentivoglio M, Kristensson K. 2000. Interferon-gamma-responsive 

neuronal sites in the normal rat brain: receptor protein distribution and cell activation revealed 

by Fos induction. Brain research bulletin 52(1):61-74. 

Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF. 1998. A family of human receptors 

structurally related to Drosophila Toll. Proceedings of the National Academy of Sciences of 

the United States of America 95(2):588-593. 

Romanovsky AA, Ivanov AI, Karman EK. 1999. Blood-borne, albumin-bound prostaglandin E2 may 

be involved in fever. The American journal of physiology 276(6 Pt 2):R1840-1844. 

Rothwell NJ, Hopkins SJ. 1995. Cytokines and the nervous system II: Actions and mechanisms of 

action. Trends Neurosci 18(3):130-136. 

Ruiter DJ, van der Meulen J, Brouwer A, Hummel MJ, Mauw BJ, van der Ploeg JC, Wisse E. 1981. 

Uptake by liver cells of endotoxin following its intravenous injection. Laboratory 

investigation; a journal of technical methods and pathology 45(1):38-45. 

Ruud J, Backhed F, Engblom D, Blomqvist A. 2010. Deletion of the gene encoding MyD88 protects 

from anorexia in a mouse tumor model. Brain, behavior, and immunity 24(4):554-557. 

Ruud J, Blomqvist A. 2007. Identification of rat brainstem neuronal structures activated during cancer-

induced anorexia. The Journal of comparative neurology 504(3):275-286. 

Ryden M, Arner P. 2007. Fat loss in cachexia--is there a role for adipocyte lipolysis? Clinical nutrition 

(Edinburgh, Scotland) 26(1):1-6. 

Sagar SM, Sharp FR, Curran T. 1988. Expression of c-fos protein in brain: metabolic mapping at the 

cellular level. Science 240(4857):1328-1331. 

Samad TA, Moore KA, Sapirstein A, Billet S, Allchorne A, Poole S, Bonventre JV, Woolf CJ. 2001. 

Interleukin-1beta-mediated induction of Cox-2 in the CNS contributes to inflammatory pain 

hypersensitivity. Nature 410(6827):471-475. 

Samuelsson B, Morgenstern R, Jakobsson PJ. 2007. Membrane prostaglandin E synthase-1: a novel 

therapeutic target. Pharmacological reviews 59(3):207-224. 

Sandstrom R, Gelin J, Lundholm K. 1990. The effect of indomethacin on food and water intake, motor 

activity and survival in tumor-bearing rats. Eur J Cancer 26(7):811-814. 

Saper CB. 2002. The central autonomic nervous system: conscious visceral perception and autonomic 

pattern generation. Annual review of neuroscience 25:433-469. 

Saper CB. 2005. An open letter to our readers on the use of antibodies. The Journal of comparative 

neurology 493(4):477-478. 

Saper CB. 2010. The dance of the perivascular and endothelial cells: mechanisms of brain response to 

immune signaling. Neuron 65(1):4-6. 

Saper CB, Chou TC, Elmquist JK. 2002. The need to feed: homeostatic and hedonic control of eating. 

Neuron 36(2):199-211. 



 

 

105 

 

Saper CB, Sawchenko PE. 2003. Magic peptides, magic antibodies: guidelines for appropriate controls 

for immunohistochemistry. The Journal of comparative neurology 465(2):161-163. 

Sasaki Y, Kamei D, Ishikawa Y, Ishii T, Uematsu S, Akira S, Murakami M, Hara S. 2011. 

Microsomal prostaglandin E synthase-1 is involved in multiple steps of colon carcinogenesis. 

Oncogene. 

Sato S, Sugiyama M, Yamamoto M, Watanabe Y, Kawai T, Takeda K, Akira S. 2003. Toll/IL-1 

receptor domain-containing adaptor inducing IFN-beta (TRIF) associates with TNF receptor-

associated factor 6 and TANK-binding kinase 1, and activates two distinct transcription 

factors, NF-kappa B and IFN-regulatory factor-3, in the Toll-like receptor signaling. J 

Immunol 171(8):4304-4310. 

Sauer B, Henderson N. 1988. Site-specific DNA recombination in mammalian cells by the Cre 

recombinase of bacteriophage P1. Proceedings of the National Academy of Sciences of the 

United States of America 85(14):5166-5170. 

Scammell TE, Elmquist JK, Griffin JD, Saper CB. 1996. Ventromedial preoptic prostaglandin E2 

activates fever-producing autonomic pathways. J Neurosci 16(19):6246-6254. 

Scaramuzzi OE, Baile CA, Mayer J. 1971. Prostaglandins and food intake of rats. Experientia 

27(3):256-257. 

Schildkraut JM, Moorman PG, Halabi S, Calingaert B, Marks JR, Berchuck A. 2006. Analgesic drug 

use and risk of ovarian cancer. Epidemiology (Cambridge, Mass 17(1):104-107. 

Schiltz JC, Sawchenko PE. 2002. Distinct brain vascular cell types manifest inducible cyclooxygenase 

expression as a function of the strength and nature of immune insults. J Neurosci 22(13):5606-

5618. 

Schumann RR, Leong SR, Flaggs GW, Gray PW, Wright SD, Mathison JC, Tobias PS, Ulevitch RJ. 

1990. Structure and function of lipopolysaccharide binding protein. Science 249(4975):1429-

1431. 

Schuster VL. 2002. Prostaglandin transport. Prostaglandins & other lipid mediators 68-69:633-647. 

Schwartz GJ, Plata-Salaman CR, Langhans W. 1997. Subdiaphragmatic vagal deafferentation fails to 

block feeding-suppressive effects of LPS and IL-1 beta in rats. The American journal of 

physiology 273(3 Pt 2):R1193-1198. 

Schwartz MW, Dallman MF, Woods SC. 1995. Hypothalamic response to starvation: implications for 

the study of wasting disorders. The American journal of physiology 269(5 Pt 2):R949-957. 

Schwartz MW, Woods SC, Porte D, Jr., Seeley RJ, Baskin DG. 2000. Central nervous system control 

of food intake. Nature 404(6778):661-671. 

Scott HR, McMillan DC, Crilly A, McArdle CS, Milroy R. 1996. The relationship between weight 

loss and interleukin 6 in non-small-cell lung cancer. British journal of cancer 73(12):1560-

1562. 

Segi E, Sugimoto Y, Yamasaki A, Aze Y, Oida H, Nishimura T, Murata T, Matsuoka T, Ushikubi F, 

Hirose M, Tanaka T, Yoshida N, Narumiya S, Ichikawa A. 1998. Patent ductus arteriosus and 

neonatal death in prostaglandin receptor EP4-deficient mice. Biochemical and biophysical 

research communications 246(1):7-12. 

Shakhov AN, Collart MA, Vassalli P, Nedospasov SA, Jongeneel CV. 1990. Kappa B-type enhancers 

are involved in lipopolysaccharide-mediated transcriptional activation of the tumor necrosis 

factor alpha gene in primary macrophages. The Journal of experimental medicine 171(1):35-

47. 

Shapiro RE, Miselis RR. 1985. The central neural connections of the area postrema of the rat. The 

Journal of comparative neurology 234(3):344-364. 

Shelton CA, Wasserman SA. 1993. pelle encodes a protein kinase required to establish dorsoventral 

polarity in the Drosophila embryo. Cell 72(4):515-525. 

Sherry BA, Gelin J, Fong Y, Marano M, Wei H, Cerami A, Lowry SF, Lundholm KG, Moldawer LL. 

1989. Anticachectin/tumor necrosis factor-alpha antibodies attenuate development of cachexia 

in tumor models. Faseb J 3(8):1956-1962. 

Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K, Kimoto M. 1999. MD-2, a 

molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4. The Journal 

of experimental medicine 189(11):1777-1782. 



 

 

106 

 

Shimizu H, Uehara Y, Shimomura Y, Kobayashi I. 1991. Central administration of ibuprofen failed to 

block the anorexia induced by interleukin-1. Eur J Pharmacol 195(2):281-284. 

Simard AR, Soulet D, Gowing G, Julien JP, Rivest S. 2006. Bone marrow-derived microglia play a 

critical role in restricting senile plaque formation in Alzheimer's disease. Neuron 49(4):489-

502. 

Simmons DL, Levy DB, Yannoni Y, Erikson RL. 1989. Identification of a phorbol ester-repressible v-

src-inducible gene. Proceedings of the National Academy of Sciences of the United States of 

America 86(4):1178-1182. 

Sims JE, Gayle MA, Slack JL, Alderson MR, Bird TA, Giri JG, Colotta F, Re F, Mantovani A, 

Shanebeck K, et al. 1993. Interleukin 1 signaling occurs exclusively via the type I receptor. 

Proceedings of the National Academy of Sciences of the United States of America 

90(13):6155-6159. 

Skibicka KP, Alhadeff AL, Leichner TM, Grill HJ. 2011. Neural controls of prostaglandin 2 

pyrogenic, tachycardic, and anorexic actions are anatomically distributed. Endocrinology 

152(6):2400-2408. 

Smith GP, Jerome C, Cushin BJ, Eterno R, Simansky KJ. 1981. Abdominal vagotomy blocks the 

satiety effect of cholecystokinin in the rat. Science 213(4511):1036-1037. 

Socher SH, Martinez D, Craig JB, Kuhn JG, Oliff A. 1988. Tumor necrosis factor not detectable in 

patients with clinical cancer cachexia. Journal of the National Cancer Institute 80(8):595-598. 

Sonoshita M, Takaku K, Sasaki N, Sugimoto Y, Ushikubi F, Narumiya S, Oshima M, Taketo MM. 

2001. Acceleration of intestinal polyposis through prostaglandin receptor EP2 in Apc(Delta 

716) knockout mice. Nature medicine 7(9):1048-1051. 

Springer J, von Haehling S, Anker SD. 2006. The need for a standardized definition for cachexia in 

chronic illness. Nature clinical practice Endocrinology & metabolism 2(8):416-417. 

Staal-van den Brekel AJ, Schols AM, ten Velde GP, Buurman WA, Wouters EF. 1994. Analysis of the 

energy balance in lung cancer patients. Cancer research 54(24):6430-6433. 

Staeheli P, Danielson P, Haller O, Sutcliffe JG. 1986. Transcriptional activation of the mouse Mx gene 

by type I interferon. Molecular and cellular biology 6(12):4770-4774. 

Steele TD, Bryant HU, Malven PV, Yim GK. 1988. Nocturnal depletion of hypothalamic dynorphin in 

anorexic Walker-256 tumor-bearing rats. Pharmacology, biochemistry, and behavior 

29(3):541-545. 

Steiner AA, Ivanov AI, Serrats J, Hosokawa H, Phayre AN, Robbins JR, Roberts JL, Kobayashi S, 

Matsumura K, Sawchenko PE, Romanovsky AA. 2006. Cellular and molecular bases of the 

initiation of fever. PLoS biology 4(9):e284. 

Sternberg N, Hamilton D, Hoess R. 1981. Bacteriophage P1 site-specific recombination. II. 

Recombination between loxP and the bacterial chromosome. Journal of molecular biology 

150(4):487-507. 

Strassmann G, Fong M, Kenney JS, Jacob CO. 1992a. Evidence for the involvement of interleukin 6 

in experimental cancer cachexia. The Journal of clinical investigation 89(5):1681-1684. 

Strassmann G, Jacob CO, Evans R, Beall D, Fong M. 1992b. Mechanisms of experimental cancer 

cachexia. Interaction between mononuclear phagocytes and colon-26 carcinoma and its 

relevance to IL-6-mediated cancer cachexia. J Immunol 148(11):3674-3678. 

Strassmann G, Masui Y, Chizzonite R, Fong M. 1993. Mechanisms of experimental cancer cachexia. 

Local involvement of IL-1 in colon-26 tumor. J Immunol 150(6):2341-2345. 

Straus DS, Glass CK. 2007. Anti-inflammatory actions of PPAR ligands: new insights on cellular and 

molecular mechanisms. Trends in immunology 28(12):551-558. 

Straus DS, Pascual G, Li M, Welch JS, Ricote M, Hsiang CH, Sengchanthalangsy LL, Ghosh G, Glass 

CK. 2000. 15-deoxy-delta 12,14-prostaglandin J2 inhibits multiple steps in the NF-kappa B 

signaling pathway. Proceedings of the National Academy of Sciences of the United States of 

America 97(9):4844-4849. 

Strelkov AB, Fields AL, Baracos VE. 1989. Effects of systemic inhibition of prostaglandin production 

on protein metabolism in tumor-bearing rats. The American journal of physiology 257(2 Pt 

1):C261-269. 

Su GL, Dorko K, Strom SC, Nussler AK, Wang SC. 1999. CD14 expression and production by human 

hepatocytes. Journal of hepatology 31(3):435-442. 



 

 

107 

 

Sugimoto Y, Narumiya S. 2007. Prostaglandin E receptors. The Journal of biological chemistry 

282(16):11613-11617. 

Sultzer BM. 1968. Genetic control of leucocyte responses to endotoxin. Nature 219(5160):1253-1254. 

Suurkula M, Boeryd B. 1974. Tumor metastasis in mice with reduced immune reactivity. II. Studies 

with a highly antigenic MCA-induced sarcoma in thymectomized and/or sub-lethally 

irradiated C57BL/6J mice. International journal of cancer 14(5):633-641. 

Suzuki N, Suzuki S, Duncan GS, Millar DG, Wada T, Mirtsos C, Takada H, Wakeham A, Itie A, Li S, 

Penninger JM, Wesche H, Ohashi PS, Mak TW, Yeh WC. 2002. Severe impairment of 

interleukin-1 and Toll-like receptor signalling in mice lacking IRAK-4. Nature 

416(6882):750-756. 

Swann JB, Vesely MD, Silva A, Sharkey J, Akira S, Schreiber RD, Smyth MJ. 2008. Demonstration 

of inflammation-induced cancer and cancer immunoediting during primary tumorigenesis. 

Proceedings of the National Academy of Sciences of the United States of America 

105(2):652-656. 

Swantek JL, Tsen MF, Cobb MH, Thomas JA. 2000. IL-1 receptor-associated kinase modulates host 

responsiveness to endotoxin. J Immunol 164(8):4301-4306. 

Swiergiel AH, Dunn AJ. 2002. Distinct roles for cyclooxygenases 1 and 2 in interleukin-1-induced 

behavioral changes. The Journal of pharmacology and experimental therapeutics 302(3):1031-

1036. 

Takeuchi O, Hoshino K, Akira S. 2000a. Cutting edge: TLR2-deficient and MyD88-deficient mice are 

highly susceptible to Staphylococcus aureus infection. J Immunol 165(10):5392-5396. 

Takeuchi O, Takeda K, Hoshino K, Adachi O, Ogawa T, Akira S. 2000b. Cellular responses to 

bacterial cell wall components are mediated through MyD88-dependent signaling cascades. 

Int Immunol 12(1):113-117. 

Tanikawa N, Ohmiya Y, Ohkubo H, Hashimoto K, Kangawa K, Kojima M, Ito S, Watanabe K. 2002. 

Identification and characterization of a novel type of membrane-associated prostaglandin E 

synthase. Biochemical and biophysical research communications 291(4):884-889. 

Tanioka T, Nakatani Y, Semmyo N, Murakami M, Kudo I. 2000. Molecular identification of cytosolic 

prostaglandin E2 synthase that is functionally coupled with cyclooxygenase-1 in immediate 

prostaglandin E2 biosynthesis. The Journal of biological chemistry 275(42):32775-32782. 

Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards GJ, Campfield LA, 

Clark FT, Deeds J, Muir C, Sanker S, Moriarty A, Moore KJ, Smutko JS, Mays GG, Wool 

EA, Monroe CA, Tepper RI. 1995. Identification and expression cloning of a leptin receptor, 

OB-R. Cell 83(7):1263-1271. 

Tegowska E, Wasilewska E. 1992. Effect of ambient temperature and E. coli endotoxin upon the 

plasma iron level in wild house mice in winter season. Journal of comparative physiology B, 

Biochemical, systemic, and environmental physiology 162(4):327-330. 

Thomas KR, Capecchi MR. 1987. Site-directed mutagenesis by gene targeting in mouse embryo-

derived stem cells. Cell 51(3):503-512. 

Thompson S, Clarke AR, Pow AM, Hooper ML, Melton DW. 1989. Germ line transmission and 

expression of a corrected HPRT gene produced by gene targeting in embryonic stem cells. 

Cell 56(2):313-321. 

Tisdale MJ. 1997. Biology of cachexia. Journal of the National Cancer Institute 89(23):1763-1773. 

Tisdale MJ. 2002. Cachexia in cancer patients. Nature reviews Cancer 2(11):862-871. 

Toth LA, Tolley EA, Krueger JM. 1993. Sleep as a prognostic indicator during infectious disease in 

rabbits. Proc Soc Exp Biol Med 203(2):179-192. 

Tracey KJ, Morgello S, Koplin B, Fahey TJ, 3rd, Fox J, Aledo A, Manogue KR, Cerami A. 1990. 

Metabolic effects of cachectin/tumor necrosis factor are modified by site of production. 

Cachectin/tumor necrosis factor-secreting tumor in skeletal muscle induces chronic cachexia, 

while implantation in brain induces predominantly acute anorexia. The Journal of clinical 

investigation 86(6):2014-2024. 

Tracey KJ, Wei H, Manogue KR, Fong Y, Hesse DG, Nguyen HT, Kuo GC, Beutler B, Cotran RS, 

Cerami A, et al. 1988. Cachectin/tumor necrosis factor induces cachexia, anemia, and 

inflammation. The Journal of experimental medicine 167(3):1211-1227. 



 

 

108 

 

Tsavaris N, Zinelis A, Karabelis A, Beldecos D, Bacojanis C, Milonacis N, Karvounis N, Kosmidis P. 

1990. A randomized trial of the effect of three non-steroid anti-inflammatory agents in 

ameliorating cancer-induced fever. Journal of internal medicine 228(5):451-455. 

Tschop M, Smiley DL, Heiman ML. 2000. Ghrelin induces adiposity in rodents. Nature 

407(6806):908-913. 

Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN. 1998. Cyclooxygenase regulates 

angiogenesis induced by colon cancer cells. Cell 93(5):705-716. 

Tsujinaka T, Fujita J, Ebisui C, Yano M, Kominami E, Suzuki K, Tanaka K, Katsume A, Ohsugi Y, 

Shiozaki H, Monden M. 1996. Interleukin 6 receptor antibody inhibits muscle atrophy and 

modulates proteolytic systems in interleukin 6 transgenic mice. The Journal of clinical 

investigation 97(1):244-249. 

Turrin NP, Ilyin SE, Gayle DA, Plata-Salaman CR, Ramos EJ, Laviano A, Das UN, Inui A, Meguid 

MM. 2004. Interleukin-1beta system in anorectic catabolic tumor-bearing rats. Current 

opinion in clinical nutrition and metabolic care 7(4):419-426. 

Turrin NP, Plante MM, Lessard M, Rivest S. 2007. Irradiation does not compromise or exacerbate the 

innate immune response in the brains of mice that were transplanted with bone marrow stem 

cells. Stem Cells 25(12):3165-3172. 

Uematsu S, Matsumoto M, Takeda K, Akira S. 2002. Lipopolysaccharide-dependent prostaglandin 

E(2) production is regulated by the glutathione-dependent prostaglandin E(2) synthase gene 

induced by the Toll-like receptor 4/MyD88/NF-IL6 pathway. J Immunol 168(11):5811-5816. 

Ushikubi F, Segi E, Sugimoto Y, Murata T, Matsuoka T, Kobayashi T, Hizaki H, Tuboi K, Katsuyama 

M, Ichikawa A, Tanaka T, Yoshida N, Narumiya S. 1998. Impaired febrile response in mice 

lacking the prostaglandin E receptor subtype EP3. Nature 395(6699):281-284. 

Wade GN. 2004. Regulation of body fat content? American journal of physiology 286(1):R14-15. 

Wallace JL, Bak A, McKnight W, Asfaha S, Sharkey KA, MacNaughton WK. 1998. Cyclooxygenase 

1 contributes to inflammatory responses in rats and mice: implications for gastrointestinal 

toxicity. Gastroenterology 115(1):101-109. 

Vallieres L, Rivest S. 1997. Regulation of the genes encoding interleukin-6, its receptor, and gp130 in 

the rat brain in response to the immune activator lipopolysaccharide and the proinflammatory 

cytokine interleukin-1beta. Journal of neurochemistry 69(4):1668-1683. 

van Dam AM, Brouns M, Louisse S, Berkenbosch F. 1992. Appearance of interleukin-1 in 

macrophages and in ramified microglia in the brain of endotoxin-treated rats: a pathway for 

the induction of non-specific symptoms of sickness? Brain research 588(2):291-296. 

van der Kooy D, Koda LY. 1983. Organization of the projections of a circumventricular organ: the 

area postrema in the rat. The Journal of comparative neurology 219(3):328-338. 

van der Kooy D, Koda LY, McGinty JF, Gerfen CR, Bloom FE. 1984. The organization of projections 

from the cortex, amygdala, and hypothalamus to the nucleus of the solitary tract in rat. The 

Journal of comparative neurology 224(1):1-24. 

Wan Y, Freeswick PD, Khemlani LS, Kispert PH, Wang SC, Su GL, Billiar TR. 1995. Role of 

lipopolysaccharide (LPS), interleukin-1, interleukin-6, tumor necrosis factor, and 

dexamethasone in regulation of LPS-binding protein expression in normal hepatocytes and 

hepatocytes from LPS-treated rats. Infection and immunity 63(7):2435-2442. 

Vane JR, Bakhle YS, Botting RM. 1998. Cyclooxygenases 1 and 2. Annual review of pharmacology 

and toxicology 38:97-120. 

Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ. 2001a. TAK1 is a ubiquitin-dependent 

kinase of MKK and IKK. Nature 412(6844):346-351. 

Wang W, Andersson M, Lonnroth C, Svanberg E, Lundholm K. 2005a. Anorexia and cachexia in 

prostaglandin EP1 and EP3 subtype receptor knockout mice bearing a tumor with high 

intrinsic PGE2 production and prostaglandin related cachexia. Journal of experimental & 

clinical cancer research : CR 24(1):99-107. 

Wang W, Andersson M, Lonnroth C, Svanberg E, Lundholm K. 2005b. Prostaglandin E and 

prostacyclin receptor expression in tumor and host tissues from MCG 101-bearing mice: a 

model with prostanoid-related cachexia. International journal of cancer 115(4):582-590. 



 

 

109 

 

Wang W, Lonnroth C, Svanberg E, Lundholm K. 2001b. Cytokine and cyclooxygenase-2 protein in 

brain areas of tumor-bearing mice with prostanoid-related anorexia. Cancer research 

61(12):4707-4715. 

Wang ZQ, Ovitt C, Grigoriadis AE, Mohle-Steinlein U, Ruther U, Wagner EF. 1992. Bone and 

haematopoietic defects in mice lacking c-fos. Nature 360(6406):741-745. 

Vardeh D, Wang D, Costigan M, Lazarus M, Saper CB, Woolf CJ, Fitzgerald GA, Samad TA. 2009. 

COX2 in CNS neural cells mediates mechanical inflammatory pain hypersensitivity in mice. 

The Journal of clinical investigation 119(2):287-294. 

Wasserman SA. 1993. A conserved signal transduction pathway regulating the activity of the rel-like 

proteins dorsal and NF-kappa B. Molecular biology of the cell 4(8):767-771. 

Watanabe K, Kawamori T, Nakatsugi S, Ohta T, Ohuchida S, Yamamoto H, Maruyama T, Kondo K, 

Ushikubi F, Narumiya S, Sugimura T, Wakabayashi K. 1999a. Role of the prostaglandin E 

receptor subtype EP1 in colon carcinogenesis. Cancer research 59(20):5093-5096. 

Watanabe K, Kurihara K, Suzuki T. 1999b. Purification and characterization of membrane-bound 

prostaglandin E synthase from bovine heart. Biochimica et biophysica acta 1439(3):406-414. 

Waterston RH, Lindblad-Toh K, et a. 2002. Initial sequencing and comparative analysis of the mouse 

genome. Nature 420(6915):520-562. 

Watson J, Riblet R. 1974. Genetic control of responses to bacterial lipopolysaccharides in mice. I. 

Evidence for a single gene that influences mitogenic and immunogenic respones to 

lipopolysaccharides. The Journal of experimental medicine 140(5):1147-1161. 

Wesche H, Gao X, Li X, Kirschning CJ, Stark GR, Cao Z. 1999. IRAK-M is a novel member of the 

Pelle/interleukin-1 receptor-associated kinase (IRAK) family. The Journal of biological 

chemistry 274(27):19403-19410. 

Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. 1997. MyD88: an adapter that recruits IRAK to 

the IL-1 receptor complex. Immunity 7(6):837-847. 

West DB, Greenwood MR, Marshall KA, Woods SC. 1987. Lithium chloride, cholecystokinin and 

meal patterns: evidence that cholecystokinin suppresses meal size in rats without causing 

malaise. Appetite 8(3):221-227. 

Whitham S, Dinesh-Kumar SP, Choi D, Hehl R, Corr C, Baker B. 1994. The product of the tobacco 

mosaic virus resistance gene N: similarity to toll and the interleukin-1 receptor. Cell 

78(6):1101-1115. 

Wigmore SJ, Plester CE, Ross JA, Fearon KC. 1997. Contribution of anorexia and hypermetabolism 

to weight loss in anicteric patients with pancreatic cancer. The British journal of surgery 

84(2):196-197. 

Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN. 2000. Host cyclooxygenase-2 modulates 

carcinoma growth. The Journal of clinical investigation 105(11):1589-1594. 

Wing EJ, Barczynski LK, Boehmer SM. 1983. Effect of acute nutritional deprivation on immune 

function in mice. I. Macrophages. Immunology 48(3):543-550. 

Wing EJ, Young JB. 1980. Acute starvation protects mice against Listeria monocytogenes. Infection 

and immunity 28(3):771-776. 

Wisse BE, Frayo RS, Schwartz MW, Cummings DE. 2001. Reversal of cancer anorexia by blockade 

of central melanocortin receptors in rats. Endocrinology 142(8):3292-3301. 

Wisse BE, Ogimoto K, Tang J, Harris MK, Jr., Raines EW, Schwartz MW. 2007. Evidence that 

lipopolysaccharide-induced anorexia depends upon central, rather than peripheral, 

inflammatory signals. Endocrinology 148(11):5230-5237. 

Vogt MA, Chourbaji S, Brandwein C, Dormann C, Sprengel R, Gass P. 2008. Suitability of 

tamoxifen-induced mutagenesis for behavioral phenotyping. Experimental neurology 

211(1):25-33. 

von Bernuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku CL, Chrabieh M, Mustapha IB, Ghandil P, 

Camcioglu Y, Vasconcelos J, Sirvent N, Guedes M, Vitor AB, Herrero-Mata MJ, Arostegui 

JI, Rodrigo C, Alsina L, Ruiz-Ortiz E, Juan M, Fortuny C, Yague J, Anton J, Pascal M, Chang 

HH, Janniere L, Rose Y, Garty BZ, Chapel H, Issekutz A, Marodi L, Rodriguez-Gallego C, 

Banchereau J, Abel L, Li X, Chaussabel D, Puel A, Casanova JL. 2008. Pyogenic bacterial 

infections in humans with MyD88 deficiency. Science 321(5889):691-696. 



 

 

110 

 

von Haehling S, Anker SD. 2010. Cachexia as a major underestimated and unmet medical need: facts 

and numbers. Journal of cachexia, sarcopenia and muscle 1(1):1-5. 

von Meyenburg C, Hrupka BH, Arsenijevic D, Schwartz GJ, Landmann R, Langhans W. 2004. Role 

for CD14, TLR2, and TLR4 in bacterial product-induced anorexia. American journal of 

physiology 287(2):R298-305. 

Wong ML, Bongiorno PB, Rettori V, McCann SM, Licinio J. 1997. Interleukin (IL) 1beta, IL-1 

receptor antagonist, IL-10, and IL-13 gene expression in the central nervous system and 

anterior pituitary during systemic inflammation: pathophysiological implications. Proceedings 

of the National Academy of Sciences of the United States of America 94(1):227-232. 

Wright SD. 1999. Toll, a new piece in the puzzle of innate immunity. The Journal of experimental 

medicine 189(4):605-609. 

Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC. 1990. CD14, a receptor for complexes 

of lipopolysaccharide (LPS) and LPS binding protein. Science 249(4975):1431-1433. 

Wright SD, Tobias PS, Ulevitch RJ, Ramos RA. 1989. Lipopolysaccharide (LPS) binding protein 

opsonizes LPS-bearing particles for recognition by a novel receptor on macrophages. The 

Journal of experimental medicine 170(4):1231-1241. 

Xie WL, Chipman JG, Robertson DL, Erikson RL, Simmons DL. 1991. Expression of a mitogen-

responsive gene encoding prostaglandin synthase is regulated by mRNA splicing. Proceedings 

of the National Academy of Sciences of the United States of America 88(7):2692-2696. 

Xu D, Rowland SE, Clark P, Giroux A, Cote B, Guiral S, Salem M, Ducharme Y, Friesen RW, Methot 

N, Mancini J, Audoly L, Riendeau D. 2008. MF63 [2-(6-chloro-1H-phenanthro[9,10-

d]imidazol-2-yl)-isophthalonitrile], a selective microsomal prostaglandin E synthase-1 

inhibitor, relieves pyresis and pain in preclinical models of inflammation. The Journal of 

pharmacology and experimental therapeutics 326(3):754-763. 

Xu Y, Tao X, Shen B, Horng T, Medzhitov R, Manley JL, Tong L. 2000. Structural basis for signal 

transduction by the Toll/interleukin-1 receptor domains. Nature 408(6808):111-115. 

Yamagata K, Andreasson KI, Kaufmann WE, Barnes CA, Worley PF. 1993. Expression of a mitogen-

inducible cyclooxygenase in brain neurons: regulation by synaptic activity and 

glucocorticoids. Neuron 11(2):371-386. 

Yamagata K, Matsumura K, Inoue W, Shiraki T, Suzuki K, Yasuda S, Sugiura H, Cao C, Watanabe Y, 

Kobayashi S. 2001. Coexpression of microsomal-type prostaglandin E synthase with 

cyclooxygenase-2 in brain endothelial cells of rats during endotoxin-induced fever. J Neurosci 

21(8):2669-2677. 

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, Takeuchi O, Sugiyama M, Okabe 

M, Takeda K, Akira S. 2003. Role of adaptor TRIF in the MyD88-independent toll-like 

receptor signaling pathway. Science 301(5633):640-643. 

Yamamoto M, Sato S, Hemmi H, Sanjo H, Uematsu S, Kaisho T, Hoshino K, Takeuchi O, Kobayashi 

M, Fujita T, Takeda K, Akira S. 2002. Essential role for TIRAP in activation of the signalling 

cascade shared by TLR2 and TLR4. Nature 420(6913):324-329. 

Yamamoto T, Fujimoto Y, Shimura T, Sakai N. 1995. Conditioned taste aversion in rats with 

excitotoxic brain lesions. Neuroscience research 22(1):31-49. 

Yamamoto T, Shimura T, Sako N, Azuma S, Bai WZ, Wakisaka S. 1992. C-fos expression in the rat 

brain after intraperitoneal injection of lithium chloride. Neuroreport 3(12):1049-1052. 

Yamazoe M, Shiosaka S, Yagura A, Kawai Y, Shibasaki T, Ling N, Tohyama M. 1984. The 

distribution of alpha-melanocyte stimulating hormone (alpha-MSH) in the central nervous 

system of the rat: an immunohistochemical study. II. Lower brain stem. Peptides 5(4):721-

727. 

Yang L, Huang Y, Porta R, Yanagisawa K, Gonzalez A, Segi E, Johnson DH, Narumiya S, Carbone 

DP. 2006. Host and direct antitumor effects and profound reduction in tumor metastasis with 

selective EP4 receptor antagonism. Cancer research 66(19):9665-9672. 

Yang L, Yamagata N, Yadav R, Brandon S, Courtney RL, Morrow JD, Shyr Y, Boothby M, Joyce S, 

Carbone DP, Breyer RM. 2003. Cancer-associated immunodeficiency and dendritic cell 

abnormalities mediated by the prostaglandin EP2 receptor. The Journal of clinical 

investigation 111(5):727-735. 



 

 

111 

 

Yasumoto K, Mukaida N, Harada A, Kuno K, Akiyama M, Nakashima E, Fujioka N, Mai M, 

Kasahara T, Fujimoto-Ouchi K, et al. 1995. Molecular analysis of the cytokine network 

involved in cachexia in colon 26 adenocarcinoma-bearing mice. Cancer research 55(4):921-

927. 

Yokoyama C, Takai T, Tanabe T. 1988. Primary structure of sheep prostaglandin endoperoxide 

synthase deduced from cDNA sequence. FEBS letters 231(2):347-351. 

Yu Y, Fan J, Hui Y, Rouzer CA, Marnett LJ, Klein-Szanto AJ, FitzGerald GA, Funk CD. 2007. 

Targeted cyclooxygenase gene (ptgs) exchange reveals discriminant isoform functionality. 

The Journal of biological chemistry 282(2):1498-1506. 

Yuan H, Gaber MW, Boyd K, Wilson CM, Kiani MF, Merchant TE. 2006. Effects of fractionated 

radiation on the brain vasculature in a murine model: blood-brain barrier permeability, 

astrocyte proliferation, and ultrastructural changes. International journal of radiation oncology, 

biology, physics 66(3):860-866. 

Zhang GJ, Adachi I. 1999. Serum interleukin-6 levels correlate to tumor progression and prognosis in 

metastatic breast carcinoma. Anticancer research 19(2B):1427-1432. 

Zhang J, Rivest S. 1999. Distribution, regulation and colocalization of the genes encoding the EP2- 

and EP4-PGE2 receptors in the rat brain and neuronal responses to systemic inflammation. 

Eur J Neurosci 11(8):2651-2668. 

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. 1994. Positional cloning of the 

mouse obese gene and its human homologue. Nature 372(6505):425-432. 

Zhang Y, Shaffer A, Portanova J, Seibert K, Isakson PC. 1997. Inhibition of cyclooxygenase-2 rapidly 

reverses inflammatory hyperalgesia and prostaglandin E2 production. The Journal of 

pharmacology and experimental therapeutics 283(3):1069-1075. 

Zhang YH, Lu J, Elmquist JK, Saper CB. 2003. Specific roles of cyclooxygenase-1 and 

cyclooxygenase-2 in lipopolysaccharide-induced fever and Fos expression in rat brain. The 

Journal of comparative neurology 463(1):3-12. 

Zijlstra M, Li E, Sajjadi F, Subramani S, Jaenisch R. 1989. Germ-line transmission of a disrupted beta 

2-microglobulin gene produced by homologous recombination in embryonic stem cells. 

Nature 342(6248):435-438. 

 

 




