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ABSTRACT 

 

We are unceasingly exposed to potentially harmful microorganisms. The battle against 

threatening infectious agents includes activation of both the innate and of the adaptive 

immune systems. Illness responses are elicited and include inflammation, fever, decreased 

appetite, lethargy and increased sensitivity to painful stimuli in order to defeat invaders. 

While many of these signs of disease are controlled by the central nervous system, it has 

remained an enigma how signals from the peripheral immune system reach the brain through 

its blood-brain barrier, which precludes macromolecules, including cytokines, from diffusing 

into the brain parenchyma.  

 

Previous findings indicate the existence of a pathway across the blood-brain barrier, which 

includes binding of the cytokine interleukin-1 (IL-1) to its receptor in the brain vessels, 

thereby inducing the production of the prostaglandin E2 (PGE2) synthesizing enzymes 

cyclooxygenase-2 (Cox-2) and microsomal prostaglandin E synthase-1 (mPGES-1), which 

ultimately synthesize PGE2. PGE2 subsequently binds to any of the four prostaglandin E2 (EP) 

-receptors. Previous results from our laboratory have suggested that this pathway plays a 

critical role in the febrile response to infectious stimuli. The present thesis aims at further 

investigating the molecular events underlying immune-to-brain signalling, with special 

emphasis on fever, hypothalamic-pituitary-adrenal (HPA) -axis activation and anorexia and 

their connection to signalling molecules of the cytokine and prostaglandin families, 

respectively.  

  

In paper I, the molecular processes linking the proinflammatory cytokine interleukin-6 (IL-6) 

and PGE2 in the febrile response were investigated. Both IL-6 and PGE2 have been shown to 

be critical players in the febrile response, although the molecular connections are not known, 

i.e. if IL-6 exerts its effects up- or downstream of PGE2. Mice deficient in IL-6 were unable to 

respond to bacterial lipopolysaccharide (LPS) with a febrile response, but displayed similar 

induction of Cox-2 and mPGES-1, and similar concentrations of PGE2 in the cerebrospinal 

fluid as wild-type mice. Paradoxically, the IL-6 deficient mice responded with a dose-

dependent elevation of body temperature in response to intracerebroventricularly injected 

PGE2. Furthermore, IL-6 per se was not pyrogenic when injected peripherally in mice, and 

did not cause increased levels of PGE2 in cerebrospinal fluid. IL-6 deficient mice were not 

refractory to the action of PGE2 because of excess production of some hypothermia-producing 

factor, since administration of a Cox-2 inhibitor in LPS-challenged IL-6 deficient mice did 

not unmask any hypothermic response, and neutralization of tumor necrosis factor α (TNFα), 

associated with hypothermia, did not produce fever in LPS-challenged IL-6 deficient mice. 

These data indicate that IL-6 rather than exerting its effects up- or down-stream of PGE2 

affects some process in parallel to PGE2, perhaps by influencing the diffusion and binding of 

PGE2 onto its target neurons.   

 

 In papers II and III, we injected the proinflammatory cytokine IL-1β in free-fed wild-type 

mice, in mice with a deletion of the gene encoding mPGES-1, or in mice deficient in the EP1, 
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EP2 and EP3. Food intake was continuously measured during their active period, revealing 

that mPGES-1 deficient mice were almost completely resistant to anorexia induced by IL-1β. 

However, all of the investigated EP receptor deficient mice exhibited a normal profound 

anorexic response to IL-1β challenge, suggesting that the EP4 is the critical receptor that 

mediates IL-1β-induced anorexia. We also investigated the role of mPGES-1 in anorexia 

induced by lipopolysaccharide (LPS) in mPGES-1 deficient mice. The profound anorexic 

response after LPS-challenge was similar in mPGES-1 deficient and wild-type mice. To 

further investigate the anorectic behaviour after LPS injection, we pre-starved the animals for 

22 hours before injecting them with LPS. In this paradigm, the anorexia was less profound in 

mPGES-1 knock-out mice. Our results suggest that while the inflammatory anorexia
 
elicited 

by peripheral IL-1β seems largely to be dependent on
 
mPGES-1-mediated PGE2 synthesis, 

similar to the febrile response, the LPS-induced anorexia is
 
independent of this mechanism in 

free-fed mice but not in pre-starved
 
animals. 

In papers IV and V, the role of prostanoids for the immune-induced HPA-axis response was 

investigated in mice after genetic deletion or pharmacological inhibition of prostanoid-

synthesizing enzymes, including Cox-1, Cox-2, and mPGES-1. The immediate LPS-induced 

release of ACTH (adrenocorticotropic hormone and corticosteroids was critically dependent 

on Cox-1 derived prostanoids and occurred independently of Cox-2 and mPGES-1 derived 

PGE2. In contrast, the delayed HPA-axis response was critically dependent on immune-

induced PGE2, synthesized by Cox-2 and mPGES-1, and occurred independently of Cox-1 

derived enzymes. In addition, in the mPGES-1 deficient mice, the synthesis of CRH hnRNA 

and mRNA was decreased in the paraventricular nucleus of the hypothalamus after LPS-

challenge, indicating that the delayed hormone secretion was mediated by PGE2-induced 

gene-transcription of CRH in the hypothalamus. The expression of the c-fos gene and Fos 

protein, an index of synaptic activation, was maintained in the paraventricular nucleus and its 

brainstem afferents both after unselective and Cox-2 selective inhibition as well as in Cox-1, 

Cox-2, and mPGES-1 knock-out mice. This suggests that the immune-induced neuronal 

activation of autonomic relay nuclei occurs independently of prostanoid synthesis and that it 

is insufficient for eliciting stress hormone release. 
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INTRODUCTION 

 

Feeling ill - from periphery to brain 

 

The meaning of the symptoms of infections and inflammation have puzzled humans since the 

dawn of history. The leading ancient physicians Hippocrates (~400 BC) and Galen of 

Pergamon (~200 AD), interpreted disease symptoms, such as fever, vomiting and diarrhoea, 

as signs of intoxication and therefore considered poisons to be major causes of illness. 

Putrefied organic matter disseminated by the sick by exhalation or through direct contact 

(miasma and contagion, respectively) were considered contagious throughout the last 

millennia, e.g. since people suffering from diseases such as plague often had putrid odour. 

Ancient terminology is still in use today as exemplified by the word ‘sepsis’, the Greek word 

for putrefaction. The enigma of how a single contact with putrid fluids or a sick patient could 

transmit sufficient amounts of poison to kill not only one, but several thousands of people 

baffled scientists until Jacob Henle during the 19
th

 century suggested that the putrid venom 

could be able to reproduce itself within the body. Louis Pasteur (1822-1895), the founder of 

microbiology, finally proved that living microorganisms were responsible for the biologic 

processes taking place during putrefaction and decomposition of organic matter. Richard 

Pfeiffer showed in 1866 that inoculation of guinea pigs with dead Vibriae cholera bacteria 

was still lethal to the animals (reviewed in Beutler, et al. 2003). This was the discovery of 

endotoxin, later characterized as lipopolysaccharide (LPS). LPS is heat stable and comprises a 

component of the gram negative bacterial cell wall. It consists of a lipid part named Lipid A, 

accounting for the toxic and pyrogenic properties of LPS (Galanos, et al. 1985), and the O-

antigen consisting of polysaccharide chains (Heppner, et al. 1965). 

 

The five classical signs of acute inflammation, tumor (swelling), rubor (redness), calor 

(warmth), and dolor (pain), were originally described in writing by Aulus Cornelius Celsus 

(~10 BC) and functio laesa (loss of function) later by Galen of Pergamon. Early theories were 

mainly focused on the external causes of the symptoms and the understanding that the 

reactions of the organism itself to noxious agents play the major role in causing the symptoms 

has become of age only during recent decades. Accordingly, proinflammatory cytokines have 

been shown to be secreted as part of the innate immune response, and have been demonstrated 

to activate and direct the adaptive immune system, which first arouse in jawed vertebrates 

(Kaiser, et al. 2004, Vardam, et al. 2007). They have been identified in a wide range of 

species including birds, fishes, echinoderms and mammals, indicating that their functions are 

evolutionary well preserved (Kaiser, et al. 2004, Vardam, et al. 2007).  

 

Furthermore, our body elicits responses to disease that are controlled by the central nervous 

system, including e.g. fever, anorexia (loss of appetite), lethargy, decreased social interaction 

and hypothalamic-pituitary-adrenal (HPA) -axis activation in order to defeat invading 

microorganisms that continuously surround us. While many of these signs of disease are 

controlled by the central nervous system, it has for long been unknown how signals from the 
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peripheral immune system reach the brain, which is protected by the blood-brain barrier. The 

blood-brain barrier precludes macromolecules, including cytokines, from diffusing into the 

brain parenchyma. As discussed below, several hypotheses have been forwarded regarding the 

communication between the immune system and the brain.  

 

Endotoxin 

 

LPS is a heat stable toxin and part of the gram negative bacterial cell-wall. However, it was 

for long unknown how LPS mediates its effects. In 1965, a spontaneous mutation in a mice 

laboratory strain that made them resistant to the LPS effects accidentally came about 

(Heppner, et al. 1965), and later turned out to be a mutation in the Toll-like receptor 4 (TLR-

4) (Poltorak, et al. 1998a, Poltorak, et al. 1998b), nowadays established as the LPS receptor 

(Beutler 2002). LPS binds to LPS binding protein in the host and attaches to the TLR-4 and 

its co-receptor, CD14. These events recruit the adaptor protein complex MyD88 (Fitzgerald, 

et al. 2001) and further intracellular elements ultimately affecting transcription factors like 

activator protein-1 (AP-1) and nuclear factor-κB (NF-κB), which induce transcription of 

cytokines, prostaglandin synthesizing enzymes and other target genes. TLR-4 receptors are 

expressed in macrophages, but also in for example the brain circumventricular organs and in 

the adrenal glands (Laflamme, et al. 2001, Bornstein, et al. 2004). Mice with defective TLR-4 

receptor exhibit increased lethality to inoculation with bacteria (O'Brien, et al. 1980). 

Endotoxin has been administered to voluntary humans who display a similar response as 

animals with e.g. fever and stress hormone release (Greisman, et al. 1969, Wolff 1973, 

Dinarello, et al. 1981, Michie, et al. 1988, Granowitz, et al. 1994).    

 

Proinflammatory cytokines 

 

Below, I will briefly consider the three classical proinflammatory cytokines, also referred to 

as pyrogens. ‘Pyros’ is Greek and means fire, but these cytokines have much more diversified 

actions than just taking part in the febrile response, making this term somewhat misleading. 

 

Interleukin-1 

 

The IL-1 family is a broad family of signalling peptides consisting of at least eleven 

separately encoded proteins, of which the role and regulation of the three ‘classical’ members 

of this family, i.e. IL-1α, IL-1β and IL-1 receptor antagonist (IL-1RA), have been most 

extensively studied. The IL-1α and IL-1β share 30 % homology, bind to the same receptors 

and act as agonists (March, et al. 1985), while IL-1RA is induced during endotoxemia and is 

thought to counterbalance the effects of IL-1α and IL-1β by binding the IL-1 receptor, thereby 

acting as a competitive inhibitor (Carter, et al. 1990, Eisenberg, et al. 1990, Eisenberg, et al. 

1991, Granowitz, et al. 1991). IL-1α is predominantly cell associated (Auron, et al. 1987) and 

considered to be of less significance in immune-to-brain signalling (Kluger 1991), while IL-

1β acts as autocrine, paracrine or systemic signalling molecule (reviewed in Dinarello 2009) 
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that binds to the interleukin-1 type 1 receptor (IL-1R1) and activates an intracellular 

signalling system, similar to that activated upon TLR-4 activation (Sims, et al. 1993, Poltorak, 

et al. 1998b, Dinarello 2009). The type II receptor is a decoy surface molecule, hence not 

activating intracellular signalling (Colotta, et al. 1993). IL-1β is synthesized as an inactive 

pro-form which is cleaved into its active peptide by caspase-1 (Cerretti, et al. 1992, 

Thornberry, et al. 1992).  

 

Members of the IL-1 family, in particular IL-1β, have been implicated in a number of 

systemic diseases where a dysregulated cytokine response is thought to play a major role. 

Logically, administration of IL-1 blocking agents provides relief for patients suffering from 

autoimmune and autoinflammatory conditions (e.g. rheumatoid arthritis) where traditional 

anti-rheumatoid drugs fail (e.g. Mertens, et al. 2009).  

 

In line with this, IL-1β administered to humans elicits fever and chills in a dose-dependent 

manner, with responses appearing even at very low doses (1 ng/kg) (Tewari, et al. 1990). In 

studies where cancer patients received IL-1β injections for therapeutic purposes, increased 

secretion of ACTH and cortisol was observed (Crown, et al. 1991, Curti, et al. 1996). Various 

hereditary fever diseases, e.g. Familiar Mediterranean fevers, have been shown to be 

associated with defectively controlled secretion of IL-1β. Several mutations in the genes 

encoding the proteins that govern activation and secretion of pro-IL-1β/IL-1β have been 

found, yielding very high plasma levels of IL-1β and corresponding periodic fevers that are 

completely inhibited by pharmaceuticals antagonizing IL-1β (Dinarello 2004). On the other 

hand, human subjects injected with endotoxin displayed undetectable levels of IL-1β in 

plasma, and further, IL-1RA administered during mild experimental endotoxemia in humans 

were unable to suppress fever, HPA-axis response and tachycardia, although still suppressing 

some subjective sickness symptoms (Michie, et al. 1988, Granowitz, et al. 1993, Van Zee, et 

al. 1995). Together, these findings suggest that the pyrogenic and pro-inflammatory roles of 

IL-1β may differ depending on the nature of the initial immune stimulus and/or the general 

cytokine background.  

 

Animal studies have demonstrated that genetically modified mice deficient in IL-1RA suffer 

from increased lethality due to endotoxemia, but are less sensitive to infection by Listeria 

Monocytogenes (Hirsch, et al. 1996). Conversely IL-1RA overexpressing mice are less 

vulnerable to infection by endotoxin, but more susceptible to listeriosis than wild-type mice 

(Hirsch, et al. 1996). As will be reviewed in the section concerning signalling pathways 

between the immune-system and brain, IL-1R1 is expressed in brain endothelial cells which 

seem to be activated by LPS or IL-1β injection (Konsman, et al. 2004). Although low doses 

of IL-1β injected in animals evoke the same brain-mediated responses as endotoxin, the 

studies on the contribution of IL-1β to anorexia, fever, and HPA-axis activation have yielded 

conflicting results: IL-1β in low doses evokes fever, anorexia and HPA-axis activation and 

other illness responses described above and mice deficient in IL-1β or IL-1R1 display 

resistance to fever evoked by Listeria Monocytogenes and turpentine - but, they display an 

augmented fever response to LPS (Leon, et al. 1996, Alheim, et al. 1997, Labow, et al. 1997, 

Horai, et al. 1998, Kozak, et al. 1998).  
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Data are conflicting on the role of IL-1β in HPA-axis activation during immune challenge. 

While some studies suggest that IL-1 antagonizing treatment does not affect HPA-axis 

responses after endotoxin administration, or attenuates the HPA-axis response only following 

higher LPS doses (Ebisui, et al. 1994, Hadid, et al. 1999, Dunn 2000, Harden, et al. 2006), 

other studies propose a key role for IL-1β, acting in conjunction with tumor necrosis factor α 

(TNFα) and interleukin-6 (IL-6), during endotoxemia-induced HPA-axis activation (Rivier, et 

al. 1989, Perlstein, et al. 1993, Schotanus, et al. 1993).  

 

Infection-associated anorexia is likely to depend, at least partly, upon cytokine production by 

the immune system. In particular, IL-1β has been extensively studied in this regard, and has 

been found to induce anorexia in animals (Holmes, et al. 1963, McCarthy, et al. 1985, 

Hellerstein, et al. 1989). However, there are studies indicating that IL-1β does not mediate the 

entire LPS-induced anorexia (Kent, et al. 1992, Swiergiel, et al. 1997, Bluthe, et al. 2000). 

Due to the apparent redundancy of cytokine actions, a role for other signalling molecules, in 

particular the other classical proinflammatory cytokines, TNFα and IL-6 must be considered 

in the immune-brain signalling, perhaps in conjunction with IL-1β (Michie, et al. 1988, 

Cartmell, et al. 2000).   

 

Interleukin-6 

 

IL-6 is a pleiotropic cytokine originally described as many different factors in several reports 

during the 1980s, e.g. B-cell stimulating factor-2, but cloning of its cDNA ultimately resulted 

in a common designation (e.g. Hirano, et al. 1985, Haegeman, et al. 1986, Hirano, et al. 

1986). It is important for a wide range of effects including the mediation of systemic acute-

phase responses (reviewed in e.g. Heinrich, et al. 1990), the growth and differentiation of T- 

and B-cells (Hirano, et al. 1986, Nishimoto, et al. 2006), promotion of angiogenesis (Nilsson, 

et al. 2005) via induction of vascular endothelial growth factor (Cohen, et al. 1996, Nakahara, 

et al. 2003, Huang, et al. 2004) and fibroblast growth factor (Jee, et al. 2004), platelet 

activation (Oleksowicz, et al. 1994), and metabolism (Wallenius, et al. 2002). However, and 

in accordance with its proinflammatory attributes, it is also considered a main pyrogen (Chai, 

et al. 1996, Kozak, et al. 1997, Kozak, et al. 1998). IL-6 has been implicated in several 

autoimmune/autoinflammatory diseases and promising therapeutic treatment with an IL-6 

receptor inhibitor has evolved (reviewed in Nishimoto, et al. 2006). While the current thesis 

mainly focuses on IL-6 in the fever generation, several recent reports have implicated an 

important role also for IL-6 in increasing leukocyte-trafficking across the endothelium in 

lymph nodes and Peyer’s patches during hyperthermic states (Chen, et al. 2006).  

 

Several molecules such as interleukin-11, interleukin-27, ciliary neurotropic factor and 

leukaemia inhibitory factor are included in the IL-6 family due to their structural similarities 

and their use of the same signalling transducing complex, glycoprotein 130 (gp130) (Taga, et 

al. 1989, Hibi, et al. 1990, Ip, et al. 1992, Vardam, et al. 2007). The IL-6 receptor (Yamasaki, 

et al. 1988) transfers signals via two different systems. The classical type of signalling occurs 
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through binding of IL-6 to the membrane anchored IL-6 receptor α (mIL-6rα) (Yamasaki, et 

al. 1988), which is linked to the signal transducer gp130 (Taga, et al. 1989, Hibi, et al. 1990). 

The other type of signalling occurs when IL-6 binds to a soluble IL-6 receptor α (sIL-6rα), 

which lacks the transmembrane domain present on mIL-6α (Novick, et al. 1989), and binds to 

gp130 molecules present on cells. While the membrane form is limited to few cell/tissue types 

such as hepatocytes, hematopoietic cells, and is expressed in the central nervous system 

during immune-challenge (Vallieres, et al. 1997), the gp130 is ubiquitously present (reviewed 

in Rose-John, et al. 2006). The soluble receptor can be generated by alternative splicing of the 

IL-6rα transcript, but most of this receptor is thought to be generated through ectodomain 

shedding from activated leukocytes during inflammation (Mullberg, et al. 1993). The 

signalling downstream gp130 is thought to be shared by both sIL-6rα and mIL-6rα molecules 

(Rose-John, et al. 2006). When the IL-6/IL-6rα complex binds to gp130, it undergoes 

conformational changes that cause activation of the Janus kinases (JAK1, JAK2 and Tyk2), 

physically associated to gp130, which subsequently induce further phosphorylation of the 

gp130 (Murakami, et al. 1993, Narazaki, et al. 1994, Skiniotis, et al. 2005). This provides 

opportunities for signal transducers such as signal transducers and activator of transcription 1 

and 3 (STAT1, STAT3) (Akira, et al. 1994, Darnell, et al. 1994, Zhong, et al. 1994, Guschin, 

et al. 1995), as well as for molecules activating the ERK1/2 pathway, to attach to binding sites 

(Vardam, et al. 2007). As a further demonstration of its complex regulation, IL-6 signalling is 

negatively regulated by suppressor of cytokine signaling (SOCS) 1-3 through binding to JAK 

(Endo, et al. 1997, Naka, et al. 1997, Starr, et al. 1997) and to soluble gp130 present in the 

circulation (Narazaki, et al. 1993). 

 

While it has been demonstrated that IL-6 is critical for the ability of animals to induce fever, 

the detailed mechanisms appear complex. Hence, recombinant IL-6 protein per se does not 

elicit fever in rodents (Cartmell, et al. 2000) but mice deficient in IL-6 as well as animals 

given IL-6 antiserum are unable to generate fever in response to IL-1β, LPS and turpentine 

(Chai, et al. 1996, Kozak, et al. 1997, Kozak, et al. 1998, Cartmell, et al. 2000), unless the 

LPS dose is high (Kozak, et al. 1998). The role of IL-6 in the HPA-axis response is not fully 

elucidated, but IL-6 seems to affect HPA-axis activation after endotoxin administration, since 

IL-6 deficient mice or mice treated with neutralizing IL-6 antibodies display attenuated 

secretion of ACTH and/or corticosteroids after LPS (Bethin, et al. 2000, van Enckevort, et al. 

2001, Harden, et al. 2006) and turpentine injection (Venihaki, et al. 2001, Turnbull, et al. 

2003) (but cf. Kozak, et al. 1998). While IL-6 injection does not elicit fever, injection of 

recombinant IL-6 activates the HPA-axis (Bethin, et al. 2000). IL-6 antiserum does not affect 

LPS-induced anorexia (Harden, et al. 2006), but IL-6 deficient mice inoculated with influenza 

virus or injected with turpentine display attenuated anorexia and body weight loss (Kozak, et 

al. 1997). As a further evidence of the pleiotropic actions of this cytokine, naïve IL-6 

deficient mice fed on a regular diet develop obesity, indicating that IL-6 might affect food 

intake behaviour and metabolism in a much broader sense (Wallenius, et al. 2002).  
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Tumor necrosis factor α 

 

Tumor necrosis factor α (TNFα) is a pleiotropic cytokine which has multiple biologic actions, 

including immune functions. It belongs to a large family of proteins, the TNF ligand family. It 

was discovered as present in mouse serum during endotoxemia in 1975, and was described to 

exert cytotoxic effects on malignant cells, hence its name (Carswell, et al. 1975). TNFα 

exposition further induces cachexia, in that context originally identified as ‘cachectin’, and 

described as the mediator of cachexia in an animal model of trypanosome infection (Beutler, 

et al. 1985). It is primarily produced in a membrane-integrated form (memTNF) (Kriegler, et 

al. 1988), but can be cleaved into a soluble form (sTNF) by a metalloproteinase (Black, et al. 

1997). The two TNFα receptors, TNF-R1 and -R2, bind memTNF, while sTNF predominantly 

binds to TNF-R1. The biologic effects upon TNF receptor binding are very complex, and 

further, other TNF members such as lymphotoxin α, can bind to the receptors. The TNF-R1 is 

more abundant than TNF-R2, the latter being highly regulated and expressed in immune cells 

(reviewed in Locksley, et al. 2001). TNF-R1 shares some intracellular signal transduction 

properties with IL-1β and TLR-4, thus activating the NFκB pathway (Locksley, et al. 2001, 

Wajant, et al. 2003). The role of TNFα in proinflammatory responses has also a pathological 

significance and has emerged as an important target in treatments of various 

autoimmune/autoinflammatory disorders including Crohn’s disease, rheumatoid arthritis and 

psoriasis (Locksley, et al. 2001).  

 

The role of TNFα in immune-to-brain signalling appears contradictory. Hence, some studies 

have found that TNFα contributes to HPA-axis activation (Hadid, et al. 1999) and anorexia 

(Porter, et al. 2000) during immune-challenge, whereas other studies indicate no effect (Leon, 

et al. 1997a, Leon, et al. 1997b, Leon, et al. 1998, Arsenijevic, et al. 2000). And, although 

TNFα elicits a short-period fever when injected into animals (e.g. Roth, et al. 1997), TNFα 

has also been implicated to play a role in development of hypothermia, and has been 

suggested to counter-balance the hyperthermic response to e.g. LPS (Long, et al. 1990). In 

line with these findings, TNFα and TNF receptor deficient mice display exaggerated fever to 

LPS (Leon, et al. 1997a, Leon, et al. 1997b, Leon, et al. 1998).  

 

Prostaglandin E2  

 

In 1936, Ulf von Euler and Harry Goldblatt discovered a substance in seminal fluid and 

seminal vesicles, at the time thought to origin from the prostate and which was therefore 

named prostaglandin, which caused smooth muscle contraction and reduced blood pressure. 

In the 1950’s, Sune Bergström and co-workers purified prostaglandin E and F, and 

determined their chemical structure and elucidated their synthesis from unsaturated fatty 

acids. Bengt Samuelsson carried out the work of clarifying the various pathways of 

prostaglandin synthesis and metabolism. Already in 400 BC, Hippocrates had prescribed bark 

and leaves from the willow tree to relieve pain and fever. In the 1800’s the substance 

responsible for the effect was found and named salicylic acid. In 1971 John Vane discovered 

that salicylic acid inhibits prostaglandin synthesis, for which he was awarded the Nobel Prize 
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in 1982, together with Bengt Samuelsson and Sune Bergström.   

 

The source of prostaglandins is arachidonic acid, which is synthesized by cleavage of 

phospholipids from the cell membrane by several types of phospholipase A2 (not discussed 

further here). Arachidonic acid is further converted to leukotrienes via specific pathways, or 

to terminal prostanoids in enzymatic steps. Hence, the cyclooxygenases convert arachidonic 

acid into the unstable metabolites PGG2 and PGH2. So far, two distinct cyclooxygenases have 

been identified (Kujubu, et al. 1991, O'Banion, et al. 1991, Xie, et al. 1991). Prostanoids 

derived from cyklooxygenase-1 (Cox-1) (Lee, et al. 1992, Hla 1996) are mainly involved in 

homeostatic mechanisms such as acid production in the stomach, while cyclooxygenase-2 

(Cox-2) (Hla, et al. 1992) derived metabolites are sparsely expressed during normal 

conditions but abundant during inflammatory conditions (Lee, et al. 1992). PGH2 is an 

unstable molecule that is rapidly converted into the main biologically active prostanoids: 

PGE2, PGD2, PGF2α, PGI2 and thromboxane A2 (TXA2) (Fig 1.). The terminal enzymes 

responsible for PGE2 synthesis was not found until 1999, when Per Johan Jacobsson and 

collaborators isolated microsomal prostaglandin E synthase-1 (mPGES-1) (Jakobsson, et al. 

1999). This enzyme has been functionally linked to Cox-2 and is, similar to Cox-2, sparsely 

expressed during normal conditions but induced during inflammatory conditions (Jakobsson, 

et al. 1999). Furthermore, two additional isoforms of PGE2 synthase have been described, 

mPGES-2 (Watanabe, et al. 1997) and cytosolic prostaglandin E synthase (cPGES) 

(Ogorochi, et al. 1987), both so far considered to be constitutively expressed and largely to be 

unaffected by inflammation.   

 

 

 
 

Fig 1. Prostanoid synthesis during constitutive conditions (left) and during inflammation 

(right).  Constitutive PGE2 is involved in tissue homeostasis and produced by Cox-1, cPGES 

and mPGES-2, while Cox-2 and mPGES-1 are induced during inflammatory conditions and 

produce high levels of PGE2. The PGD2 metabolite PGJ2 suppresses inflammation. Modified 

from Engblom, et al. (2002). 
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Prostaglandin E2 receptors 

 

Four subtypes of PGE2 (EP) receptors, encoded by the respective Ptger gene, coupled to G 

proteins have been described. The EP1 receptor (Watabe, et al. 1993), known to be expressed 

in hypothalamus, amygdala and cerebellum (Oka, et al. 2000, Matsuoka, et al. 2003, 

Matsuoka, et al. 2005, Sugimoto, et al. 2007), is stimulatory and elevates intracellular levels 

of free Ca
2+

. It has been shown to be of importance to control impulsive behaviour as well as 

for immune-induced HPA-axis activation (Matsuoka, et al. 2003, Matsuoka, et al. 2005) and 

the early phase of fever (Oka, et al. 2003a, Oka, et al. 2003b). The EP2 receptor (Regan, et al. 

1994) also couples to Gs proteins, resulting in increased cAMP concentrations. While it has 

been implicated in hyperalgesia (Reinold, et al. 2005), it is sparsely expressed in the central 

nervous system (Zhang, et al. 1999). The EP3 receptor (Sugimoto, et al. 1992), appears in 

several isoforms, most of which inhibit adenylate cyclase via Gi and reduce cAMP and 

intracellular Ca
2+

. It is widely expressed in the central nervous system, not least in various 

autonomic structures, such as the preoptic nucleus of the hypothalamus, where it has been 

extensively studied and shown to be critical for eliciting a febrile response (Ushikubi, et al. 

1998, Ek, et al. 2000, Engblom, et al. 2000, Lazarus, et al. 2007, Aronoff, et al. 2009). The 

EP3 receptor is further expressed in the parabrachial nucleus, the ventrolateral medulla, and on 

the vagus nerve, but only sparsely expressed in the paraventricular nucleus of the 

hypothalamus although it seems to affect adrenocorticotropic hormone (ACTH) secretion 

after immune challenge (Ek, et al. 2000, Engblom, et al. 2000, Matsuoka, et al. 2003). The 

EP4 receptor (Honda, et al. 1993, Coleman, et al. 1994), couples to Gs proteins, and causes 

increased levels of cAMP, but it also activates phosphatidylinositol 3 (PI3) -kinase dependent 

pathways. The EP4 is widely expressed in the central nervous system, and, furthermore, it is 

induced in the paraventricular nucleus during systemic immune challenge (Oka, et al. 2000, 

Zhang, et al. 2000). Mice deficient in this receptor die shortly after birth due to a patent 

ductus arteriosus (Nguyen, et al. 1997) and pharmacological agents selectively inhibiting this 

receptor in vivo have not been readily available, making it difficult to study its biological 

effects.   

 

Signalling pathways between the immune system and the brain 

 

How peripheral immune-signals communicate with the brain has been a matter of 

longstanding debates. Cytokines are macromolecules unable to pass the blood-brain barrier 

(Dinarello, et al. 1978). Four of the most common hypotheses that have been forwarded 

include 1) uptake via brain circumventricular organs including (in mammals), the area 

postrema, median eminence, organum vasculosum of the lamina terminalis and subfornical 

organ, 2) uptake via specific transporter proteins in the brain vessels, 3) cytokine binding to 

receptors on brain vascular cells, and 4) signalling through peripheral nerves, in particular the 

vagus nerve (Fig 2.). While the first two hypothetical mechanisms are somewhat outside the 

scope of this thesis, the latter two will be discussed below.   
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Fig 2. Proposed pathways for immune-to-brain signalling. Four main hypotheses have been 

put forward regarding potential immune-to-brain signalling pathways: 1: Cytokines from the 

bloodstream directly enters the brain via circumventricular organs. 2: Cytokines are 

transported in specialized cytokine transporters present in the blood-brain interface. 3: 

Cytokines in the blood-stream bind to cytokine receptors present on the brain endothelial 

cells, and thereby induce Cox-2 and mPGES-1 that produce PGE2. 4: Nerves such as the 

vagus nerve recognize inflammation in the periphery and transmit these signals to the brain. 

Modified from Engblom, et al. (2002). 

 

Immune signalling through the vagus nerve 

 

Nerves, and in particular the vagus nerve, are strong candidates to provide the brain with 

information about the current status of the immune-system. The vagus nerve innervates a very 

large area including most of the abdomen and thorax by both efferent and afferent fibres. 

Receptors for both TLR-4 and IL-1β, as well as for PGE2 are expressed in the nodose 

ganglion, and furthermore, afferent vagal fibres are activated by intravenous immune-

challenges (Ek, et al. 1998, Hosoi, et al. 2005). There are indeed reports in support of such a 

‘vagus pathway’, describing suppressed brain-mediated illness responses to stimuli 

administered within its innervation area after vagotomy. However, and although data are 
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conflicting, the current view is that vagotomy attenuates or blocks brain-mediated illness 

responses especially during the early phase of inflammation, but only to low doses of LPS or 

IL-1β. In contrast, when the stimulus is administered into the bloodstream or in higher dose, 

the vagus nerve appears to be of no importance (Gaykema, et al. 1995, Laviano, et al. 1995, 

Bluthe, et al. 1996, Kapcala, et al. 1996, Schwartz, et al. 1997, Porter, et al. 1998, Konsman, 

et al. 2000, Luheshi, et al. 2000, Romanovsky 2000, Hansen, et al. 2001). In addition, 

vagotomy fails to block Fos-expression in the brain after intravenous immune-challenge 

(Ericsson, et al. 1997). Notwithstanding, vagotomy is an extensive surgical procedure, with 

gastric stasis and leakage of gastrointestinal contents into the bloodstream as side-effects, 

making the role of vagus nerve troublesome to study. Interestingly, the efferent fibres of the 

vagus have been implicated in an anti-inflammatory reflex pathway, further supporting that it 

plays a role in the bidirectional immune-brain communication (Borovikova, et al. 2000).  

 

The blood-brain barrier and prostaglandin E2 – linking the pieces together 

 

The signalling molecule PGE2 is suggested as a part of the link in the signalling pathway 

across the blood-brain barrier during inflammation. Firstly, increased concentrations of PGE2 

have been demonstrated in the cerebrospinal fluid following peripheral inflammatory stimuli 

(Feldberg, et al. 1973). Secondly, centrally injected PGE2 evokes many of the above-

mentioned illness responses, indicating a critical role of PGE2 in the immune-to-brain 

signalling during inflammation (Feldberg, et al. 1971a, Feldberg, et al. 1971b, Levine, et al. 

1981, Katsuura, et al. 1990, Watanabe, et al. 1990). Co-induction of the PGE2 synthesizing 

enzymes Cox-2 and mPGES-1 in endothelial cells following immune challenge has been 

shown in several studies and further, it has been demonstrated that the PGE2 synthesizing 

endothelial cells, localized to venules, express the IL-1R1 (Ek, et al. 2001, Yamagata, et al. 

2001, Guay, et al. 2004, Konsman, et al. 2004). The induction of Cox-2 and mPGES-1 

coincides with the rise of PGE2 in the CSF (Inoue, et al. 2002, Engblom, et al. 2003). These 

findings indicate the existence of a pathway across the blood-brain barrier, which includes 

binding of the IL-1 molecule to its receptor in the brain vessels, thereby inducing the 

synthesis of the enzymes Cox-2 and mPGES-1, which ultimately synthesize PGE2 (Fig 3.) 

which activates different neural structures when binding to any of the four EP receptors (see 

above). Previous results from our laboratory suggest that this pathway plays a critical role in 

the febrile response to infectious stimuli (Engblom, et al. 2003, Saha, et al. 2005). In addition, 

receptors for LPS, IL-6, and TNFα have been shown to be expressed by the brain endothelial 

cells and other central nervous structures during infection/inflammation, which has led to the 

proposal that these messengers also can induce signalling pathways across the blood-brain 

barrier, perhaps involving PGE2 synthesis (Vallieres, et al. 1997, Cao, et al. 1998, 

Chakravarty, et al. 2005, Rummel, et al. 2006). 

 

While Cox-1 has been demonstrated in many different areas of the central nervous system, 

e.g. in neurons of the nucleus of the solitary tract and hippocampus, it is not induced during 

inflammation (Breder, et al. 1992) (but cf. García-Bueno, et al. 2009) and most investigators 

have therefore been focusing on Cox-2. The implication of the Cox-2/mPGES-1 dependent 
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blood-brain barrier pathway in other brain elicited illness responses than fever, as well as the 

neural circuits that are activated by immune induced PGE2, have yet only started to be 

elucidated in detail.  

 

  

 
 

 

Fig 3. PGE2 synthesis in the blood-brain barrier. Cytokine receptors, such as the IL-1 receptor, 

are expressed in small venules. When IL-1 binds to its receptor, an intracellular signalling 

cascade induces the expression of Cox-2 and mPGES-1, which produce PGE2 that 

subsequently binds to specific EP receptors within the brain parenchyma. Modified from 

Engblom, et al. (2002). 

 

Brain-elicited illness responses 

 

Autonomic structures in the central nervous system related to illness response 

 

Claude Bernard established the concept of the ‘internal milieu’, kept constant for optimal 

cellular functions in spite of changes in the external conditions. This idea was expanded by 

Walter B Cannon who in his book ‘The wisdom of the body’ (1932) suggested that the inner 

milieu of the body is kept constant through negative feedback systems governed by the 

hypothalamus, and mediated by the autonomic nervous system, an idea that still dominates 

current views on the key homeostatic mechanisms.   

   

The vagus nerve provides the brain with sensory autonomic information, terminating in the 

nucleus of the solitary tract together with the glossopharyngeal and facial nerves in a 

topographic manner (Saper 2002). The nucleus of the solitary tract is a key component of the 

network assembling sensory information from several organs and body regions and it 

provides efferent impulses to parts of the central nervous system controlling the autonomic 

nervous system including the hypothalamus. Neurons in the nucleus of the solitary tract also 

project to other brainstem nuclei, such as the ventrolateral medulla, as well as to the spinal 

cord, and control, via simple reflexes, e.g. the heart rate. In rodents a majority of the neurons 
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of the nucleus of the solitary tract project to the parabrachial nucleus surrounding the superior 

cerebellar peduncles in the pons (Herbert, et al. 1990). The parabrachial nucleus is a relay for 

ascending information from the nucleus of the solitary tract to other brainstem regions, and to 

higher order brain regions (Fulwiler, et al. 1984). These include the hypothalamus via 

ascending pathways from the external lateral parabrachial subnucleus, which has been shown 

to be activated by immune-stimuli (Ericsson, et al. 1994, Elmquist, et al. 1996a, Elmquist, et 

al. 1996b). Other brain areas in the brainstem also project to the hypothalamus, e.g. the 

ventrolateral medulla, implicated in the transfer of immune signals, as discussed below 

(Elmquist, et al. 1996a). 

 

The hypothalamus is a coordinator of the autonomic nervous system, the endocrine system, 

and systems involved in psychological motivation essential to maintain homeostasis. The 

hypothalamus is divided into several nuclei controlling networks responsible for a wide range 

of functions including food and water intake, body temperature, circadian rhythm, and 

reproductive behaviour. Below, I will briefly discuss the neuroanatomy and the characteristics 

of the respective illness responses studied in this thesis.  

 

Thermoregulation and fever 

 

Fever 

 

Fever has been recognized as a major symptom of illness since ancient times, and thought to 

be caused by an imbalance of body fluids by Aristotle and referred to as ‘God’s punishment 

for human transgressions’ in the Old and New Testaments (Hart 1988). The ability of an 

organism to elevate the body temperature in response to an infection has been shown to be an 

extremely well-conserved biological function, hence found in a wide range of species, both 

endo- (warm-) and ectothermic (cold-blooded). Ectothermic animals are obliged to seek warm 

environment in order to elevate body temperature and do so e.g. when exposed to infectious 

stimuli (Hart 1988, Kluger 1991, Kluger, et al. 1998, Vardam, et al. 2007). Endothermic 

animals elevate body temperature endogenously, but it was not until the 1950’s it was shown 

that leukocytes secrete a pyrogenic heat labile substance (Bennett, et al. 1953), which further 

led to the still predominating theory today, that pathogens lead the immune system to secrete 

endogenous pyrogens (reviewed by Hart 1988). Furthermore, treatment of ‘Paralytic 

dementia’, a form of syphilis, caused by Treponema Pallidum, was previously successfully 

treated with inoculation of malaria parasites known to induce high fever. For this discovery, 

Wagner-Jauregg was awarded the Noble Prize in 1927. Also for gonorrhoea, ‘fever-therapy’ 

with malaria inoculation was the only treatment until the introduction of penicillin (reviewed 

by Hart 1988). These findings, together with other studies, suggest that an elevated body 

temperature is beneficial for survival during infection and that inability to increase body 

temperature (due to external factors as well as administration of antipyretics) decreases 

survival (Kluger, et al. 1975, Bernheim, et al. 1976, Covert, et al. 1977, Kluger, et al. 1978, 

Kluger 1991, Kluger, et al. 1998). The mechanism has been hypothesized to include an 
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optimal ‘working-temperature’ for the immune system during fever, and furthermore, several 

pathogens show a decreased ability to proliferate in high temperatures in vitro as well as in 

vivo. Inflammation is also accompanied by increases in the plasma concentrations of the 

peptide hepcidin (Nicolas, et al. 2001) which, by decreasing epithelial absorption of ferrous 

ions in the small intestine, and by decreasing release of iron from the reticuloendothelial 

system decreases the concentrations of biologically active iron crucial for the survival and 

reproduction of some bacteria (Grieger, et al. 1978, Kluger, et al. 1998, Ganz 2003, Nemeth, 

et al. 2003). Furthermore, it was recently demonstrated that temperatures within the febrile 

range, together with the presence of IL-6, markedly increase lymphocyte migration through 

endothelial cells into lymph nodes and Peyer’s patches (Chen, et al. 2006). This is a critical 

process in activating the adaptive immune system, thus further implicating the beneficial role 

of febrile temperatures. On the other hand, too high temperature is detrimental to the 

organism, causing tissue damage and death, and furthermore, several studies do not support 

the beneficial effects of fever in terms of increased survival (Bennett, et al. 1960, DuPont, et 

al. 1969, Banet 1979, Kluger, et al. 1998, Diringer, et al. 2004). Together, this indicates that a 

tightly regulated body temperature is critical for the organism’s response to infections but, in 

the current age of antibiotics and other advanced medical treatments, fever may not always be 

an essential host response to infection.  

 

As discussed above, fever is a physiological response to infection and the classic pyrogens IL-

1  TNF and IL-6, have been the most investigated molecules in fever signalling although 

other factors like platelet activating factor and component 5a of the complement cascade also 

have been suggested to play a role (reviewed in Romanovsky, et al. 2005).  

 

Prostaglandin E2 and fever generation pathways 

 

The relationship between fever and prostaglandins was not realised until the discovery that 

PGE1 is pyrogenic (Milton, et al. 1970, Feldberg, et al. 1971a, Stitt 1973, Williams, et al. 

1977) and Vane’s discovery that prostaglandin synthesis is inhibited with aspirin-like drugs 

(Vane 1971). Further experiments revealed that blood-borne signals released during infection 

seem to trigger PGE2 synthesis and enhanced levels of PGE2 in the CSF (Bernheim, et al. 

1980). Scammell, et al. (1996) revealed that PGE2 injected into the preoptic area produces 

fever. Studies using gene deficient mice lacking Cox-2, mPGES-1 and the EP3 receptor 

confirm the critical role for PGE2 in fever (Ushikubi, et al. 1998, Li, et al. 1999, Engblom, et 

al. 2003, Oka, et al. 2003a, Saha, et al. 2005, Aronoff, et al. 2009).  

 

The efferent signalling from the preoptic area during fever has recently begun to be clarified. 

PGE2 reduces the firing rate of warm sensitive neurons in the preoptic region (Morimoto, et 

al. 1988b), and a Cox-inhibitor injected into the preoptic region attenuates fever (Scammell, 

et al. 1998). However, pharmacological inhibitors of PGE2 synthesis can also exert other anti-

inflammatory effects, unrelated to prostanoid synthesis (reviewed in Tegeder, et al. 2001b). 

Hence, the strongest support that the PGE2 mediated febrile response is initiated in the 

preoptic area was recently provided by Lazarus et al. who demonstrated that selectively 
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removing the EP3 receptors that are normally expressed on neurons in the preoptic area of the 

hypothalamus in mice completely abolished fever after intracerebroventricular PGE2 

injection, as well as after peripheral immune challenge with LPS (Lazarus, et al. 2007). The 

central mechanism in elevating body temperature during fever seems to be binding of PGE2 to 

the EP3 receptor, increasing intracellular cAMP via Gi proteins, thereby inhibiting tonically 

active γ-amino butyric acid (GABA) -ergic neurons in the preoptic area (Lazarus, et al. 2007). 

These EP3 expressing GABAergic neurons project to other brain areas including the 

paraventricular  and dorsomedial nuclei of hypothalamus and/or the rostral raphe pallidus in 

the medulla, ultimately activating sympathetic neurons that innervate the major 

thermoregulatory organs (Fig 4.) (Nakamura, et al. 2002, Nakamura, et al. 2005, Madden, et 

al. 2009).  

 
 

 

Fig 4. Proposed mechanisms for fever generation. IL-1 or other cytokines in the circulation 

bind to receptors on brain endothelial cells whereby PGE2 synthesis is induced. PGE2 binds to 

EP3 receptors present on GABAergic neurons in the preoptic area. Normally, these neurons 

exert tonic inhibition on neurons in the PVH, DMH/DHA and RPa, but upon EP3 activation, 

the GABAergic preoptic neurons are inhibited. This means that the PVH, DMH/DHA and 

RPa can activate the sympathetic nervous system and the major thermoeffector organs.  

MnPO: median preoptic nucleus; PVH: paraventricular nucleus; DMH: dorsomedial 

hypothalamus; DHA: dorsal hypothalamic area; RPa: Raphe pallidus. Modified from Lazarus, 

et al. (2007). 
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While the critical role for EP3 in the febrile response is generally accepted, some studies have 

proposed roles for EP1 and EP4 receptors in thermoregulation as well. Thus, the EP1 receptor 

has been suggested to play a role during the initial fever response and the EP4 receptor has 

been implicated in mediating hypothermia (Oka, et al. 2003a, Oka, et al. 2003b).  

 

Basic concepts of food intake regulation 

 

Food intake behaviour can be described as a very sophisticated regulatory system balancing 

energy resources within the body. When the energy homeostasis for some reason is disturbed, 

either relative over-eating (such as in obesity) or ‘under-eating’ (such as in anorexia) occur. 

Energy homeostasis is intimately regulated by a network of neural pathways and a detailed 

description of these pathways is far beyond the scope of this thesis. However, as it is relevant 

for the understanding of the mechanisms underlying anorexia and the impact of PGE2 on food 

intake during infection, a brief description of the signals and neuroanatomical pathways 

involved in the regulation of food intake will be given.  

 

With the discovery of leptin (Zhang, et al. 1994, Halaas, et al. 1995) and other hormones such 

as ghrelin (Kojima, et al. 1999), research has now dramatically increased the understanding of 

food intake behaviour. Notwithstanding, the ultimate treatment for obesity as well as for 

anorexia related to chronic disease remains to be invented.  

 

Food intake is intimately related to energy homeostasis and the mechanisms governing this 

phenomenon can, somewhat simplified, be divided into satiety signals and adiposity signals. 

Satiety signals primarily affect meal termination and the size of ingested meals, i.e. short-time 

food intake. Various gut hormones such as cholecystokinin (CCK), peptide tyrosine-tyrosine 

(PYY), and enterostatin are secreted during a meal and limit the amount of calories ingested 

during individual meals, with an important exception being ghrelin, which increases appetite 

(Tschop, et al. 2000). The vagus nerve, terminating in the nucleus of the solitary tract in the 

caudal brainstem, is of major importance for transferring satiety signals to the brain. These 

signals are further relayed to other nuclei in the brainstem and hypothalamus, the latter 

considered to be the main coordinator of food intake behaviour. Adiposity signals on the other 

hand are intimately coupled to the amount of body fat that the individual carries. Insulin and 

leptin, synthesized by the pancreatic β-cells and white adipocytes, respectively, are secreted in 

direct proportion to the amount of body fat. Leptin and insulin in the bloodstream are 

transported across the blood-brain barrier and affect the central nervous system primarily on 

the level of hypothalamus (for review on food intake regulation see Saper, et al. 2002, Magni, 

et al. 2009).    

 

Hypothalamus and food intake 

 

Already in 1940, Hetherington and Ranson discovered that small bilateral lesions of the rat 
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hypothalamus exerted powerful effects on feeding behaviour. Thus, if the lateral 

hypothalamus is lesioned, rats develop anorexia and body weight loss, whereas lesions in the 

ventromedial hypothalamus are orexigenic, leading to obesity (Hetherington, et al. 1983). 

Hypothalamus contains five areas with peptidergic neurons that have been implicated in food 

intake regulation, either anorexigenic or orexigenic, namely the arcuate, ventromedial, 

dorsomedial, lateral, and the paraventricular nuclei of the hypothalamus (Fig 5.) (Magni, et al. 

2009). Each of these hypothalamic regions expresses receptors for leptin, except the 

paraventricular nucleus. These areas communicate with each other and also send projections 

to the brainstem and spinal cord. A rise in leptin levels (due to increased body fat) will, e.g., 

lead to activation of the sympathetic nervous system via projections from the hypothalamus, 

and to secretion of corticotropin releasing hormone (CRH) and thyrotropin releasing hormone 

(TRH) from the paraventricular nucleus affecting e.g. cell metabolism. Furthermore, satiety 

and thereby decreased motivation to search for food occurs via neurons containing orexigenic 

peptides and their projections from the lateral hypothalamic area to other brain regions (for 

reviews see Saper 2002, Magni, et al. 2009). Basically, the opposite scenario occurs due to 

decreased plasma levels of leptin. Food-intake regulatory pathways are affected also by other 

factors and hormones and, although complex, fulfil the classical view of a negative feedback 

system. For example, mice deficient in leptin (ob/ob) (Ingalls, et al. 1950) or leptin receptor 

(db/db) (Hummel, et al. 1966, Tartaglia, et al. 1995) develop severe obesity. Severe obesity in 

man can at least in part be explained by genetic variations that disturbs normal feed-back 

control. Obesity is a major health problem in the general population in the world today but 

also, the opposite situation with patients losing weight due to disease or medical treatment is a 

major medical problem (see e.g. Inagaki, et al. 1974, Dewys, et al. 1980, Scott, et al. 1996, 

Scott, et al. 2002, Ravasco, et al. 2004, Carrero 2009, Deans, et al. 2009). It is not far-fetched 

to believe that the neuronal pathways governing food intake during normal conditions and 

over-eating, are somehow affected during inflammation and infection as discussed below. 

 

Anorexia 

 

Anorexia is loss of appetite and concomitant reduction of food intake when food sources are 

readily accessible. It can originate from psychological circumstances, such as in anorexia 

nervosa, or be in association with somatic diseases, including inflammatory conditions, such 

as influenza, AIDS and cancer. Other types of anorexia occur as a response to homeostatic 

challenges such as dehydration (for review see Plata-Salaman 1996, Watts, et al. 2007). As 

stated above, food intake regulation is a complex phenomenon involving a network of neural 

circuits, terminating on common executive motor neurons, which, when activated, cause the 

individual to eat (Swanson 2000, Watts, et al. 2007). Anorexia due to acute infections has 

been shown to increase survival, at least in experimental animal models, whereas during more 

chronic conditions, it is detrimental. Pre-starved animals display increased survival to an 

exceptional degree after infection with Listeria monocytogenes, with a survival rate of 95%, 

as compared with 5% in free-fed animals (Wing, et al. 1980). The beneficial effects of 

anorexia is suggested to be restriction of nourishment and iron for growing microorganisms, 

in combination with the behavioural aspect of decreased food-seeking that results in increased 
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rest and mobilization of energy resources in order to fight the infection (Hart 1988, Exton 

1997) 

As discussed above, cytokines such as IL-1β are implicated in the development of anorexia 

after immune-challenge. Several studies have also suggested a role for centrally produced 

PGE2 in anorexia. Centrally injected PGE2 elicits anorexia in mice (Levine, et al. 1981) and 

peripheral LPS-challenge leads to an increase in PGE2 in the cerebrospinal fluid that coincides 

with anorexia (Johnson, et al. 2002). Several studies have shown reduced anorexia in 

response to administration of unspecific Cox-inhibitors (Langhans, et al. 1989, Langhans, et 

al. 1990, McHugh, et al. 1993, Johnson, et al. 1994, McCarthy, et al. 1995, Swiergiel, et al. 

1997). It has as yet not been elucidated, however, which of the cyclooxygenases that is 

involved in inflammatory anorexia. Some studies suggest that Cox-1 is involved in the early 

anorexia in response to IL-1β and LPS, while Cox-2 is involved later (Dunn, et al. 2000, 

Swiergiel, et al. 2002). Other studies claim that Cox-2 is a mediator of inflammatory anorexia 

induced by LPS, and suggest that Cox-1 plays a pro-, rather than anti-anorexigenic role 

(Johnson, et al. 2002, Lugarini, et al. 2002). In the face of these divergent results it is crucial 

to realize that food intake is a complex behaviour making subtle differences experimental 

paradigms decisive, e.g., type of stimulus, feeding state of the animal or the type of food 

administered.  

 

 

 
 

Fig 5. Schematic description of the connections between hypothalamic nuclei involved in 

food intake regulation. Leptin receptors are expressed in all these structures, except the 

paraventricular nucleus (PVH). ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; 

LHA, lateral hypothalamic area; VMH, ventromedial hypothalamus; MCH, melanin-

concentrating hormone; NPY, neuropeptide Y; AgRP, agouti-related peptide; POMC, 

proopiomelanocortin; CART, cocaine- and amphetamine-related transcript; CRH, 

corticotropin-releasing hormone; TRH, thyrotropin-releasing hormone; CCK, 

cholecystokinin; 3V, third ventricle. Modified from Magni, et al. (2009). 
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Hypothalamus-pituitary-adrenal axis 

 

Galen of Pergamon was the first to describe, already in the second century AD, the 

hypothalamus, infundibulum and pituitary gland, assuming its function was to serve as a 

draining route and receptacle from the brain ventricles to the nasopharynx. In the 1930s, 

Geoffrey Harris proposed that the anterior pituitary is regulated by the hypothalamus and 

demonstrated that blood is transferred from the hypothalamus to the pituitary in the portal 

veins. The releasing hormones, including CRH, were identified later on by Guillemin and 

Schally (Guillemin, et al. 1955, Saffran, et al. 1955), who were awarded the Nobel Prize in 

1977 for their discoveries. In 1981, CRH was purified and characterized (Vale, et al. 1981). 

While the HPA-axis as a neuroendocrine organ thus has been known for long, it was not until 

a few decades ago that its relationship to the immune-system was demonstrated. Thus, it was 

shown that cell-free supernatants extracted from stimulated immune cells stimulate the HPA-

axis (Besedovsky, et al. 1981), and later that pure cytokines, like IL-1  are potent activators 

of the HPA-axis (Besedovsky, et al. 1986). Glucocorticoids, mainly cortisol in man and 

corticosterone in rodents, secreted from the adrenal cortex exert anti-inflammatory effects and 

generally suppress the immune response. However, it has been shown that resting immune 

cells and cells with low affinity to the antigen are more sensitive to such inhibition thus 

providing not only a negative-feedback loop but also a more specified immune response 

(reviewed in Besedovsky, et al. 2007). Thus, this link between the immune system and the 

HPA-axis fulfils the qualification of a negative-feedback system with the ability to balance 

and direct the immune response (Sternberg 2006).  

     

The paraventricular nucleus  

 

Efferent signalling  

 

The paraventricular nucleus of the hypothalamus is the main coordinator of the 

neuroendocrine system and responds to a wide range of ‘stressors’, i.e. psychological, 

infectious, metabolic, or exogenous factors that challenge the individual and threaten 

homeostasis.  The paraventricular nucleus contains several different functional subunits which 

differ with respect to morphology, projections to/from other brain regions and type of 

neurotransmitters expressed (Armstrong, et al. 1980, Swanson, et al. 1980, Kiss, et al. 1991).  

A brief and simplified overview of the functional organization of this nucleus will be given 

below. Roughly, the morphologic features of the neurons have led to the classification of the 

magno- and parvocellular neurons respectively. The magnocellular neurons situated in the 

posterior magnocellular subdivision (pm) release arginine vasopressin (AVP) and oxytocin to 

the posterior pituitary. AVP plays an essential role for control of volume and tonicity of the 

blood, causing constriction of vascular smooth muscle and tubular resorption of water in the 

kidneys. Oxytocin is secreted during child-birth and lactation but also takes part in regulating 

osmotic pressure and blood volume, together with AVP. Most subnuclei in the paraventricular 

hypothalamus are parvocellular. Situated in the medial parvocellular part are the neurons that 
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project to the median eminence, which is connected to the portal system and governs the 

release of hormones from the anterior pituitary. These neurons express several neuropeptides, 

but only few have been shown to be directly involved in triggering the hormone secretion 

from the anterior pituitary. TRH controls the secretion of thyroid stimulatory hormone, 

affecting the thyroid gland to secrete thyroxin important in e.g. cell metabolism. CRH, on the 

other hand, controls the release of ACTH, which subsequently recruits cells in the adrenal 

cortex to secrete corticosteroids. Some of these neurons also express AVP, which can work in 

synergy with CRH to increase ACTH secretion. Some parts of the paraventricular nucleus 

also send projections to the brainstem and spinal cord (Fig 6.) (reviewed in Sawchenko, et al. 

1996). 

 

 

 

 
   

Fig 6. Efferent pathways from the paraventricular nucleus of the hypothalamus (PVH). 

Neurons projecting to various parts of the brain are found in distinct subnuclei. The dorsal 

parvocellular (dp) and the medial parvocellular (mpv) subdivisions projects mainly to the 

brainstem and/or spinal cord. The neuroendocrine neurons in the magnocellular (pm) 

subdivision project to the posterior pituitary, whilst the medial parvocellular subdivision 

(mpd) mainly projects to the median eminence.  
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Afferent signalling with emphasis on corticotropin releasing hormone  

 

Dense noradrenergic input reaches the paraventricular nucleus from the nucleus of the solitary 

tract, the caudal ventrolateral medulla and locus coeruleus (Sawchenko, et al. 1982), and local 

injection of noradrenaline into the paraventricular nucleus selectively activates CRH 

transcription (Itoi, et al. 1994, Itoi, et al. 1999, Cole, et al. 2002), supporting a major role for 

cathecolamines in the regulation of the HPA-axis. The CRH secretion from the 

paraventricular nucleus can also be regulated by other brain regions, such as the central 

nucleus of amygdala, via the bed nucleus of stria terminalis and other hypothalamic nuclei, 

e.g., the preoptic area (Day, et al. 1999). GABAergic innervation of the paraventricular 

nucleus originates from local hypothalamic interneurons and inhibits CRH and AVP as well 

as corticosterone secretion, which indicates a role for GABA in the negative feedback 

regulation of the HPA-axis via limbic structures known to express corticosteroid receptors 

(Roland, et al. 1993, Boudaba, et al. 1996, Cole, et al. 2002). The pathway through which 

immune signals reach the paraventricular nucleus of the hypothalamus and activates CRH 

expressing neurons has been suggested to involve the catecholaminergic neurons in the caudal 

ventrolateral medulla (Ericsson, et al. 1994, Buller, et al. 2001), shown to project to the 

paraventricular nucleus (Sawchenko, et al. 1982) and to be activated by injection of IL-1  or 

LPS (Ericsson, et al. 1994, Schiltz, et al. 2007). In addition, dependent on these fibres, LPS or 

IL-1 -induced activation of Fos and CRH in the paraventricular nucleus can be attenuated if 

neurons originating in the caudal medulla are surgically or chemically interrupted, with the 

largest effect in IL-1 injected and the least in high-dose LPS treated rats (Ericsson, et al. 1994, 

Buller, et al. 2001, Schiltz, et al. 2007). The pathway between the ventrolateral medulla and 

paraventricular nucleus has further been indicated to be activated by PGE2 and inhibited by 

Cox-inhibitors (Ericsson, et al. 1997), which will be further analyzed in the discussion 

section.   

 

Corticotropin releasing hormone regulated adrenocorticotropic hormone secretion 

 

CRH is the major stimulant of ACTH secretion from the pituitary, although AVP also has 

been shown to play a role (Turnbull, et al. 1999a), especially during chronic stress (de Goeij, 

et al. 1992, Harbuz, et al. 1992a, Chowdrey, et al. 1995). The cells producing CRH are 

parvocellular and project to the median eminence where CRH is released into the portal 

system reaching the anterior lobe of the pituitary. Although the major source of AVP derives 

from magnocellular neurons (projecting both to the median eminence and the posterior 

pituitary), a portion of the CRH neurons also express AVP, which has been shown to 

synergistically interact with CRH to stimulate ACTH secretion (Rivier, et al. 1983, 

Sawchenko, et al. 1984). CRH mRNA is synthesized in a cyclic diurnal manner in rodents 

reaching a peak around the beginning of the light period, decreasing over the day to reach a 

nadir at the beginning of the dark period, corresponding to the inactive and active phases 

respectively. Corticosteroids, also secreted in a cyclic manner, but with the peak and nadir 

reversed to the CRH mRNA, exert negative feedback on the CRH gene expression and 
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secretion, and also directly on ACTH secretion (reviewed in Watts 2005, Kageyama, et al. 

2009).  

 

The first studies revealing that immune-challenge affects the HPA-axis at the level of 

hypothalamus showed that IL- causes depletion of CRH from the median eminence within 

one hour after injection, as well as increased levels of CRH in the portal system (Sapolsky, et 

al. 1987). CRH was found to be newly synthesized within the paraventricular nucleus in 

response to IL-1  and secretion of ACTH was blocked by neutralization of CRH 

(Berkenbosch, et al. 1987, Sapolsky, et al. 1987). Subsequently, a large number of studies 

have shown that LPS and IL-1  exert effects on the paraventricular nucleus: Intravenous or 

intraperitoneal injections of LPS produce increased c-fos mRNA or Fos protein and CRH 

heteronuclear RNA (hnRNA) or mRNA in the parvocellular part of the paraventricular 

nucleus (e.g. Chan, et al. 1993, Elmquist, et al. 1993, Kakucska, et al. 1993, Wan, et al. 1993, 

Ericsson, et al. 1994, Wan, et al. 1994, Rivest, et al. 1995, Sagar, et al. 1995), and rats with 

lesioned paraventricular nucleus respond with a blunted ACTH secretion to a large dose of 

LPS (Elenkov, et al. 1992). In addition, administration of antibodies or antagonists to CRH 

results in diminished ACTH response to a low dose of endotoxin (2.5 µg/kg), and an 

attenuated response to a high dose (2.5 mg/kg) (Schotanus, et al. 1994). However, while LPS 

or IL-1 injection in CRH deficient mice generates a decreased corticosterone secretion, 

ACTH levels are normally elevated (Dunn, et al. 1999, Bethin, et al. 2000, Kariagina, et al. 

2004). These results are difficult to harmonize. It is possible that the gene-deficient mice have 

developed alternative strategies involving activation by other molecules than CRH in order to 

activate the HPA-axis ‘normally’. The main receptor for CRH that triggers secretion of 

ACTH appears to be CRH receptor type 1 (Timpl, et al. 1998, Weninger, et al. 1999), which 

is down-regulated in the pituitary in response to endotoxin challenge (Aubry, et al. 1997). 

Speculatively, this might be a form of negative-feedback regulation of the HPA-axis during 

infection. Knock-out mice lacking CRH receptor type 1 unexpectedly display increased 

secretion of ACTH but attenuated corticosterone release after local inflammation induced by 

turpentine. The ability to secrete ACTH in CRH receptor 1 deficient mice might be due to 

overproduction of IL-6 in these mice (Turnbull, et al. 1999b, Bethin, et al. 2000, Kariagina, et 

al. 2004). It is unclear if IL-6 exerts its effects via afferent signalling to the brain through the 

blood stream, affecting ACTH secretion via hypothalamus (Turnbull, et al. 2003, Kariagina, 

et al. 2004), or if IL-6 exerts its effects by affecting ACTH release in the pituitary, by binding 

to IL-6 receptors on corticotrops or adrenal cortex (Bethin, et al. 2000) in a CRH independent 

manner (Bethin, et al. 2000, Venihaki, et al. 2001, Kariagina, et al. 2004).  

   

Adrenal glands 

 

The adrenals consist of the medulla and cortex and were first described by Eustachi in 1563. 

However, their function remained a mystery for several centuries. The medulla turned out to 

mimic the effects exerted by the sympathetic nervous system and it may well be seen as a 

specialized autonomic ganglion, secreting adrenaline and noradrenaline into the circulation. 

The cortex has more diverse tasks, synthesizing sex hormones, mineralocorticoids and 
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corticosteroids, which was still unknown in 1855 when Addison described a fatal, rare 

condition in which the adrenals were destroyed, and that was accompanied with increased 

number of lymphocytes in the blood and pigmentation of the skin. Further, early studies 

showed that an animal which has encountered stress, no matter from which source, displays 

hypertrophy of the adrenals and degeneration of the thymus, thus suggesting a connection 

between the immune system and adrenals. In line with this, adrenalectomized animals display 

increased mortality after immune-challenge (Bertini, et al. 1988). 

 

The work of clarifying the structure and function of cortisol was awarded the Nobel Prize in 

1950 to Hench, Kendall and Reichstein, and their achievements resulted in an enormous 

advance in treatment of a large number of diseases e.g. rheumatoid arthritis, asthma, 

dermatitis and many more. Corticosteroid treatment is so far one of the few therapies used 

during cancer-related anorexia (Adams, et al. 2009). There is some evidence that the adrenals 

can secrete corticosteroids independently of ACTH secretion during immune challenge 

(Zacharowski, et al. 2006). Also, the adrenal glands express IL-1R1 as well as prostaglandin 

synthesizing enzymes and EP receptors (Engstrom, et al. 2008).  

  

Cytokines and the hypothalamic-pituitary-adrenal axis 

Most studies suggest that cytokines mediate the HPA-axis response to immune-challenge and 

several cytokines have been implicated in the mediation of HPA-axis activation during 

infection. In particular the classic pyrogens IL-1  IL-6, and TNF  have gained substantial 

interest in this context (Harbuz, et al. 1992b, Ebisui, et al. 1994, Hadid, et al. 1999, Turnbull, 

et al. 1999a, Bethin, et al. 2000, Dunn 2000, van Enckevort, et al. 2001). However, it has also 

been shown that mice deficient in non-hematopoietic TLR-4, display a blunted secretion of 

corticosterone after a high LPS dose (1 mg/kg) (Chakravarty, et al. 2005), suggesting that 

TLR-4 signalling in the central nervous system or adrenal glands is also involved in this 

response.  

 

It is hard to determine the role of individual cytokines in the HPA-axis response for several 

reasons: cytokines can influence the synthesis of other cytokines, act in synergy with other 

cytokines, and there are possible redundancies in their mode of action. Hence, it might be 

more interesting to study mechanisms in the immune-induced HPA-axis response occurring 

down-stream cytokine signalling.     
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AIMS 

 

The organism’s response to infections and immunological challenges comprises a plethora of 

complex events mediated by several interacting systems. While considerable knowledge 

exists of which central nervous structures that are involved in generating behaviours and 

symptoms like fever, HPA-axis activation and anorexia, it remains unclear by which 

mechanisms these structures are activated by the immune system during infection. The 

present thesis aims at elucidating some of these mechanisms, with special emphasis on 

signalling molecules of the cytokine and prostaglandin families, respectively.  

 

The specific aims of this thesis are: 

 

 to examine the role of IL-6 in the immune-induced PGE2-dependent signalling 

pathway across the blood-brain barrier, with emphasis on the febrile response. 

 

 to study the PGE2-dependent activation pattern of neural circuits in brain nuclei 

involved in the generation of autonomic responses after immune challenge.  

 

 to examine if other disease outcomes than fever, namely anorexia and HPA-axis 

activation, are dependent on PGE2 and/or EP receptor binding during immune-

challenge. 
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METHODOLOGY 
 

Animals (papers I-V) 

 

Genetically modified animals  

 

In 2007, Capecchi, Evans and Smithies were awarded the Nobel Prize for their land-breaking 

discoveries of the so called ‘knock out’ technology for creating mice with specific alterations 

of individual genes or parts of genes. Ever since their early publications, the use of genetically 

modified mice has literally exploded, and has now become a routine strategy to study the 

roles of specific genes or gene products in vivo. The current thesis is based on the use of 

knock-out mice which lack endogenous production of IL-6, Cox-1, Cox-2, mPGES-1, EP1, 

EP2, or EP3, respectively. These strains, obtained through co-operation with other 

laboratories, or purchased from vendors, have previously been characterized in the literature 

(Kopf, et al. 1994, Langenbach, et al. 1995, Morham, et al. 1995, Langenbach, et al. 1997, 

Fleming, et al. 1998, Tilley, et al. 1999, Nataraj, et al. 2001, Trebino, et al. 2003). Basically, 

the current knock-out strains were generated by a process where a partial gene disruption was 

introduced in a vector by homologous recombination, and subsequently transferred to 

embryonic stem cells. Recombined stem cells were then injected into a blastocyst which was 

implanted into a pseudo-pregnant female, generating chimeric mice carrying the mutation in 

germ line cells. Further breeding was performed in order to generate viable offspring which 

were unable to produce the protein encoded by the disrupted gene.  

 

The advantage of the knock-out technology is that the effects of a particular gene can be 

studied in vivo even if effective and specific pharmacologic agonists/antagonists do not exist. 

Other advantages of genetic modification over pharmaceutical inhibition include the fact that 

drugs seldom (or never) yield a 100% inhibition of the presumed target molecule. Further, the 

problems with defining the optimal dose and administration route are by-passed by using 

knock-out mice (see also below). Some obvious drawbacks are that a protein can be important 

for various processes during development, e.g., peripuertal death of EP4 knock-out mice due 

to persistent ductus arteriosus (Nguyen, et al. 1997), which thus might restrict the 

opportunities to study the effects of that relevant protein in a different situation in mature 

mice. Alternatively, redundant mechanisms not normally occurring in vivo might appear 

which means that negative results should be interpreted with caution.  

 

Administration of pharmaceuticals 

 

The advantage of using commercial pharmaceuticals is obvious. The doses used in this thesis 

have been adapted from the literature as having a biological effect, or were validated in the 

laboratory as exerting a biological effect. The major drawback of using pharmaceutical agents 

in research is that knowledge about its specific (and unspecific) target(s) and dose 
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administration is required for relevant interpretation. Further, results from different 

laboratories may be difficult to compare due to the use of different doses, different handling 

of the animals and/or the drug, and varying routes of administration. 

 

Etanercept 

 

Etanercept is a TNFR2 which is coupled to the Fc fragment of human IgG. Etanercept was 

injected intraperitoneally 24 h before LPS injection due to the pharmacokinetics of this drug. 

Intracerebroventricular administration of etanercept was performed using a similar approach 

as for PGE2 (see below). LPS or vehicle was administrated 30 min after etanercept 

administration due to the relatively short turnover of cerebrospinal fluid (for detailed 

discussion about the administration I refer to paper I). The doses administered are equivalent 

to those that have been shown to neutralize TNFα in previous studies (Hermann, et al. 2002, 

Abdulla, et al. 2005, Hu, et al. 2007). 

 

Cyclooxygenase inhibitors 

 

Indometacin is an unselective Cox-inhibitor. Parecoxib is a prodrug of valdecoxib and is a 

selective Cox-2 inhibitor. These drugs were administered intraperitoneally 30 min prior to 

LPS injection (papers I and IV) and in case of parecoxib, a second dose was administered 

when applicable, after 3 h, due to the kinetics of this drug (paper IV). Parecoxib and 

indometacin are commercially available pharmaceuticals and the doses administered have 

previously been shown to abolish fever, or were confirmed to inhibit fever in the laboratory. 

SC-560 is a selective Cox-1 inhibitor. This drug is highly water-insoluble and was therefore 

administered orally, added in rodent food-pellets, the night prior to LPS injection. The dose 

SC-560 chosen has previously been shown to inhibit the formation of TXA2 in platelets 

(Smith, et al. 1998).   

 

Inflammatory models (papers I-V) 

 

In order to study a biological phenomenon in an animal, one way is to model a disease with a 

standardized stimulus to be able to obtain reproducible data in a constant milieu. In the case of 

immune-challenge, the use of acute stimuli such as injection of bacterial cell components i.e. 

lipopolysaccharide and muramyl dipeptide as well as proinflammatory cytokines, in particular 

IL-1β, are widely used, since these stimuli evoke many of the brain-elicited responses to 

inflammation, e.g. fever, anorexia, HPA-axis activation, decreased libido and decreased social 

interactions. This thesis is based upon the use of LPS and IL-1β as inflammatory models. 
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Lipopolysaccharide 

 

The advantage of LPS as a model for infection is that it consists of molecules that trigger the 

immune system to evoke an immunologic reaction although it contains no live bacteria. 

Hence, it is a model suitable to explore various illness responses in a ‘pseudo-physiological’ 

manner. The major drawbacks include a cytokine profile that may differ from the 

physiological situation. It also elicits a short-lived response that does not exactly mimic more 

complex phenomena taking place during natural acute or chronic diseases. On the other hand, 

one can expect that natural disease conditions are much more complex to study, less 

reproducible and standardized, and that well conserved illness-responses such as fever, are 

activated through similar neural pathways in the LPS model of infection as during natural 

disease. The dose injected, 2 μg/mouse corresponding to ~100 μg/kg body weight (papers I, 

II, IV, V) or 125 μg/kg body weight (some experiments in paper I) can be considered a 

medium dose, eliciting a robust immunologic response with a transient febrile response 

(Engblom, et al. 2003), but not the hypothermic response seen when higher LPS doses are 

administered (Blanque, et al. 1996).   

 

Interleukin-1β 

 

Injection of IL-1β has the advantage of evoking several of the brain-monitored illness 

responses described above and it constitutes a way to study the role of that particular 

cytokine. On the other hand, studying a single cytokine is artificial, given that injection by a 

single cytokine does not reflect the diversified immunologic responses seen during infection 

of a more natural infectious stimulus, e.g. LPS. In addition, it has been questioned how 

relevant this cytokine is as a disease model, since it is short-lived in plasma. On the other 

hand, IL-1β has been shown to trigger characteristic brain-elicited illness responses, which are 

not seen, at least not in the same magnitude, with the other major inflammatory cytokines, 

TNFα and IL-6. 

  

Animal surgery and measurements of illness responses  

 

Stereotactic injection of prostaglandin E2 into the lateral ventricle (paper I) 

 

The mice were anesthetized and mounted in a stereotaxic frame. A drill hole was made in the 

skull and graded concentrations of PGE2 diluted in artificial cerebrospinal fluid were 

administered into the lateral ventricle. Body temperature was kept constant through the entire 

experiment and all animals were awake within five minutes after injection and were 

immediately returned to their home cage for resumed body temperature recordings with 

telemetric equipment (see below). This method provides a tool to study the direct effects of 

PGE2 within the brain. Importantly, the concentrations eliciting fever in these experiments are 

much higher than the levels of PGE2 occurring during natural conditions, meaning that the 
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conditions are artificial. However, the local concentration of drug in e.g. the preoptic area is 

hard to determine. 

 

Collection of cerebrospinal fluid (paper I) 

 

For collection of cerebrospinal fluid, mice were killed by an overdose of sodium pentobarbital 

intraperitoneally and fixed in a stereotaxic device, with the head flexed anteriorly. Neck 

muscles were divided in the midline to expose the atlanto-occipital membrane. Cerebrospinal 

fluid was collected from the cisterna magna using a Hamilton syringe, and immediately 

frozen. Samples that contained traces of blood were discarded.  

 

Telemetry (paper I) 

 

Telemetric recordings produce reproducible and very accurate data from non-restrained 

animals. The avoidance of restraint is the main advantage of this method for measuring body 

temperature as opposed to measurement of rectal temperature. In addition, the sampling 

interval can be very short, rendering a detailed analysis of the measurements. The transmitter 

is inserted into the abdomen during surgery at least one week before the start of the 

temperature measurement, allowing animals to recover. 

  

Food intake (papers II and III) 

 

In this thesis, I have used an automated system that measures food intake continuously. This 

provides good temporal resolution of an animal’s food intake. In addition, the system allows 

detailed analysis of the animal’s meal pattern, described as meal frequency, duration and size. 

Further advantages are that the animals remain in their home cages the entire experimental 

period, thus avoiding stress due to handling that occurs when food intake is measured 

manually. 

 

Histochemical techniques  

 

Immunohistochemistry (papers I and IV) 

 

Basically, immunohistochemistry is used to detect an antigen in a tissue section with the use 

of specific antibodies generated to recognize that antigen. We used tissue perfused with saline 

and paraformaldehyde (4%), which was then frozen and sectioned into 20 µm thick sections. 

Specific antibodies against Fos, Cox-2 and tyroxine hydroxylase (catalysing the first step in 

dopamine, adrenalin and noradrenalin synthesis) were used. In the case of Fos and Cox-2, 
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secondary biotinylated antibodies binding to the IgG molecules from the species of the 

respective primary antibodies were then applied and subsequently an avidin-biotin-peroxidase 

complex was added, allowing detection with hydrogen peroxide in the presence of a 

chromogen and nickel-ammonium sulphate, yielding a dark brown/black nuclear labelling in 

the tissue section. This protocol was further extended in another set of experiments in order to 

detect dual-labelling of Fos and tyrosine hydroxylase in the ventrolateral medulla. In this case, 

prior to the development of Fos-labelling, the so called peroxidase-anti-peroxidase (PAP) 

method was used for detection of tyrosine hydroxylase. Briefly, a primary antibody directed 

towards tyrosine hydroxylase, followed by administration of a secondary antibody directed 

against the Fc-fragment of the IgG molecules from the species of the tyrosine hydroxylase 

primary antibody. Thereafter, a tertiary PAP complex antibody made in the same species as 

the primary antibody was applied, allowing binding of the Fc-fragment to the secondary 

antibody. The PAP complex consists of three molecules of peroxidase and two antibodies 

directed against peroxidase enzyme. Finally, applying hydrogen peroxide and a chromogen 

(DAB), to the sections yielded a brown cytoplasmic product that could be differentiated from 

the black nuclear labelling of Fos. 

 

In Situ Hybridisation (paper IV) 

 

The basic idea with in situ hybridization is to detect mRNA in tissue sections with a 

complementary mRNA hybrid labelled with a marker which can subsequently be detected. It 

exists several such markers and detection methods. The method used in this thesis, 

radionuclear labelling, in this case of CRH hnRNA and c-fos mRNA, will be described below. 

 

Since the basal mRNA expression of CRH in the paraventricular nucleus is high, yielding a 

strong hybridization signal, a potential up-regulation of the gene may be hard to detect. 

Detection of the immature transcript, hnRNA, was therefore used as a sensitive marker for de 

novo transcription of the CRH gene. We analyzed the newly synthesised hnRNA in immune-

challenged mice compared to that in saline-treated mice, which express low amount of CRH 

hnRNA in the paraventricular nucleus. An intron fragment of the preproCRH gene was cloned 

by using PCR with specific primers, using mouse genomic DNA as template. The fragment 

was subsequently cloned into a pDRIVE vector and confirmed by sequencing. A riboprobe 

was transcribed using Sp6 polymerase (antisense) in the presence of 
[33P]

UTP after 

linearization with the restriction enzyme BamHI. A probe complementary to c-fos mRNA was 

generated from a c-fos cDNA PBSsk
+
 vector with a 2.1 kb insert corresponding to the entire 

c-fos coding region (Curran, et al. 1985), which was linearized with SmaI restriction enzyme 

and transcribed with T7 polymerase, also in the presence of 
[33P]

UTP. Unincorporated 

nucleotides were thereafter removed. Every fourth section through each brain was mounted on 

slides, and a prehybridization protocol was performed, thus exposing slides to dehydration 

and protein degradation, in order to prepare the tissue for subsequent hybridization at 60°C to 

generate RNA:RNA hybrids. The posthybridization protocol aims at washing away 

unspecifically bound probe, performed in graded concentrations of standard saline citrate 

buffer baths and by exposing the tissue to RNAse in combination with a low concentration of 
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saline citrate buffer in 74°C, degrading non-bound probe but leaving the RNA:RNA hybrids 

intact. The slides were thereafter dipped in photographic emulsion in order to let the auto 

radioactive signal from the probe expose the liquid film so that, when developed, silver grains 

were visualized at the site of the binding of the probe.   

    

Quantification of the hybridization signal was performed by a blinded observer using 

commercial software that measured the light intensity in darkfield illumination over a 

specified area. In each animal, the optical density on both sides of the paraventricular nucleus 

was calculated from digital micrographs (taken with an X 10 objective, and with a fixed 

exposure time) of the section that displayed the strongest labelling, as determined 

qualitatively. Illumination was set so that pixel saturation was avoided and kept constant 

through the series of measurements. The obtained values were then subtracted from 

background values in adjacent regions devoid of specific signal. 

 

The obvious limitation with in situ hybridization is that one could not for sure conclude that 

increased transcription correlates to increased protein levels in the tissue. However, a problem 

encountered when studying neuropeptides is that these proteins are transported away to the 

nerve terminal, in case of CRH to the median eminence, where they are released. Hence, since 

mRNA of neuropeptides remains in the vicinity of the cell body and is not transported to 

nerve terminals, the transcript is better suited for detection and quantification of such peptide 

expression. In the case of c-fos, we investigated both the gene- and protein expression in the 

paraventricular hypothalamus and the results correlated well.  

 

Immunoassays  

 

In order to quantify molecules in plasma or cerebrospinal fluid, we used two different 

techniques namely enzyme immunoassay, allowing detection of one target substance per 

sample, and Luminex xMAP® technology, a multiplex bead based assay allowing detection 

of one to several target substances in a single sample.  

 

Enzyme immunoassay (EIA) (papers I, IV, V) 

 

In papers IV and V, we have used a competitive EIA in order to determine corticosterone 

levels in plasma and in paper I, we measured PGE2 concentrations in cerebrospinal fluid. The 

sample with unknown levels of corticosterone was applied to a microtitre well with pre-coated 

antibodies against corticosterone molecules. Thereafter, enzyme-labelled corticosterone 

molecules were added to the well, meaning that they competed with the sample corticosterone 

for binding sites. Thereafter, washing and developing with a chromogen was performed, 

followed by stopping the reaction in order to measure the absorbance on a spectrophotometer. 

Quantification was performed by relating the absorbance of the individual samples against a 

standard curve with known amounts of corticosterone. A similar procedure was used in order 

to measure PGE2 levels in cerebrospinal fluid (paper I). 
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Luminex xMAP® technology (paper IV) 

 

While the EIA technique allows detection of only one anylate at a time, the multiplex assays 

are based on fluorescence technology and allows for simultaneous detection of several 

anylates. In paper IV, we analyzed IL-1β in a one-bead assay and IL-6, TNFα and ACTH in a 

multiplex assay.  

 

The xMAP technology uses 5.6 µm beads which are internally dyed with red and infrared 

fluorophores. By using different ratios of the two dyes in different sets of beads, unique 

spectral signatures determined by the red/infrared ratios can be created. These may be 

combined within an assay, allowing the detection system to identify to which set the bead 

belongs. Theoretically, multiplexing up to 100 tests in a single reaction volume is possible. To 

the surface on the xMAP beads are covalently coupled capture reagents (in this case 

antibodies).  

 

Detection of the assays was carried out using the Luminex 100 system, allowing a stream of 

suspended beads to line up in a single file prior to passing through the detection chamber and 

thereby to be measured discretely. As a bead passes through the detection chamber, a red laser 

excites both the internal red and infrared dyes, in order to classify the bead (i.e. classification 

channel reading). A green laser excites any orange fluorescence coupled to a detection 

antibody associated with the binding of the analyte (i.e. reporter channel reading).  

Quantification was performed by relating the fluorescence of the individual samples to a 

standard curve, specific to each analyte.  

 

Real-time RT-PCR (papers I, IV) 

 

Real-time RT-PCR provides a strong tool for quantitative detection of gene expression in a 

tissue sample. Briefly, tissue were collected, dissected and mRNA was purified and converted 

to cDNA by reverse transcriptase enzyme and random hexamer primers, containing six 

random bases to get a representative cDNA material corresponding to the mRNA in the tissue. 

Specifically we used the TaqMan®-based assays, with pre-designed primers and probes. The 

primers are designed to surround part of the target gene of interest. The probe consists of 

about 20 bases complementary to a sequence within the target sequence enclosed by the 

primers. A so called quencher is attached to the probe and elicits fluorescence when 

encountered by the enzyme that amplifies the gene sequence and contains nuclease activity 

(meaning it will break down any encountered DNA on its way). This process is continuously 

monitored by measurement of the increase in fluorescence. Importantly, the samples are 

always compared in the exponential phase, and a time point when the amount of target 

reaches the point of detection, i.e. the Ct value is set in this phase. Ct values were related to 

endogenous control genes (ΔCt), assumed to be stable and not vary depending on genotype or 

treatment. Relative expression (2
-ΔCt

) was normalised to the average expression of saline 

treated control mice (2
-ΔΔCt

). 
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RESULTS AND COMMENTS 
 

Below, I will briefly describe the most important findings with short interpretations of the 

respective papers. For a detailed analysis, I refer to the individual papers. 

 

Interleukin-6 does not activate prostaglandin E2 synthesis in the brain 

vascular cells and lipopolysaccharide-triggered interleukin-6 induction 

occurs in the absence of immune-induced prostaglandin E2 (paper I) 

 

Both IL-6 and PGE2 have been suggested to play essential roles in the fever signalling 

pathway and mice lacking endogenous production of IL-6 or immune-induced PGE2 are both 

unable to develop fever. It has been suggested both that IL-6 exerts its effect up-stream as 

well as down-stream of PGE2 in the febrile response, but so far no report has established the 

relationship between IL-6 and PGE2 in detail (Fig 7.). Mice deficient in IL-6 were unable to 

develop fever after intraperitoneal LPS injection but had a similar induction of Cox-2 in the 

brain vascular cells as wild type mice, and quantification of mPGES-1 and Cox-2 mRNA in 

the hypothalamus revealed similar induction in both genotypes. Furthermore, PGE2 levels in 

the cerebrospinal fluid, known to correlate well with the febrile response, were elevated in 

LPS challenged IL-6 deficient mice to the same degree as in wild-type mice. Unexpectedly, 

mice deficient in IL-6 responded with fever upon intracerebroventricular injection of PGE2. 

Furthermore, LPS treated mice deficient in mPGES-1 and hence in inducible PGE2, displayed 

enhanced induction of IL-6 mRNA in the hypothalamus compared with wild-type mice. IL-6 

levels in spleen and lung were similar in both wild-type and mPGES-1 deficient mice treated 

with LPS. We also investigated whether Cox-2 inhibition or inhibition of TNF  unmasked 

any hypothermic factor in IL-6 deficient mice, but none of these treatments affected the 

febrile response in the IL-6 knock-out mice.   

 

The most important conclusions from this study are that PGE2 production after immune-

challenge with LPS occurs independently of IL-6, and that the critical role of IL-6 in fever is 

not exerted via PGE2. Since mice deficient in mPGES-1 produce IL-6, and mice lacking IL-6 

still are able to generate fever if PGE2 is administered exogenously, we suggest that IL-6 

controls some factor(s) in the inflammatory cascade, which render(s) IL-6 knockout mice 

refractory to the pyrogenic action of endogenously produced PGE2, or that it is involved in the 

mechanisms that govern release of synthesized PGE2 onto its target neurons. 
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Fig 7. Potential mechanisms by which IL-6 and PGE2 interact in triggering the febrile 

response. A: IL-1 in the circulation binds to IL-1 receptor which induces PGE2 synthesis in 

the endothelial cells of the brain vessels. PGE2 binds to its receptor and elicits a signalling 

cascade involving IL-6. According to this idea IL-6 is critical for eliciting fever downstream 

of PGE2. B: IL-6 in the circulation binds to soluble receptors in the circulation or to 

membrane receptors bound to the endothelial cells and this complex further interacts with 

gp130, subsequently inducing PGE2 synthesis. Thereafter, PGE2 acts downstream of IL-6 and 

triggers fever. According to this hypothesis, IL-6 acts upstream of PGE2. 

 

 

Inflammation-induced anorexia is mediated by different mechanisms 

depending on type of immune-challenge and motivational/nutritional status 

(paper II) 

 

We injected LPS or the proinflammatory cytokine IL-1β in free-fed wild-type mice and mice 

with a deletion of the gene encoding mPGES-1, and continuously measured food intake 

during their active period. LPS elicited a profound anorexia in both genotypes, whereas IL-1β 

almost completely failed to induce an anorectic response in mPGES-1 knock-out mice. This is 

in contrast to the febrile response, where mPGES-1 deficient mice present no or limited 

febrile response following several inflammatory stimuli such as IL-1, LPS, and turpentine 

abscess.  

 

To further investigate the anorectic behaviour after LPS injection, we pre-starved the animals 

for 22 hours before injecting them with LPS. In this experimental paradigm, the anorexia was 

less profound in mPGES-1 knock-out mice. Both following IL-1β and LPS meal size was 

reduced, whereas meal frequency was little affected. 

 

The key findings of this study are that inflammatory
 
anorexia is mediated by different 

mechanisms, depending on the
 
nature of inflammatory stimulus, and, furthermore, that the

 

mechanism may vary, depending on the nutritional/motivational
 
state of the animal. Hence, 
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while the inflammatory anorexia
 
elicited by peripheral IL-1β seems largely to be dependent 

on
 
mPGES-1-mediated PGE2 synthesis, similar to the febrile response, the LPS-induced 

anorexia is
 
independent of this mechanism in free-fed mice, but not in pre-starved

 
animals. 

 

Prostaglandin E2 receptors in anorexia (paper III) 

 

IL-1β was injected into free-fed wild-type mice and into mice deficient of EP1, EP2, or EP3 

receptors. Food intake was continuously registered during their active period. Firstly, baseline 

food intake in naïve mice that had been habituated to the food intake system indicated no 

abnormal food intake in any of the knock-out mice. In response to IL-1β, a profound anorectic 

response was observed in all mice, irrespective of genotype, indicating that none of EP1-3 

receptors had any individual impact on PGE2 mediated anorexia. However, it cannot be 

excluded that the simultaneous activation of more than one of the investigated EP receptors 

may still contribute to inflammation-associated anorexia. Alternatively, and supported by a 

recent paper, the anorexigenic effect of PGE2 is mediated via the EP4 receptor (Ohinata, et al. 

2006), but this needs to be further investigated in immune-challenged EP4 deficient mice.  

 

Of interest for further studies will also be to determine the mechanisms behind the finding that 

EP1 deficient mice subjected to saline injection eat more than wild-type mice treated in the 

same way, and whether this has any further implications in food intake regulation. 

 

The conclusions from this study are that, most likely, the EP4 receptor is the critical PGE2 

receptor involved in cytokine-induced anorexia. However, this needs to be directly examined. 

In addition, the maintained anorectic response in EP3 deficient mice suggest that fever and 

anorexia are mediated through different, independently regulated, neural circuits. 

 

Inducible and constitutive prostaglandin synthesis play critical and distinct 

roles during early and late phases of endotoxin-induced hypothalamic-

pituitary-adrenal axis response (paper IV) 

We investigated the HPA-axis response in LPS challenged mice pre-treated with unselective 

and selective Cox-inhibitors and in Cox-2 and mPGES-1 deficient mice, respectively. This 

revealed a fine-tuned HPA-axis response where the immediate ACTH and corticosterone 

secretion (1 h after injection) was deduced to be dependent on constitutive Cox-enzymes 

(Cox-1), whereas the sustained response (3 and 6 h) was shown to rely on inducible enzymes 

(Cox-2 and mPGES-1). Furthermore, we demonstrated that the delayed response was 

associated with a PGE2 dependent transcription of CRH in the paraventricular nucleus of the 

hypothalamus, since mice deficient in mPGES-1 and hence inducible PGE2, were devoid of 

the induced transcription of CRH seen in wild-type mice after immune challenge with LPS. 

We also demonstrated that mice lacking mPGES-1 displayed a similar peripheral cytokine 
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profile of IL-1 , TNF  and IL-6 as wild-type mice when subjected to LPS injection. Also, 

LPS-challenged mice deficient in mPGES-1, Cox-1 or Cox-2, or mice pre-treated with 

unselective or Cox-2 selective Cox-inhibitor, displayed similar or enhanced levels of c-fos 

mRNA and/or Fos protein in several autonomic brain nuclei as wild-type mice. This suggests 

that the Fos activation occurs independently of PGE2, possibly through the action of induced 

cytokines, and indicates that the vagus nerve could play a role in the activation of these 

pathways. The results also indicate that immune-induced activation of the HPA-axis occurs 

via two separate pathways, triggered in a temporal sequence. Although the exact localization 

for PGE2 action remains to be determined, it is suggested that the immediate phase is 

mediated via a fast humoral or neuronal induction such as in the median eminence or through 

the vagus nerve and associated structures. The delayed phase is suggested to be mediated 

through a slower mechanism, involving PGE2 synthesis in the brain vessels and direct or 

indirect effects on CRH gene transcription in the paraventricular nucleus. 

 

Cyclooxygenase-1 mediates the immediate hypothalamic-pituitary-adrenal 

axis response to endotoxin (paper V). 

 

We specifically investigated the role of Cox-1 in endotoxin-induced corticosterone secretion 

by use of both a selective Cox-1 antagonist and Cox-1 deficient animals. We found that the 

immediate corticosterone secretion was almost entirely dependent on Cox-1 derived 

prostanoids whereas the delayed response was independent of Cox-1. These data further 

support the suggested dynamic regulation of the HPA-axis during immune-challenge (paper 

IV), with Cox-1 and constitutive prostanoids being critical for the corticosterone response 

seen early after immune-challenge, whereas the delayed response, six hours after injection, 

relies on inducible prostanoids synthesized by Cox-2 and mPGES-1.    
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GENERAL DISCUSSION 

 

Relationship between interleukin-6 and prostaglandin E2 in the blood-brain 

barrier signalling pathway 

 

There is now compelling evidence that induced synthesis of PGE2 by brain endothelial cells is 

important for the fever response during immune challenge (Ek, et al. 2001, Yamagata, et al. 

2001, Engblom, et al. 2003, Ching, et al. 2007, Vardeh, et al. 2009). Fever has been used as a 

physiological model in order to study the significance of induced prostaglandins and the 

blood-brain barrier pathway (Engblom, et al. 2003, Saha, et al. 2005). It has been shown that 

Cox-2 expressed in neurons is not involved in fever generation (Vardeh, et al. 2009) and 

unpublished observations from our laboratory indicate that the source of PGE2 production 

during infection derives from non-haematopoietic cells, further supporting the idea that the 

increased PGE2 levels within the brain during infection do not stem from the circulation, but 

that PGE2 synthesis occurs in the brain endothelial cells. In addition to the demonstration of 

PGE2 synthesis in the blood-brain barrier interface, the down-stream PGE2 signalling 

pathways mediating fever have recently begun to be clarified. Thus, it has been demonstrated 

that PGE2 binds to EP3 receptors in the preoptic area and thereby affects downstream brain 

regions (Nakamura, et al. 2002, Nakamura, et al. 2005, Lazarus, et al. 2007, Tsuchiya, et al. 

2008, Madden, et al. 2009).  

 

In the light of these data, it can be hypothesized that PGE2 is induced in the brain endothelial 

cells in response to a ‘trigger signal’. This signal has been suggested to consist of IL-1β 

binding to IL-1R1, shown to be expressed in the brain vasculature (Ek, et al. 2001, Yamagata, 

et al. 2001, Konsman, et al. 2004). This idea has some obvious limitations. Firstly, the 

relevance of IL-1β in immune-to-brain communication is questioned based on the observation 

that IL-1β is present only in low concentrations (in contrast to IL-6) in plasma during 

immune-challenge from a local source, such as the air-pouch model (see also Introduction). It 

has been suggested that IL-1β is only present in higher concentrations in plasma if the 

stimulus is seen in the circulation (such as after intravenous or intraperitoneal LPS injections) 

(Hopkins 2007). Secondly, while mice lacking endogenous IL-1β production display 

exaggerated fever after endotoxin administration, mice lacking IL-6 production are unable to 

generate fever (Chai, et al. 1996, Kozak, et al. 1997, Kozak, et al. 1998, Leon, et al. 1998)  

(paper I). These results recur in investigations that somehow block IL-1β production/binding 

(Kozak, et al. 1998, Cartmell, et al. 2001). Yet, in contrast to IL-1β, IL-6 per se does not or 

only weakly elicit fever and Cox-2 induction (Lacroix, et al. 1998, Cartmell, et al. 2000, 

Rummel, et al. 2006) (paper I) or PGE2 production in the cerebrospinal fluid (paper I), while 

IL-1β injected in low concentrations mimics LPS effects not only in the case of fever but also 

in eliciting anorexia and HPA-axis activation (Duff, et al. 1983, McCarthy, et al. 1985, 

Besedovsky, et al. 1986, Dinarello, et al. 1986, Busbridge, et al. 1989, Hellerstein, et al. 

1989). On the other hand, studies on IL-6 knock-out animals demonstrate that antagonizing 



50 

 

IL-6 in the bloodstream after immune-challenge convincingly abolishes fever (Cartmell, et al. 

2000, Harden, et al. 2006, Rummel, et al. 2006). Suggestions have therefore been put forward 

that IL-6 signalling occurs upstream of PGE2 production, through IL-6 binding to its receptor 

present in the circulation or in the brain (Vallieres, et al. 1997), thereby inducing PGE2 

production in brain vessels in a similar manner as IL-1β is suggested to act (Cao, et al. 1996, 

Ek, et al. 2001) (Fig 7.). While this idea is indeed intriguing, our findings in paper I show 

that this is unlikely the case. Hence, IL-6 deficient mice produce Cox-2 and mPGES-1 in the 

brain vessels to a similar degree as wild-type mice after endotoxin administration (paper I). 

Furthermore, IL-6 deficient mice display increased levels of PGE2 in cerebrospinal fluid after 

LPS challenge similar to wild-type mice in spite of being unable to generate fever (paper I). 

Previous studies have also suggested that IL-6 exerts its effect downstream of PGE2 

(Kagiwada, et al. 2004), since IL-6 deficient mice receiving IL-6 intracerebroventricularly, 

but not peripherally, are able to generate a Cox-2 dependent fever to peripheral immune-

challenge (Chai, et al. 1996, Li, et al. 2003) (Fig 7.). According to our data in paper I, it is 

unlikely that IL-6 exerts its effects downstream of PGE2, since IL-6 deficient mice respond 

dose-dependently with increased temperature to intracerebroventricularly injected PGE2 

(paper I), data that are further supported by others (Chida, et al. 2007). This is in contrast to 

EP3 deficient mice which are unable to produce fever to exogenously administered PGE2 

(Ushikubi, et al. 1998, Engblom, et al. 2003, Oka, et al. 2003a). We also demonstrate that 

mice lacking induced endogenous production of PGE2 during immune challenge (Engblom, et 

al. 2003) (paper I), i.e. mPGES-1 deficient mice, have augmented expression of IL-6 within 

the brain and similar concentrations of IL-6 in plasma as wild-type mice in response to 

peripheral LPS injection (papers I and IV).  

 

Although the PGE2 concentrations achieved when PGE2 is administrated into the ventricular 

system are probably artificial and much higher than those seen during a natural inflammatory 

response, our findings still demonstrate that the fever-generating pathways downstream PGE2 

are intact in the IL-6 knock-out mice and suggest that some factor(s) controlled by IL-6 could 

make the IL-6 deficient mice refractory to the pyrogenic actions of PGE2, e.g. a hypothermia-

promoting factor. If such a mechanism is present, inhibition of fever-generating enzymes 

would presumably ‘unmask’ such a factor, producing hypothermia in IL-6 deficient mice. 

Accordingly, our finding that LPS-challenged IL-6 deficient mice treated with a Cox-2 

inhibitor did not display hypothermia, suggests that such a factor is not present. The lack of 

fever in IL-6 deficient mice is not due to an overproduction of the hypothermia-promoting 

cytokine TNFα (Long, et al. 1990), which has been observed in augmented concentrations the 

circulation of IL-6 deficient mice (Kozak, et al. 1998), since peripheral as well as 

intracerebroventricular administration of a TNFα neutralizer was unable to affect body 

temperature in immune-challenged IL-6 deficient mice (paper I).    

 

 Another possibility, supported by the finding that IL-6 deficient mice display elevated levels 

of PGE2 in the cerebrospinal fluid after LPS challenge (paper I), is that IL-6 is involved in 

some process that governs the release of PGE2 onto its target neurons. Indeed, the blood-brain 

barrier permeability for PGE2 increases after LPS challenge in rabbits (100 ng/kg, 

intravenously) (Davidson, et al. 2001), and mice deficient in IL-6 as well as rats treated with 
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neutralizing anti-IL-6 antibodies when inoculated peripherally with pneumococci display 

decreased blood-brain barrier permeability compared to controls (Paul, et al. 2003), 

suggesting that IL-6 could mediate this effect.  

 

The impact of prostaglandin E2 signalling in brain elicited illness responses 

– in support of the blood-brain barrier hypothesis 

 

It has been demonstrated that intracerebroventricular administration of PGE2 elicits not only 

fever, but also HPA-axis activation, hyperalgesia and anorexia (Levine, et al. 1981, 

Morimoto, et al. 1988a, Morimoto, et al. 1989, Engblom, et al. 2003, Ohinata, et al. 2006, 

Zaretsky, et al. 2006) (paper I). The results of this thesis suggest that HPA-axis activation 

and anorexia, similar to the febrile response are elicited by PGE2 production via mPGES-1. 

Yet, while performing the studies II, III, IV and V an unexpected pattern of mechanisms 

underlying immune-brain communication evolved, suggesting that these illness responses are 

tightly and distinctly regulated. This discussion will be extended below. 

 

Anorexia and prostaglandin E2 

 

Cytokine-induced anorexia 

 

The anorexia caused by peripheral IL-1β was shown to be dependent of mPGES-1 (paper II) 

(Pecchi, et al. 2006), suggesting that immune-induced PGE2 synthesis in the blood-brain 

barrier is also important in the case of inflammation-associated anorexia. Further, while 

mPGES-1 deficient mice are resistant to anorexia induced by IL-1β (paper II), the anorexic 

response is maintained in EP1, EP2 and EP3 deficient mice (paper III). These results indicate 

that PGE2 induces anorexia via some mechanism that is independent on EP1-3, and imply that 

the EP4 receptor could mediate the anorexigenic response to peripheral IL-1β injection. This 

idea is supported by the findings by Ohinata et al. (Ohinata, et al. 2006) who demonstrated 

that 1) an EP4 receptor agonist injected intracerebroventricularly causes anorexia, and that 2) 

intracerebroventricular injection of an EP4 receptor antagonist abolish the anorexigenic effects 

of intracerebroventricularly injected PGE2 (Fig 8.). 

Lipopolysaccharide-induced anorexia 

 

The molecular mechanisms for LPS-induced anorexia seem more complex than for IL-1β- 

induced anorexia, since the former was shown to be independent of immune-induced PGE2 

(paper II). This is in sharp contrast to the febrile response (Engblom, et al. 2003), which is 

critically dependent on mPGES-1 and PGE2, both in LPS- and IL-1β injected mice. LPS-

induced anorexia is presumably activated through other signalling pathways such as through 

the vagus nerve (see below for discussion about other signalling pathways). The afferent 

fibres from the vagus nerve terminate largely in the nucleus of the solitary tract, and the 
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signals are further relayed to other autonomic brain stem nuclei that are implicated in food 

intake regulation and brain mediated illness responses (Saper 2002, Saper, et al. 2002) (Fig 

8.). In support of this hypothesis, several of these autonomic relay nuclei were shown to be 

activated in terms of Fos labelling in immune-challenged mPGES-1 knock-out mice (paper 

IV). mPGES-1 deficient mice further displayed elevated expression/production of 

proinflammatory cytokines in plasma (paper IV) and brain (paper I) after endotoxin 

challenge in a similar degree as wild-type animals. This suggests that LPS evokes 

inflammation-related process(es) in mPGES-1 deficient mice, both peripherally and centrally, 

despite the fact that these mice lack inducible PGE2 production (Engblom, et al. 2003, 

Nilsberth, et al. 2009). 

 

 LPS-induced anorexia in pre-starved animals is apparently partly dependent on mPGES-1 

(paper II), although the underlying mechanisms need further elucidation. Starvation 

presumably increases the motivated behaviour to eat and seek for food. If the animal suffers 

from an infection during food-deprivation it is possible that a PGE2 dependent anorectic 

response, normally ‘masked’ due to some type of redundancy in free-fed animals, is revealed. 

Another possibility is that a ‘drive-to-eat’ circuit is activated during starvation and is 

presumably suppressed by PGE2 dependent mechanisms in sick animals. For example, LPS 

and IL-1β increase leptin levels in adipocytes (Faggioni, et al. 1998), and while leptin is 

known to suppress food intake and to increase during satiety, the leptin receptor is indeed 

suggested to contribute to LPS-induced anorexia (Faggioni, et al. 1997). Furthermore, leptin 

suppresses food intake via affecting several neuropeptides in the hypothalamus, possibly in a 

PGE2 independent manner (Kelly, et al. 2004), and speculatively, it is possible that leptin 

dependent pathways and/or other pathways differentially contribute to inflammation-induced 

anorexia during different nutritional status and/or type of food available (Fig 8.). For example, 

the arcuate nucleus in the hypothalamus expresses leptin receptors, and, fasted rats treated 

with LPS display more Fos-labelling in α-melanocyte stimulating hormone (α-MSH) 

expressing neurons in the arcuate nucleus compared with free-fed animals. This Fos-labelling 

was suppressed in animals which received a Cox-inhibitor (Rorato, et al. 2009). On the other 

hand, and although the specific EP receptor involved in anorexia in starved animals has yet 

not been demonstrated, the arcuate nucleus does not express EP4 receptors (Zhang, et al. 

1999).  
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Fig 8. Simplified scheme of possible pathways for LPS-induced anorexia. Black arrows 

represent pathways for which there is some support from results obtained in this thesis, or in 

previous literature. Grey arrows represent potential anorexia-inducing pathways which 

currently have not been investigated. A: LPS induces IL-1 in the blood-stream, which induces 

the synthesis of PGE2 in the brain vessels. PGE2 subsequently binds to EP4 receptors which, 

by unknown mechanisms, induce anorexia. B: Other cytokines, such as IL-6 and TNFα, or 

hormones, induce anorexia via unknown pathways. C: LPS binds to TLR-4 receptors in the 

brain vessels, and decreases appetite via unknown mechanisms. D: Activation of the vagus 

nerve by LPS, or by LPS triggered production of cytokines or PGE2. The vagus nerve 

terminates in the nucleus of the solitary tract, which further relay information to other nuclei 

that potentially suppress food intake. E: Induction of IL-1 triggers adipocytes to produce 

leptin, which affects neuropeptides in the hypothalamus and suppresses food intake. Also, 

feeding status and/or motivation to eat further can interact with these pathways and, via 

unknown mechanisms affect food intake.   

 

 

In summary, this thesis together with other investigations demonstrates that 1) immune-

induced PGE2 is critical in IL-1β-induced anorexia, possibly through signalling across the 
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blood brain barrier via Cox-2 and mPGES-1, but that it is less important during LPS-induced 

anorexia, and that 2) the likely receptor to mediate anorexia induced by IL-1β is the EP4 

receptor, widely expressed in the central nervous system and induced during immune 

challenge (Zhang, et al. 1999, Ohinata, et al. 2006) (paper III), and lastly that 3) fever and 

anorexia are distinct since the two events are probably mediated through different receptors 

and at least partly via different pathways (as is evident when different inflammatory stimuli 

are administrated) (papers II and III) (Ushikubi, et al. 1998, Engblom, et al. 2003, Oka, et 

al. 2003a, Saha, et al. 2005). This illustrates that anorexia is not just a consequence of fever, 

but rather seems to be a separately regulated process. 

 

Hypothalamic-pituitary-adrenal axis and prostaglandin E2 

 

The role of Cox-inhibitors in HPA-axis activation during immune-challenge has so far been 

controversial and various studies have shown different results (Dunn, et al. 1992, Buller, et al. 

1998, Johnson, et al. 2002, Roth, et al. 2002, Matsuoka, et al. 2003, De La Garza, et al. 2004, 

Wieczorek, et al. 2006, Rorato, et al. 2009). Clearly, those studies differ in experimental 

design, type of pharmaceuticals administrated, and time-points investigated. We therefore 

evaluated the temporal contribution of Cox-1, Cox-2 and mPGES-1 in the immune-induced 

HPA-axis response. The finding of a Cox-1 dependent ‘immediate’ and Cox-2 and mPGES-1 

dependent ‘delayed’ response during stress hormone release after immune-challenge has, to 

our knowledge, not been described before. Thus, the secretion of both ACTH and 

corticosterone depend on prostanoid secretion during LPS-induced inflammation, but 

obviously, only the Cox-1 derived prostanoids are critical for the initiation of the response and 

consequently, only Cox-2 mediates the delayed response (Fig 9.) (papers IV and V).  

 

Immediate response 

 

It is not clarified from our studies if the immediate phase is activated by PGE2 or some other 

prostanoid, but a study by Matsuoka et al. (Matsuoka, et al. 2003) demonstrated that deletion 

of the EP1 or EP3 receptor abolished the ACTH secretion at this early time-point in response 

to immune-challenge. Induced PGE2 synthesis is associated with gene-transcription of CRH 

as discussed below, but such an effect on CRH by Cox-1 derived prostanoids is unlikely since 

a process involving de novo synthesis and peptide transport of CRH to the median eminence 

(where the peptide release occurs) would take at least 60-90 minutes (Watts 2005) (Fig 9.). 

Therefore, it can be suggested that Cox-1 derived prostanoids target CRH/ACTH secretion via 

the release of stored peptide in the median eminence and/or pituitary gland. The site of action 

of Cox-1 mediated response has not been elucidated, but it has been shown that IL-1β instilled 

into the median eminence induces ACTH secretion, and further, that this release is inhibited 

by unselective Cox inhibition (McCoy, et al. 1994). In addition, arachidonic acid potentiates 

the release of ACTH from cultured rat anterior pituitary cells in a dose-dependent manner, 

and indometacin inhibits this ACTH release, although not when administered together with 

CRH (Abou-Samra, et al. 1986). This suggests that prostanoids can actually affect ACTH 
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release at the level of the median eminence or pituitary (Fig 10.). EP3 receptors are expressed 

in the pituitary, mostly in the intermediate lobe but also scattered in the anterior lobe (Ek, et 

al. 2000). Since proopiomelanocortin (POMC) synthesizing cells are expressed in these 

structures it provides a potential location of action of prostanoids derived from Cox-1. 

 

  

 
 

 

Fig 9. Suggested scheme of the temporal sequence by which prostanoids activate the HPA-

axis in response to immune-challenge. The immediate phase is mediated by Cox-1 derived 

PGE2 or other prostanoids, which rapidly activate the HPA-axis upon humoral or neural 

signals, presumably by affecting the release of stored CRH peptide in the median eminence. 

In contrast, the delayed phase is suggested to depend on induced - i.e. Cox-2/mPGES-1 

dependent - PGE2 synthesized in the brain endothelial cells. PGE2 directly or indirectly affects 

CRH gene transcription, resulting in enhanced levels of CRH peptide, which is subsequently 

transported to the median eminence where peptide release occurs.    

 

Delayed response 

 

The delayed HPA-axis response is clearly dependent on induced generation of PGE2, and is 

associated with de novo transcription of CRH mRNA (paper IV). The target sites of PGE2 

action remain to be elucidated since the expression of EP1 and EP3 receptors, implicated in 
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ACTH secretion during the delayed response, is sparse or absent in the paraventricular 

nucleus (Sugimoto, et al. 1994, Ek, et al. 2000, Oka, et al. 2000) (but cf. Batshake, et al. 

1995). Studies by Matsuoka and Day suggest that PGE2 mediates its effects via binding to EP1 

in the central nucleus of amygdala, which projects to the bed nucleus of stria terminalis and 

further to the paraventricular nucleus. This signal may further trigger CRH synthesis or 

secretion in the paraventricular nucleus and median eminence (Day, et al. 1999, Matsuoka, et 

al. 2003). Alternatively, some reports suggest that PGE2 binds to EP3 receptors on neurons in 

the ventrolateral medulla (Ek, et al. 2000), which subsequently activates the paraventricular 

nucleus (Ericsson, et al. 1997). Catecholaminergic neurons in the ventrolateral medulla 

display Fos after systemic immune-challenge and project to the paraventricular nucleus 

(Ericsson, et al. 1994, Ericsson, et al. 1997, Buller, et al. 1998, Buller, et al. 2001, Schiltz, et 

al. 2007) (Fig 9.). Furthermore, an unselective Cox-inhibitor injected into the ventrolateral 

medulla inhibited immune-induced Fos-expression in the paraventricular nucleus (Ericsson, et 

al. 1997, Buller, et al. 1998). Although such a pathway from the ventrolateral medulla to the 

paraventricular nucleus exists (Ericsson, et al. 1994, Buller, et al. 2001, Schiltz, et al. 2007) 

(Fig 9.), and is suggested to activate CRH transcription during immune-challenge, its 

influence on ACTH/corticosterone secretion has not been investigated. Surprisingly, the 

neurons in the central nucleus of amygdala as well as the catecholaminergic neurons in the 

ventrolateral medulla showed in mPGES-1 deficient mice similar activation as in wild-type 

mice (paper IV), suggesting that these brain areas are similarly activated in mPGES-1 knock-

out mice. Furthermore, lesion studies suggesting that the ventrolateral medulla is activated by 

immune-challenge (Ericsson, et al. 1994, Schiltz, et al. 2007) do not directly reveal the 

contribution of prostanoids in this pathway. Other possibilities for PGE2 to influence 

primarily the delayed HPA-axis response include a direct binding to EP1 receptors, shown to 

be expressed in the paraventricular nucleus or binding to receptors present in other 

hypothalamic nuclei such as the preoptic area, known to project to the paraventricular nucleus 

(Fig 9.). 
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Fig 10. Simplified illustration of the potential sites of action of PGE2 in HPA-axis activation 

during immune-challenge. PGE2 synthesized in blood vessels, or originating from constitutive 

sources (dotted arrows show potential locations), exerts its effect(s) by binding to EP1 and/or 

EP3 receptors. EP1 receptors are stimulatory and can affect the HPA-axis either directly via 

the paraventricular nucleus (PVH), or indirectly via neurons in the central nucleus of 

amygdala (CeA). The latter occurs perhaps via disinhibition of inhibitory GABAergic neurons 

in the bed nucleus of the stria terminalis (BNST). Alternatively, the HPA-axis may be 

activated by PGE2 binding to EP3 expressing noradrenergic (NE) neurons in the ventrolateral 

medulla (VLM), projecting to the CeA. The NE neurons in the VLM can also directly activate 

the PVH upon PGE2 binding. PGE2 may further bind to EP3 expressing neurons in other 

nuclei including the GABAergic neurons in the preoptic area (PoA) or local GABAergic 

interneurons surrounding the PVH. Since most EP3 are inhibitory, and since the GABAergic 

neurons exert tonic inhibitory signals on the PVH, this pathway activates CRH neurons in 

PVH via disinhibition. Finally, EP3 receptors are expressed in the pituitary and may be 

activated by PGE2 derived from either the median eminence or the systemic circulation. 

Constitutive PGE2, derived from the median eminence or circulation, could affect ACTH 

secretion via binding to EP3 receptors expressed in the anterior pituitary. While the immediate 

HPA-axis response is primarily induced by Cox-1 derived PGE2 affecting the peptide release, 

the delayed phase probably involve gene-induction of CRH in the paraventricular nucleus (see 

also Fig 9.).   
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Control of prostaglandin E2 mediated responses – evidence for a fine tuned 

regulatory system 

 

Rather than controlling simple ‘on/off’ responses upon immune challenge, PGE2 seems to be 

involved in a fine tuned dynamic response where different illness responses are distinctly 

regulated, as discussed below.  

 

Constitutive and inducible prostaglandin synthesizing enzymes 

 

The need to initiate a sustained activation of the HPA-axis probably demands high levels of 

PGE2, provided by enzymes induced during inflammation. Cox-1 derived prostaglandins 

mediate the immediate phase that takes place initially, but are not induced during 

inflammation and can probably not provide the high levels of PGE2 (Hemler, et al. 1980) 

presumably needed to sustain the HPA-axis activation. Cox-2 derived PGE2 is not present 

until inflammation is established and in turn increases the CRH synthesis and downstream 

hormones, a process that takes at least 60-90 minutes (Watts 2005), which probably explains 

the need for Cox-1 derived prostaglandins during initiation of an inflammatory response. The 

need for Cox-2 during the delayed process probably relates to the finding that Cox-1 and Cox-

2 are not just two similar enzymes making prostanoids during homeostasis and inflammation, 

respectively. Hence, in an elegant study by Yu et al. (Yu, et al. 2007), it was shown that 

‘knock-in’ of the Cox-1 gene (Ptgs-1) under the Cox-2 promoter in Cox-2 deficient mice, was 

only able to partially restore the biochemical properties that Cox-2 normally accounts for. 

PGE2 production could be restored in LPS-stimulated macrophages from these mice when the 

substrate level of arachidonic acid was high, but not in presence of lower amounts of 

arachidonic acid. 

 

The role of constitutive enzymes during the earlier phases of inflammation and inducible 

forms during later time-points has further been implicated in hyperalgesia, fever and anorexia 

(Dunn, et al. 2000, Tanioka, et al. 2000, Tegeder, et al. 2001a, Swiergiel, et al. 2002, Zhang, 

et al. 2003, Hofacker, et al. 2005). In our experimental model of food intake, the earliest 

phase after injection was not investigated due to the experimental set-up. Thus, food was 

withdrawn immediately after injections and replaced after one hour. This was done to avoid 

interference with stress during the injection procedure (papers II and III).  

 

The role of EP receptors for fine-tuning responses 

 

The current thesis investigated the role of EP receptors in immune challenge within the 

context of food intake, and suggests that the EP4 receptor mediates this response. However, 

some points can be added to the literature in a broader sense. Both EP1 and EP3 have been 

shown to be involved in other illness responses, such as fever and HPA-axis activation 

(Ushikubi, et al. 1998, Engblom, et al. 2003, Matsuoka, et al. 2003, Oka, et al. 2003a). 
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Hence, different sets of EP receptor mediate different aspects of the central acute phase 

response. Whereas the  anorexic response to IL- was intact in EP3 knock-out mice, the EP3 

receptor seems to be critical for fever, because deletion of the Ptger3 gene renders mice 

refractory to the pyrogenic action of LPS and IL-1 (Ushikubi, et al. 1998, Engblom, et al. 

2003, Oka, et al. 2003b, Lazarus, et al. 2007), and to local aseptic inflammation (Oka, et al. 

2003a). In addition, the EP3 receptor has been implicated in hyperalgesia (Hosoi, et al. 1997), 

(but cf. Nakayama, et al. 2002, Reinold, et al. 2005, Lin, et al. 2006). Also the EP1 receptor, 

which appears not to contribute to IL-1  induced anorexia (paper III), is involved in the 

generation of fever, but plays a more subtle role that is limited to the early phase (Oka, et al. 

2003b). In contrast, the EP4 receptor seems to promote hypothermia, as determined by the use 

of an EP4 receptor agonist (Oka, et al. 2003b). EP1 and EP3 receptors have also been 

suggested to take part in HPA-axis activation, affecting ACTH release during immune 

challenge (Matsuoka, et al. 2003). The EP1 receptor has been reported to promote 

wakefulness and analgesia, which would fit into the initial increased vigilance seen during 

inflammatory challenge (Yoshida, et al. 2000, Popp, et al. 2008), whereas the EP4 is 

implicated in slow-wave sleep (Yoshida, et al. 2000).  

 

Taken together, a general pattern may be discerned, in which the EP1 receptor, which has the 

highest affinity for PGE2 of the brain expressed PGE2 receptors (Kiriyama, et al. 1997), 

initiates the centrally-elicited acute phase response in an adaptive manner, enabling alertness 

and activity in response to imposing threat. Upon manifest inflammation, with increasing 

levels of PGE2, activation of the EP3 receptor provides a strong sustained immune response 

that through hyperalgesia also involves the protection of inflamed tissue. Finally, the EP4 

receptor, which displays the lowest affinity for PGE2 and is up-regulated in the brain during 

immune-challenge (Zhang, et al. 2000) counterbalances the EP3 mediated effects, saving 

energy resources by lowering body temperature and promoting sleep as well anorexia. This 

‘anti-inflammatory’ action of EP4 is further enhanced by its inhibition of the peripheral 

immune cell response (Nataraj, et al. 2001, Minami, et al. 2008).    

 

Fos-expression and its relation to prostaglandin E2 signalling and the blood-brain 

barrier 

 

The association between immune challenge and c-fos/Fos transcription and protein synthesis 

in autonomic nuclei of the brain is well known (e.g. Wan, et al. 1993, Ericsson, et al. 1994, 

Elmquist, et al. 1996b), and Fos has for long been used as markers of synaptic activity in 

neurons. However, the functional consequence and time-related influence of the immune-

stimulus on Fos-expression are hard to determine. Although basal levels of Fos in the central 

nervous system are low, and induced Fos is considered a reliable marker for functionally 

activated neurons (Morgan, et al. 1991), it is more to be seen as a general marker of synaptic 

activity than as a definer of specific cellular processes (i.e. which neurotransmitter that are 

released). Traditionally, it is not seen as a good marker of neurons that are subjected to a net 

inhibitory synaptic drive (Chan, et al. 1993). Another concern is that maximal Fos-expression 

occurs some hours after the acute stimulus. This might reflect that the Fos-expression is rather 
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a consequence than the direct cause of the adaptive response of that particular neuron. Thus, 

Fos-expression in a neuron does not tell when the neuron was activated or whether it is active 

at the time of detection.  

 

It has been shown that intracerebroventricular administration of PGE2 induces Fos-expression 

and that Cox-inhibitors administered during peripheral immune-challenge suppress Fos in 

autonomic relay nuclei (Wan, et al. 1994, Lacroix, et al. 1996, Ericsson, et al. 1997, Lacroix, 

et al. 1997, Zhang, et al. 2003), implying a role for PGE2 in activating Fos. Yet, our findings 

that mice deficient in the prostanoid-synthesizing enzymes Cox-1, Cox-2 and mPGES-1 

responded with augmented c-fos/Fos-expression in autonomic brain nuclei after 

intraperitoneal LPS injection was intriguing and unexpected (paper IV). This is probably not 

just a phenomenon seen in mice that were born without these enzymes, since suppressing 

prostanoid synthesis with unselective as well as selective Cox-inhibitors also failed to reduce 

the c-fos induction, as examined in the hypothalamus and the paraventricular nucleus (paper 

IV). However, the majority of papers investigating PGE2 dependent Fos-expression after 

peripheral immune-challenge have administered the immune-stimulus intravenously in rats 

treated with Cox-inhibitors. We administered LPS intraperitoneally in mice. Furthermore, we 

analyzed Fos/c-fos-expression both one and three hours after LPS-administration and we used 

several detection methods, including mRNA and protein detection in situ, as well as real-time 

PCR performed on dissected tissue. The pattern was similar in all set-ups: inhibition/knock-

out of prostanoid-synthesizing enzymes did not affect or further enhanced the c-fos/Fos-

expression. Nevertheless, while our study (paper IV) was in preparation, a paper by 

Dallaporta and collaborators (Dallaporta, et al. 2007) suggested that mice devoid of mPGES-1 

indeed lack Fos induction in brain autonomic nuclei after intraperitoneal LPS injection. The 

only difference compared to our study was a fourfold higher LPS dose used in their study. 

While we cannot explain the findings of Dallaporta et al., we conclude that the explanation 

for the diverging results from other studies probably reflect activation of different signalling 

pathways when the stimulus is given intravenously (Wan, et al. 1994, Lacroix, et al. 1996, 

Ericsson, et al. 1997, Lacroix, et al. 1997, Zhang, et al. 2003) as compared to 

intraperitoneally (paper IV) (Matsuoka, et al. 2003). This idea is supported by a recent study 

investigating mice lacking IL-1R1 in endothelial cells. These ‘selective’ knock-out mice have 

been shown to be unable to respond with c-fos induction in the paraventricular and 

ventromedial preoptic nuclei if IL-1β is administered intravenously, whereas they respond 

with c-fos induction similar to wild-type mice after intraperitoneal IL-1β injection (Ching, et 

al. 2007). This indeed implies that immune signals consisting of IL-1β from the bloodstream 

can transfer signals to the brain via its endothelial cells and subsequently activate the 

paraventricular and ventromedial preoptic nuclei (and presumably other autonomic relay 

structures) implicated in brain-mediated illness responses, and suggests that this pathway is 

critical in situations where increased concentrations of cytokines are present in the circulation. 

Conversely, it also suggests that when the stimulus is administered intraperitoneally, signals 

can be transferred through /a/ different pathway(s) such as the vagus nerve. If this is correct, 

our data in paper IV suggests that the ‘vagus-pathway’ signals in a prostaglandin-

independent manner, reflecting the maintained Fos-expression that was seen in immune-

challenged Cox-1, Cox-2, and mPGES-1 deficient mice, respectively. In case Fos-expression 
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reflects the recruitment of neurons participating in illness responses, the ‘vagus-signalling 

pathway’ is probably not sufficient neither for HPA-axis activation (paper IV) (but cf. 

Wieczorek, et al. 2005), nor for fever generation (Engblom, et al. 2003), but can be 

implicated in LPS-induced anorexia (paper II). As an alternative to this hypothesis, it is 

possible that the immune-induced Fos induction in the brain is coupled to the binding of PGE2 

to EP3 receptors widely present in the nervous system. Since a majority of the EP3 receptors 

are inhibitory by reducing cAMP in neurons, this would imply that tonically inhibiting 

systems are activated by inhibiting signals, such as in febrile signalling (Romanovsky, et al. 

2005) (Fig 4.). In the case of HPA-axis activation, it has indeed been shown that PGE2 is able 

to hyperpolarize neurons in the halo zone surrounding the paraventricular nucleus, an area 

known to express GABAergic neurons and to project to the paraventricular nucleus (Roland, 

et al. 1993, Cole, et al. 2002). This may result in suppressed GABAergic input to 

parvocellular neurons, and hence lead to the depolarization of these neurons (Ferri, et al. 

2005) (Fig 10.).  

 

Perspectives 

 

The foci of this thesis have been the molecular mechanisms involved in the communication 

between the immune system and nervous system and the subsequent activation of different 

illness responses. I have found that the inducible terminal PGE2 synthesising enzyme 

mPGES-1 plays a role both in inflammatory evoked anorexia and HPA-axis activation. In 

addition, I have described that the endotoxin induced HPA-axis response is activated in a 

temporal sequence, initially by prostanoids derived from Cox-1, and later on by PGE2 derived 

from the inducible enzymes Cox-2 and mPGES-1. Furthermore, investigating the complex 

role of IL-6 and its relation to PGE2 in the febrile response revealed that PGE2 and IL-6 are 

not two components in a simple ‘reaction chain’ but rather play distinct roles in creating 

fever, probably through different, but interacting, pathways. 

 

The immune-to-brain communication and the resulting CNS-elicited illness responses are 

fundamental to the homeostasis and therefore adaptive during acute infections. On the other 

hand, during chronic inflammatory conditions such as AIDS, cancer and 

autoimmune/autoinflammatory disorders the brain-elicited illness responses contribute to 

increased morbidity and mortality. Anorexia, for example, promotes survival during acute 

infections, but is detrimental during chronic conditions. In the case of HPA-axis activation, 

several studies have found a dysfunctional regulation during different autoimmune disorders, 

both in humans and animals, resulting in abnormal plasma levels of ACTH and decreased 

ability to react to stress. Understanding the molecular mechanisms eliciting illness responses 

during infection/inflammation is thus important for finding new avenues for treatment of 

chronic inflammatory conditions. Non-steroidal-anti-inflammatory drugs (NSAIDs), mainly 

used for analgesic, antipyretic and anti-inflammatory purposes, inhibit cyclooxygenases and 

are amongst the most used drugs today. Unfortunately, both traditional NSAIDs and selective 

Cox-2 inhibitors are associated with serious side effects, including hemorrhagic and/or 

cardiovascular events. While the anti-inflammatory and anti-pyretic actions of these drugs are 
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thought to mainly depend on suppressed generation of PGE2, the above-mentioned side 

effects are most likely caused by a shifted balance of non-PGE2 prostanoids. Hence, the 

search for alternative targets for selectively inhibiting PGE2 is currently an area of intense 

research (Xu, et al. 2008, Guerrero, et al. 2009). Results of the present thesis suggest that 

inhibition of mPGES-1, which specifically targets immune-induced PGE2, represents such an 

alternative and promising strategy in the treatment of fever and other brain-elicited illness 

responses.   
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