
Linköping University Medical Dissertation 
No. 963 

Brain Stem Involvement in Immune and 
Aversive Challenge 

Jakob Paues 

Department of Biomedicine and Surgery, Faculty of Health Sciences, 
Linköping University, SE-582 85, Linköping, Sweden 

Linköping 2006



Published articles and figures have been reprinted with the permission of the 
respective copyright holder. 

Printed in Sweden by LiU-Tryck, Linköping 2006 

ISBN: 91-85643-81-5                      ISSN: 0345-0082



There are in fact two things, science and opinion;
the former begets knowledge, the latter ignorance. 

Hippocrates (460 BC - 377 BC) 
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ABSTRACT

Activation of the immune system by e.g. bacteria induces the acute-phase-response 
and sickness behaviour. The latter encompasses among other things fever, lethargy, 
anorexia and hyperalgesia. An often used model to study sickness behaviour is the 
intravenous injection of the gram negative bacterial endotoxin lipopolysaccharide 
(LPS). LPS induces the production of inflammatory mediators, such as cytokines and 
prostaglandins, which in turn can interact with the central nervous system (CNS) to 
affect behaviour. The CNS also memorises substances that have made us sick in the 
past to avoid future harm, a phenomenon called conditioned taste aversion (CTA). An 
often used model to study CTA is the intraperitoneal injection of LiCl. 

The pontine parabrachial nucleus (PB) is an autonomic relay nucleus situated in the 
rostral brain stem that integrates afferent somatosensory and interoceptive information 
and forwards this information to the hypothalamus and limbic structures. PB is crucial 
for the acquisition of CTA and PB neurons are activated by many anorexigenic 
substances. Further, PB neurons express neuropeptides, among those calcitonin gene 
related peptide (CGRP) and enkephalin, both of which have been implicated in 
immune signalling, nociception, food intake, and aversion.  

By using a dual-labelling immunohistochemical/in situ hybridization technique we 
investigated if enkephalinergic neurons in PB are activated by systemic immune 
challenge. While there were many neurons in the external lateral parabrachial 
subnucleus (PBel) that expressed the immediate early gene fos after intravenous 
injection of LPS and while a large proportion of the PBel neurons expressed 
preproenkephalin, there were very few double-labelled cells. The fos-expressing cells 
were predominantly located to the outer part of the PBel (PBelo), whereas the 
preproenkephalin-expressing PBel neurons were located closest to the peduncle. Thus 
we conclude that although enkephalin has been implicated in autonomic and immune 
signalling, enkephalinergic neurons in PB do not seem to be activated by immune 
stimulation (paper I). To further characterise the PBelo neurons activated by immune 
challenge we investigated if these neurons expressed CGRP. Dual-labelling in situ 
hybridisation showed that PBelo neurons that expressed fos after intravenous injection 
of LPS to a large extent co-expressed CGRP mRNA, indicating that CGRP may be 
involved in the regulation of the sickness response in immune challenge (paper II). 
Using dual-labelling immunohistochemistry we examined if PBel neurons activated by 
an immune stimulus projected to the amygdala, a limbic structure implicated in the 
affective response to homeostatic challenge. Animals were injected with the retrograde 
tracer substance cholera toxin b (CTb) into the amygdala and subsequently subjected 
to immune challenge. We found that approximately a third of the neurons that 
expressed fos after the intravenous injection of LPS also were labelled with CTb. Thus 
PBel neurons activated by immune challenge project to the amygdala. The PBel-
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amygdala pathway has earlier been suggested to be important in nociceptive 
signalling. To investigate if amygdala-projecting PBel neurons are activated by 
nociceptive stimuli we again injected animals with CTb into the amygdala. After 
recovery the animals were injected with formalin into a hindpaw. Dual-labelling 
immunohistochemistry against fos and CTb showed that very few noxiously activated 
PB neurons projected to the amygdala. Thus, the PBel-amygdala projection seems to 
be important in immune challenge but not in nociceptive signalling (paper III). Many 
PBel neurons express fos after intraperitoneal injection of LiCl. Melanocortins are 
neuropeptides that recently have been implicated in metabolism, food intake and 
aversive mechanisms. The PB is known to express melanocortin receptor-4  (MC4-R) 
mRNA. Using dual-labelling in situ hybridization we investigated if PB neurons 
activated by intravenous injection of LPS or intraperitoneal injection of LiCl expressed 
MC4-R mRNA. We found that many PBelo neurons were activated by either LPS or 
LiCl and that a large proportion of such activated neurons expressed MC4-R mRNA. 
Further, using dual-labelling in situ hybridization against MC4-R mRNA and CGRP 
mRNA, we found that a large proportion of the CGRP positive PBelo neurons also 
expressed MC4-R mRNA.

In summary, this thesis shows that CGRP-expressing neurons in the PBel are activated 
by peripheral immune challenge, that lipopolysaccharide-activated PBel neurons 
project to the amygdala, that the amygdala-projecting neurons in the PBel are CGRP-
positive, and that PBel neurons activated by immune or aversive challenge express 
MC4-R. Taken together, these data suggest the presence of a melanocortin-regulated 
CGRP-positive pathway from the PBel to the amygdala that relays information of 
importance to certain aspects of sickness behaviour. 
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ABBREVIATIONS 

ACTH    adrenocorticotropic hormone 
AgRP    agouti related peptide  
AP-1   activated protein-1  
BBB    blood-brain barrier  
BSA    bovine serum albumin 
CCK    cholecystokinin 
CFA    conditioned food aversion 
CGRP    calcitonin gene related peptide 
CNS    central nervous system  
COX-2   cyclooxygenase-2 
CRLR    calcitonin receptor-like receptor 
CRE    cAMP-responsive element 
CREB    cAMP response element-binding protein 
CT    calcitonin 
CTA    conditioned taste aversion 
CTb    cholera toxin-b 
CVO    circumventricular organs  
DCV    dense core vesicle 
HPA-axis    hypothalamic-pituitary-adrenal-axis
IEG    immediate early gene 
IL-1   interleukin-1 
IL-1R   interleukin-1 receptor 
IL-6   interleukin-6 
IL-6R   interleukin-6 receptor 
ISH    in situ hybridisation 
LBP   lipopolysaccharide binding protein  
LiCl    lithium chloride  
LPS    lipopolysaccharide  
MC-R    melanocortin receptor 
MC-4R    melanocortin receptor-4 
α-, β-, γ-MSH   α-, β-, γ-melanocyte stimulating hormone 
NTS    nucleus of the solitary tract 
PB    parabrachial nucleus 
PBcl    -central lateral subnucleus 
PBdl    -dorsal lateral subnucleus  
PBel    -external lateral subnucleus 
PBelo    -external lateral subnucleus, outer part
PBeli    -external lateral subnucleus, inner part  
PBem    -external medial subnucleus 
PBil    -internal lateral subnucleus 
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PBm    -medial subnucleus  
PBsl    -superior lateral subnucleus 
PBvl    -ventral lateral subnucleus 
PBS    phosphate buffered saline  
PGE2   prostaglandin E2
POMC    proopiomelanocortin 
ppENK    preproenkephalin 
RAMP1   receptor activity-modifying protein 1 
RCP    receptor component protein 
SCP   superior cerebellar peduncle  
SSC    standard saline citrate 
TLR   Toll-like receptor 
TNF-α   tumour necrosis factor-α
VPpc    parvicellular part of the ventral posterior  

thalamic nucleus 



13

INTRODUCTION

The cells of our bodies all work together to maintain a stable and optimal inner 
environment. This process is called homeostasis and has proved to be a very efficient 
mean to survive in a hostile external environment with shifting temperature, humidity 
and access to nutrients. An important aspect of the maintenance of homeostasis is the 
ability to recognise “friend from foe”. Thus, all our cells express identification-
markers to show that they belong to our body and those that cannot identify them-
selves are readily destroyed by sentinel cells of the immune system. One threat to  
homeostasis is invading pathogens such as viruses or bacteria. Another threat is cells 
that start to divide without restraint, causing malignant cancer. Whatever the nature of 
the threat is, the immune system responds in similar ways. The strategy is to swiftly 
destroy the aggressor and if this fails, try to limit the extent of the infection. Thus 
humans can have dormant tuberculosis infections that are locally controlled until the 
individual become weakened by disease or old age. Likewise, premalignant cells are 
either destroyed or forced into senescence.  

In order to maximize the efficiency of the immune response, it is coordinated by the 
central nervous system (CNS), which orchestrates well known sickness symptoms as 
fever, anorexia and fatigue. The CNS also memorises ingested substances that made us 
sick in the past and makes us avoid these substances in the future by a phenomenon 
called conditioned taste aversion. The immune system signals the CNS through 
molecules called cytokines, released by activated immune cells. Cytokines interact 
with free nerve endings, the blood-brain barrier, or areas in the CNS that lack a blood-
brain barrier to induce fever, anorexia and fatigue. These symptoms are all effective 
defences in a short term illness, helping us combat the pathogens by concentrating our 
energy reserves to the immune system and creating an inner environment less suitable 
for the invaders. However, in the long run, increased metabolism and reduced food 
intake can start to work against the individual and lead to the anorexia-cachexia 
syndrome seen in severe chronic diseases, such as organ failure, protracted infection, 
or cancer. Cachexia is characterized by increased metabolism, weight loss, anaemia 
and fatigue and it is responsible for shortened life-span, increased co-morbidity, and 
suffering of afflicted patients.  

Another important aspect of homeostasis is the maintenance of tissue integrity. 
Whenever the skin barrier is broken or tissues in the body are damaged, free nerve 
endings, nociceptors, signal to the brain in order to adapt behaviour to minimize the 
damage. Nociception is a potent modulator of motivated behaviour, and nociceptive 
stimuli activate the sympathetic branch of the autonomic nervous system. Also, the 
immune system and the nociceptive system work in conjunction with each other. For 
example, in an inflamed tissue nociceptors are sensitised by inflammatory mediators, a 
phenomenon known as hyperalgesia.  
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Bacterial products and cytokines as mediators of disease symptoms 

Endotoxins
The release of toxins as a cause of disease has been suspected since the days of 
Hippocrates (ca 460-370 BC), but the toxin theory could not explain how a single sick 
person could afflict several thousands of others (Beutler and Rietschel, 2003). It was 
not until the beginning of the 20th century that there was a solution to this conundrum 
when first Henle suggested “multiplication of the toxic matter” (Henle, 1910) and then 
Pasteur proved that microbes were necessary and sufficient for the induction of 
infectious disease (reviewed by Beutler and Rietschel, 2003). Endotoxins were first 
described in 1892 by Pfeiffer as a mean to distinguish toxins appearing after bacterial 
lysis from those secreted by bacteria (exotoxins) (Pfeiffer, 1892). In 1933 Boivin and 
collaborators found that endotoxins in gram-negative bacteria are made of 
lipopolysaccharides (LPS) (Boivin et al., 1933). LPS consists of a core polysaccharide 
to which repeating oligosaccharide residues are attached as well as a component called 
lipid A (Fig. 1) (Brooks et al., 2004). Whereas the polysaccharide seems important in 
solubilizing the complex, lipid A is the portion that confers toxicity and it consists of a 
glucosamine disaccharide with attached fatty-acids and phosphate. Endotoxins are 
heat-stable, anchored to the outer bacterial membrane, and they are produced in 
different variants by several gram negative strains such as Escherichia coli,
Salmonella and Neisseriae (Brooks et al., 2004). When injected into the bloodstream, 
LPS produces a dose-dependent response, with fever, anorexia, loose faeces and 
lethargy at low doses, and hypotension and death at high doses (Elmquist et al., 1996; 
Tkacs et al., 1997; Huang et al., 1999; Cuzzocrea et al., 2006).

Although the discovery of LPS revealed how bacteria could cause severe illness and 
immune system activation in animals, it was still unknown how this effect was 
produced. Some clues to the underlying mechanism were unravelled when a LPS 
binding, liver-produced, plasma protein was discovered (LBP), and it was shown that 
this protein could activate immune cells by forming a complex with CD14, a plasma 
membrane-bound receptor protein (Wright et al., 1990). However this complex did not 
have a cytoplasmic part and therefore there were no immediate clues as to how an 
intracellular signal was induced (Wright et al., 1990). It was not until recently that the 
mechanism underlying LPS interaction with the immune system was unravelled. In 
1996 it was reported that mutations in Toll, a protein known to be involved in the 
dorso-ventral axis formation in Drosophila, caused impaired response to fungal 
infection in this species (Lemaitre et al., 1996). This awoke interest since it was prev-
iously known that Toll activates the transcription factor NF-κβ, just like interleukin-1 
(IL-1) and LPS (Shakhov et al., 1990; Wasserman, 1993), and that the cytoplasmic 
domain of Toll is homologous to the cytoplasmic domain of the IL-1 receptor (Gay 
and Keith, 1991). IL-1 is a cytokine that is involved in the immune  
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Fig. 1. The structure of LPS. LPS consists of a core polysaccharide with attached repeating 
oligosaccharide residues on one side and a component called lipid A on the other side. The core 
polysaccharide is divided into an inner and outer unit. 

response after systemic injection of LPS and it produces many of the symptoms seen 
after LPS administration, such as fever, anorexia and malaise (McCarthy et al., 1995; 
Dantzer, 2004). Soon after the discovery of the importance of Toll in the immune 
response of Drosophila it was shown that there was a Toll-like receptor (TLR) in 
humans that also was involved in innate immunity (Medzhitov et al., 1997). Since 
then, several TLRs have been discovered and they are all involved in recognizing 
different pathogens by binding to structural components of fungi, bacteria and viruses 
and thereby activating the immune response. Thus TLR2 recognizes lipoproteins, 
TLR3 and TLR7 (human TLR8) recognize single and double-stranded viral RNA, 
TLR4 recognizes LPS, TLR5 recognizes flagellin, and TLR9 recognizes CpG DNA 
(Poltorak et al., 1998; Aliprantis et al., 1999; Hemmi et al., 2000; Hayashi et al., 2001; 
Heil et al., 2004).

The present understanding of LPS-induced immune activation is that LPS is first 
recognized by the acute-phase protein LBP which presents it to CD14 on immune cells 
(Hailman et al., 1994). CD14’s role seems to be to load LPS on the glycoprotein MD-
2, which in turn forms a LPS/MD-2/TLR4 complex (Shimazu et al., 1999). This 
complex activates intracellular signalling pathways through the adaptor protein 
MyD88, which then recruits serine/threonine kinases called IRAKs to activate TRAF6 
(Muzio et al., 1997; Muzio et al., 1998). This activates the transcription factors NF-κβ
or fos/jun resulting in the transcription of genes encoding tumour necrosis factor-α
(TNF-α), interleukin-18, cyclooxygenase-2 (COX-2), IL-1, interleukin-6 (IL-6), and 
interleukin-8 (reviewed by Palsson-McDermott and O'Neill, 2004) (Fig. 2).  

Cytokines
Activation of TLRs on immune cells by LPS leads to the production of inflammatory 
mediators, called cytokines. Cytokines are polypeptides, about 25 kDa in size 
(Janeway et al., 2001). They are released in a complex cascade that allows for 
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maintenance and fine tuning of the immune response. The cytokines can augment local 
defences by inducing differentiation of local immune cells or they can travel in the 
bloodstream to distant target organs, such as the liver or brain to activate the acute-
phase response and the hypothalamic-pituitary-adrenal-axis (HPA-axis) (Ericsson et 
al., 1994; Fattori et al., 1994; Billingsley et al., 1996; Dunn, 2000; Ek et al., 2001; 
Dantzer, 2004; Hessle et al., 2005). When discussing the role of different cytokines in 
disease-models one has to bear in mind that different stimuli produce different 
cytokine patterns. Injection of Staphylococcal enterotoxin A induces the production of 
TNF-α, interleukin-2 and interferon-γ (Brebner et al., 2000), whereas LPS results in 
the release of TNF-α, IL-1 and IL-6 (Cannon et al., 1990; Givalois et al., 1994). This 
could be explained by the above-mentioned fact that the activation of the innate 
immune-system involves Toll receptors that are specific to different pathogens. The 
most studied cytokines in immune-to-brain signalling are TNF-α, IL-1 and IL-6. 
Therefore these cytokines will be briefly described below. 

Fig. 2. Current understanding of LPS induction of cytokine gene transcription. LPS is first recognized 
by the acute-phase protein LBP which presents it to CD14 on immune cells. CD14 loads LPS on the 
glycoprotein MD-2, which in turn forms a LPS/MD-2/TLR4 complex. This complex activates 
intracellular signalling pathways through the adaptor protein MyD88. Activation of transcription 
factors NF-κβ or fos/jun results in the transcription of genes encoding tumour necrosis factor-α (TNF-
α), interleukin-1 (IL-1), interleukin-6 (IL-6) and cyclooxygenase-2 (COX-2). 

Tumour necrosis factor-α
TNF-α was first named cachectin when discovered because of its ability to induce 
anorexia and wasting when injected systemically (Beutler et al., 1985a; Tracey et al., 
1988). Similarly, a TNF-α producing tumour induced cachexia in rodents (Tracey et 
al., 1990). In rats, tumour-induced cachexia can be reduced by the administration of 
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TNF-α- blocking antibodies (Torelli et al., 1999). In another disease-model, simul-
ating sepsis, there was a positive correlation between the degree of wasting and plasma 
TNF-α concentrations (Breuille et al., 1999). Thus, there is ample evidence that TNF-
α is involved in cachexia.  

Since its discovery, the exact role of TNF-α in infectious disease has been under 
considerable investigation. So far, it seems like TNF-α  is important in the first line of 
defence against an invading pathogen. It has been shown that TNF-α is secreted 
mainly by macrophages and that TNF-α is crucial for containment of a localized 
infection; blocking TNF-α by antibodies facilitates the spread of an infection to the 
blood and other organs (Leiby et al., 1992; Sjöstedt et al., 1996; Broug-Holub et al., 
1997). Increased plasma concentrations of TNF-α have been found both in sepsis and 
after experimental LPS injection (Cannon et al., 1990). In the latter model, TNF-α
levels in the blood start to rise after 30-60 minutes (Givalois et al., 1994) and peak at 
about 90 minutes post-injection (Cannon et al., 1990). Systemic injection of TNF-α
gives rise to symptoms seen in sepsis with hypotension and extravasation of fluids 
(Janeway et al., 2001). It has been shown that TNF-α is crucial for survival during the 
early phases of sepsis, but the effect is dose-dependent. TNF-α neutralizing antibodies 
given up to eight hours after bacterial peritonitis caused death in affected mice 1 to 3 
days after infection (Echtenacher et al., 1990). However, high levels of TNF-α
contribute to early mortality in sepsis, since immunization against TNF-α increased 
survival after a lethal dose of LPS (Beutler et al., 1985b). In line with the suggested 
importance of TNF-α in the early stages of infection is the finding that TNF-α has an 
antipyretic effect when administered together with LPS and that TNF-α soluble 
receptor augments LPS-induced fever (Klir et al., 1995). This indicates that TNF-α
exerts an important modulatory effect in the early stages of infection.

The effects of TNF-α are mediated through two receptors, TNF-RI and TNF-RII. 
After binding TNF-α, TNF-Rs activate NF-κβ or Jun pathways through TRADD and 
TRAF proteins (Hehlgans and Pfeffer, 2005). Both TNF-α receptors have been 
implicated in immune-to-brain signalling (Nadeau and Rivest, 1999; Bette et al., 2003; 
Dempsey et al., 2003). Systemic LPS gives rise to increased expression of TNF-RI and 
TNF-RII mRNA in circumventricular organs and cerebral microvasculature (Nadeau 
and Rivest, 1999; Bette et al., 2003), and intravenous injection of TNF-α induces c-fos 
in brain areas important in stress response, immune regulation, and food-intake 
(Tolchard et al., 1996; Cao et al., 1998; Nadeau and Rivest, 1999; Hermann et al., 
2003). Thus, there is evidence that in addition to its importance in the local immune-
response, TNF-α may be important in communicating early signs of infection to the 
brain, which in turn can initiate appropriate behavioural adjustments. 

Interleukin-1
IL-1 is a 17 kDa protein that exists in two forms, IL-1α and IL-1β (Dinarello, 1991). 
There are two IL-1 receptors, type I (IL-1RI) and type II (IL-1RII). Only the type I 
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receptor seems to be able to activate intracellular signalling pathways. The type II 
receptor has therefore been suggested to be a decoy receptor involved in the negative 
regulation of IL-1 signalling (Dinarello, 1991; Bluthé et al., 2000). Upon ligand 
binding, the IL-1RI activates similar intracellular pathways as the TLRs as outlined 
above (Shakhov et al., 1990; Wasserman, 1993). IL-1 receptors are e.g. expressed on 
cells of the circumventricular organs and on vascular cells lining the capillaries of the 
brain (Ericsson et al., 1995; Konsman et al., 2004). IL-1R mRNA has also been found 
in dorsal root ganglion cells, suggesting that IL-1 receptors may be expressed on 
peripheral nerves (Ek et al., 1998).

There are diverging data concerning the role of IL-1 in the immune response. While, 
IL-1 has been proven to mediate many of the effects of LPS, it remains to be clarified 
if the actions of IL-1 are mediated through local or systemic mechanisms. There is 
evidence that the main effect of IL-1 is achieved through interaction with local nerve-
endings and immune cells with subsequent neural activation and/or release of other, 
systemically acting cytokines like IL-6 (Leon et al., 1996). Accordingly, animals 
lacking the IL-1RI do not develop fever or anorexia after a local turpentine abscess 
(Leon et al., 1996). However, these animals were also found to have an intact response 
after a systemic immune-challenge by intraperitoneal injection of LPS, suggesting that 
IL-1 is more important at the local than the systemic level in infection. 

However, IL-1 also seems to play a role for the systemic immune response, because 
circulating IL-1 has been found in sepsis and after LPS injection in human subjects 
(Cannon et al., 1990) Likewise, intravenous injection of IL-1 induces IL-6 production, 
fever and anorexia (Engblom et al., 2003; Turnbull et al., 2003; Elander et al., 2006). 
Blockage of IL-1 actions through receptor antagonists do not abolish, but significantly 
decrease LPS-induced fever, anorexia and IL-6 plasma concentrations (Luheshi et al., 
1996; Swiergiel and Dunn, 1999). However, if TNF-α and IL-6 are blocked alongside 
IL-1 after intraperitoneal injection of LPS, the anorectic response is abolished 
(Swiergiel and Dunn, 1999). Thus IL-1 plays an important local role, whereas there 
seems to be a certain degree of redundancy in the cytokine response at the systemic 
level.

Interleukin-6
IL-6 is a pleiotropic cytokine synthesised by both immune and non-immune cells 
(Papanicolaou et al., 1998). It binds to the IL-6 receptor but the ligand-receptor 
complex cannot in itself transduce a signal intracellularly. Instead, the receptor 
heterodimerizes with another transmembrane receptor protein, gp130 (Naka et al., 
2002). The heterodimerization activates the gp130-associated JAK/STAT pathway. 
Jak1 and 2 are tyrosine kinases that phosphorylate the gp130 receptor and allow 
binding of STAT proteins that in turn become phosphorylated and dimerize. After 
dimerization STAT proteins can translocate to the nucleus and act as transcription 
factors (Heinrich et al., 1998; Naka et al., 2002; Carbia-Nagashima and Arzt, 2004).  
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IL-6 is an acute-phase protein upregulated during inflammation (Luheshi et al., 1997). 
It stimulates the differentiation of macrophages (Nicola et al., 1983) and the 
production of other acute-phase proteins like C-reactive protein, fibrinogen, and α1-
antitrypsin (Castell et al., 1988). IL-6 has been implicated in fever, anorexia and HPA-
axis activation in disease (Perlstein et al., 1991; Spath et al., 1994; Oka et al., 1996; 
Kozak et al., 1997; Leon et al., 1998) and it has been related to disease parameters in 
human cancer (Oka et al., 1996). IL-6 has consistently been found in the blood during 
disease, real or modelled, as well as after psychological stress (LeMay et al., 1990; 
Turnbull and Rivier, 1999; Alesci et al., 2005; Eijsbouts et al., 2005). Thus there is 
ample evidence that IL-6 plays an important regulatory role in response to disease.  

Which role IL-6 plays compared to other cytokines in the signalling cascade during the 
acute-phase response has been under considerable investigation. The available 
literature indicates that IL-6 production is induced locally at an inflammatory site by 
other cytokines, such as IL-1. IL-6 then exerts its effects at the systemic level. Thus, 
the cachexia and activation of the acute-phase response after the induction of a sterile 
abscess is partly mediated by IL-1-induced IL-6 signalling. (Oldenburg et al., 1993) 
Further, mice lacking IL-6 did not develop fever, anorexia or cachexia after a sterile 
abscess (Kozak et al., 1997). The cytokine production in the micro-environment of a 
pathological process has also been studied and it has been found that local 
macrophages synthesise IL-1 and TNF-α, which in turn stimulate tumour cells to 
produce IL-6 (Billingsley et al., 1996). However, the systemic response to disease is 
not completely dependent on IL-6; there seems to be a degree of redundancy in the 
signalling cascade since LPS treated IL-6 deficient mice did not display any difference 
in anorexia and loss of body weight compared to wild-type controls (Fattori et al., 
1994). Interestingly, in the latter study, the knock-out mice had elevated TNF-α levels 
compared to the wild-type animals, suggesting that TNF-α replaces IL-6 in this model. 

Exactly how IL-6 mediates its effects on metabolism, food intake and fever remains to 
be shown, but there is evidence pointing at an important role for IL-6-signalling in the 
cerebral vasculature and in the brain parenchyma. After systemic injection of LPS, IL-
6 receptor (IL-6R) mRNA was found to be increased in the circumventricular organs, 
the cerebral vasculature, the paraventricular nucleus of the hypothalamus, the 
amygdala, and the bed nucleus of the stria terminalis (Vallières and Rivest, 1997). 
Similar to the systemic administration of LPS, intravenous injection of IL-6 induces c-
fos mRNA in the circumventricular organs (Elmquist et al., 1996; Vallières and 
Rivest, 1997). Thus IL-6 seems to be able to interact with central nervous structures 
important in homeostatic regulation. 

Cytokines in immune-to-brain signalling 
The CNS is protected from substances circulating in the blood by the blood-brain 
barrier (BBB). The BBB, which was first described by Paul Erlich (1885), is made up 
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of tight junctions in the capillaries lining the brain, effectively protecting the sensitive 
neurons from potentially harmful substances in the blood stream (Hawkins and Davis, 
2005). This means that the communication between immune cells, cytokines and 
neurons in most circumstances must rely on other pathways than direct interaction. 
Several such pathways for immune-to-brain signalling have been suggested:

1) Direct interaction of LPS or cytokines with neurons in the circumventricular 
organs, which lack a complete BBB.  

2) LPS or cytokine activation of free nerve endings.  
3) Signalling across the blood-brain barrier via induced prostaglandin synthesis. 

All three pathways are probably important. The contribution of the different pathways 
are likely to be dependent on the location, duration and intensity of the infection. 
Hence, a local abscess may signal through peripheral nerve endings at the site of 
infection even though cytokines also are bound to leak into the circulation constantly 
or intermittently. Sepsis is a full front assault on the organism and threatens to over-
throw the defences in a short time. Therefore, in this situation, circumventricular organ 
and blood-brain barrier signalling is probably important as well as signalling via nerve 
afferents from the liver. In the beginning of a disease the activation pattern may be 
different from that present during chronic conditions. In the latter case compensatory 
mechanisms have probably developed. A very aggressive infection probably activates 
more pathways than a small localised tumour. With this in mind the different  
pathways will be briefly outlined below.

Interaction with circumventricular organs 
The circumventricular organs (CVO) are areas in the brain that lack a proper BBB due 
to fenestrated capillaries with high permeability. The CVOs are situated adjacent to the 
third and fourth ventricles of the brain. In mammals there are four CVOs: the area 
postrema, the median eminence, the organum vasculosum of the lamina terminalis, and 
the subfornical organ (Ganong, 2000). The fenestrated capillaries allow CVO neurons 
to sample concentration of hormones, cytokines and ions in the blood (Ganong, 2000). 
This information can then be forwarded to other brain areas.  

The area postrema is a chemoreceptor zone in the floor of the fourth ventricle sensing 
ion and satiety hormone levels in the circulation and it has been implicated in satiety, 
malaise and IL-1β induced HPA-axis activation (Yamamoto et al., 1992; Lee et al., 
1998; Rinaman et al., 1998). The median eminence is important in energy homeo-
stasis, reproduction and pituitary signalling (Elias et al., 2000; Ganong, 2000; Daftary 
and Gore, 2005). The organum vasculosum of the lamina terminalis has been 
implicated in fever (Blatteis, 2000), and the subfornical organ in salt balance (Noda, 
2006). Toll and cytokine receptors have been found to be expressed in CVOs (Ericsson 
et al., 1995; Vallières and Rivest, 1997; Nadeau and Rivest, 1999; Laflamme and 
Rivest, 2001), and CVOs are activated by immune stimuli (Ericsson et al., 1994; 
Elmquist et al., 1996). However, as indicated above, there seems to be a specialisation 
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in the role of the different CVOs. For example, the IL-1RI is predominantly found in 
the area postrema (Ericsson et al., 1995), and disruption of the ascending pathways to 
the diencephalon attenuates IL-1 induced neuronal activation of paraventricular 
hypothalamic neurons (Ericsson et al., 1994). Further, ablation of the area postrema 
abolishes c-fos expression in the paraventricular hypothalamic nucleus and the HPA-
axis activation seen after intravenous IL-1β (Lee et al., 1998). These findings suggest 
the presence of an important area postrema-forebrain pathway playing a pivotal role in 
the central nervous system response to immune stimulation.  

Interaction with free nerve endings 
Free nerve endings expressing a wide variety of receptors are ubiquitous in most 
tissues, and they are positioned to sense the composition of the extracellular fluid, 
including molecules secreted by immune cells or supportive tissue. Accordingly, it has 
been suggested that peripheral nerves are important in modulating tumour 
development or the liver response to sepsis (Borovikova et al., 2000; Gidron et al., 
2005). There are several potential mechanisms for immune-to-brain communication 
through peripheral nerves. One possibility is that infectious agents directly interact 
with sensory nerve endings through Toll receptor binding, which is supported by the 
fact that TLR-4 protein and mRNA and TLR-9 mRNA have been found in rodent 
nodose ganglion neurons (Hosoi et al., 2005; Sako et al., 2005). Another possible 
mechanism is cytokines interacting with peripheral nerves. TNF-receptor mRNA is 
expressed in dorsal root and trigeminal ganglion cells and is upregulated by systemic 
injection of LPS (Cunningham et al., 1997; Li et al., 2004b), and IL-1R mRNA is 
present in nodose ganglion cells (Ek et al., 1998). IL-6R mRNA is found in dorsal root 
ganglia (Gadient and Otten, 1996) and IL-1 and LPS activation of trigeminal neurons 
seems to be partly dependent on IL-6 (Kobierski et al., 2000). The most studied nerve 
in this context is the vagus nerve which innervates every internal organ of the body 
except the pelvic viscera. Liver vagal afferents can sample blood concentrations of 
cytokines or become stimulated by Kupffer cells, i.e. resident liver macrophages. 
Kupffer cells are thought to be important sentinels in the response to systemic 
infection (Gregory et al., 1998). Many attempts have been made to elucidate the 
importance of the vagal nerve in immune-to-brain signalling, but so far there is no 
conclusive answer (Porter et al., 1998c). Stimulus location and dose seem to be 
important. An intraperitoneal injection of a low dose of LPS seems to be more 
dependent on vagal afferent signalling than a high dose or systemic injection of the 
substance (Porter et al., 1998c). Possibly, the lower dose only interacts with local, 
vagal, nerve endings whereas a high intraperitoneal dose results in endotoxin reaching 
the systemic circulation allowing for parallel activation of additional pathways. A 
much used technique in studies addressing the importance of the vagus nerve in 
immune-to-brain-communication is vagotomy. At first glance vagotomy seems like a 
straight-forward method for studying the role of the vagus in the sickness response. 
However, vagotomy induces changes in intestinal peristaltics, with e.g. slowed gastric 
emptying as a consequence (Mistiaen et al., 2001). Further, vagotomy can induce 
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changes in the barrier function of the intestinal system affecting the immune-response 
and the ability to contain bacteria in the intestines (Doganay et al., 1997; van 
Westerloo et al., 2005). This in turn will result in already primed animals when a 
subsequent cytokine or LPS injection is given, and one prior dose of endotoxin 
suffices to significantly reduce the anorexia elicited by subsequent doses (Porter et al., 
1998b). Further, in addition to dose-frequency, the magnitude of a given dose also 
seems to be important: Area postrema activation after IL-1 requires a dose of one 
magnitude higher than the dose required to activate the adjacent vagus nerve 
termination site, the nucleus of the solitary tract (NTS) (Ericsson et al., 1994). The cell 
bodies of the vagus nerve are located in the nodose ganglion and IL-1RI mRNA 
expressing nodose ganglion neurons are activated by the lower dose of IL-1 (Ek et al., 
1998; Copray et al., 2001). Supposedly, in situations with low circulating levels of 
cytokines or with local confinement of cytokines, peripheral nerve signalling is more 
important than CVO and BBB signalling. This would be in line with the previously 
mentioned variability of the sickness response according to the severity of the 
infection.

Signalling across the blood brain barrier 
As stated above, the BBB is impermeable to cytokines. The only way for a cytokine to 
pass the BBB is via a specific transporter. Such transporters have been found  (Banks 
et al., 1995), but it remains to be proven that they can transport sufficient amounts of 
cytokines to be of any importance. Another possibility is the binding of circulating 
cytokines to their receptors on endothelial or perivascular cells in the cerebral 
vasculature. After receptor activation another mediator is released to convey the signal 
into the brain parenchyma. Such a mechanism is the synthesis of prostaglandin E2

(PGE2) in vascular cells of the brain after systemic injection of IL-1 (Ek et al., 2001). 
Lack of the PGE2 synthesising enzyme, mPGES, inhibits LPS induced fever (Engblom 
et al., 2003). PGE2 receptors have been found on neurons situated in areas involved in 
homeostatic regulation and that are activated by LPS and IL-1 (Ek et al., 2000; 
Engblom et al., 2001). This points to an important role for prostaglandins in mediating 
immune-to-brain signalling. Other evidence for the importance of prostaglandin in 
disease is the extensive use of inhibitors of prostaglandin synthesis as antipyretics and 
analgesics (Houry et al., 1999; Cepeda et al., 2005). In addition to the effects on fever 
and pain, these drugs also have an effect on anorexia in some models of cancer and 
infectious disease (Strelkov et al., 1989; Lundholm et al., 1994; McCarthy, 2000; 
Wang et al., 2005).

Sickness behaviour 
The sickness response denotes the different symptoms displayed in many diseases. It 
encompasses fever, anorexia, lethargy, HPA-axis activation and hyperalgesia. The 
sickness response is thought to be beneficial to the organism and to help defending the 
body by depriving the invading pathogens of a friendly environment and at the same 
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time focusing all resources to the optimisation of the immune response (Konsman et 
al., 2002; Vollmer-Conna et al., 2004). The most  frequently used and studied example 
is infectious diseases, but similar symptoms can be found in autoimmune diseases and 
malignant cancer. In the short run the sickness response is adaptive and speeds 
recovery. However in a chronic condition like AIDS, tuberculosis or small-cell lung 
cancer, the loss of body weight and lethargy contributes to co-morbidity and shortens 
survival. Considering this in an evolutionary perspective we seem to be more adapted 
to overcoming acute disease than to sustaining chronic conditions. 

HPA-axis activation 
Stress activates the HPA-axis (Beishuizen and Thijs, 2003). This activation results in 
the secretion of glucocorticoids from the adrenal glands into the circulation: cortisol in 
humans or corticosterone in rats. Cortisol is a hormone involved in balancing the 
immune response and it is essential for surviving stress. IL-1, IL-6 and TNF-α
synergistically stimulate the release of cortisol either through HPA-axis activation or 
through a direct action on the adrenal gland (Naitoh et al., 1988; Perlstein et al., 1991; 
Horai et al., 1998; Brebner et al., 2000; Dunn, 2000; Silverman et al., 2004). The 
cytokine-induced HPA-axis activation seems to be at least partly mediated by 
prostaglandins (Murakami and Watanabe, 1989; Rivier and Vale, 1991). Accordingly, 
the PGE2 receptors EP1 and EP3 are expressed on hypothalamic corticotropin 
releasing hormone neurons and seem to be involved in adrenocorticotropic hormone 
(ACTH) release after systemic injection of LPS (Matsuoka et al., 2003). As mentioned 
above, HPA-axis activation is important in orchestrating an appropriate response in 
disease. Further, in addition to its role in maintaining homeostasis, the HPA-axis can 
be linked to disease states (Jacobson, 2005) such as the HPA-axis dysfunction 
associated with cognitive impairments in multiple sclerosis (Heesen et al., 2006). 

Lethargy 
Infections induce fatigue, tiredness and sometimes anhedonia and depression. Disease-
associated fatigue has been correlated to the serum levels of IL-1, IL-6 and TNF-α
(Vollmer-Conna et al., 2004; Heesen et al., 2006). Animals display decreased social 
exploratory behaviour after immune challenge (Dantzer, 2004). In cancer, fatigue is a 
dominating symptom. Up to 78 % of cancer patients report that they suffer from 
fatigue, severely affecting their quality of life and possibility to sustain intensive 
treatment (Morrow et al., 2005). The most common cause of cancer fatigue seems to 
be anaemia, but there is also evidence that cytokines may be involved (Lee et al., 
2004; Morrow et al., 2005). Thus, there seems to be a link between circulating 
cytokines and fatigue in disease. Like in anorexia there could be a survival advantage 
in resting compared to foraging. This is supported by the finding that sleep promotes 
survival during bacterial infections (Toth et al., 1993).
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Fever
Normal body temperature is 36.8° C +/- 0.4° C when measured orally. It fluctuates 
during the day; the upper normal limit in the morning has been suggested to be 37.2 
and in the evening 37.7° C (Mackowiak et al., 1992). Hyperthermia is a term 
describing an elevation of body temperature above the normal range. Its opposite is 
hypothermia. Hyperthermia can be caused by excess external heat or increased internal 
heat production. Examples of factors increasing internal heat production are exercise, 
drugs and fever. Fever is an adaptive response to infection and represents the change 
of the temperature set point to a new, higher level. Recently the mechanisms 
underlying fever have received much attention and many of its components have been 
elucidated (Engblom et al., 2003; Lazarus, 2006).

The brain region believed to be crucial in changing the temperature set point is the 
preoptic area of the anterior hypothalamus (Scammell et al., 1996; Scammell et al., 
1998). The pathway that leads to the activation of this area could be any of the above-
mentioned, but it is understood that PGE2 plays an decisive role, since animals lacking 
microsomal prostaglandin E synthase-1, one of the enzymes involved in synthesising 
PGE2, do not develop fever after LPS or cytokine challenge (Engblom et al., 2003; 
Saha et al., 2005). After the set point has been elevated the body tries to increase its 
temperature. This can be accomplished in a variety of ways: behavioural adaptations 
like seeking a warmer environment, internal heat production such as increased brown 
fat utilization, muscle shivering, and vasoconstriction. 

Anorexia
Loss of appetite is a hallmark of disease displayed in many conditions, such as 
infection, cancer and organ failure. Anorectic behaviour is an active defence strategy 
and lowered energy intake during an infection seems to have a positive survival value 
(Exton, 1997). Animals starved 72 hours before inoculation with Listeria 
monocytogenes had a 5 % mortality rate compared to the 95 % mortality observed in 
the ad libitum fed mice (Wing and Young, 1980; Exton, 1997). Further, it has been 
found that macrophage and general immune function is enhanced by starvation (Wing 
et al., 1983a; Wing et al., 1983b). Even after the debut of symptoms, lowered food 
intake seems to have a protective effect, since infected force-fed animals have a higher 
mortality rate than their anorectic counterparts (Murray and Murray, 1979). The reason 
for the increased survival value of anorexia in disease seems to be that the pathogens 
are deprived of nutritious elements, while at the same time they are challenged by the 
immune system. In line with this idea, endotoxin has been shown to decrease plasma 
iron levels about five-fold (Emody et al., 1974; Blatteis et al., 1981; Tegowska and 
Wasilewska, 1992) and bacterial growth rate at febrile temperatures was found to be 
significantly lowered in an iron-deficient environment (Kluger and Rothenburg, 1979). 
Further, when iron was administered to infected animals, mortality increased (Grieger 
and Kluger, 1978). Another proposed advantage of anorexia concerns channelling 
energy to the immune system. This means that other organs such as the gastro-
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intestinal system and locomotive apparatus have to utilize less energy, resulting in 
increased resting periods. Anorectic behaviour thus seems to be an excellent defence 
mechanism during limited disease episodes. However, if the disease becomes chronic, 
the lowered food-intake could contribute to increased co-morbidity leading to more 
suffering and decreased survival for the afflicted individual (Dewys et al., 1980; 
Ravasco et al., 2004). This is a frequent development in malignant cancer, AIDS, 
tuberculosis and chronic organ failure, and is called cachexia (Tisdale, 2001; Morley et 
al., 2006). The cachetic syndrome encompasses increased metabolism, involuntary 
weight loss and sometimes anorexia. 

Much is known about the underlying cause of disease-associated anorexia, but its 
precise mechanisms still remains to be clarified. Intravenous or intraperitoneal 
administration of LPS is an often used model for disease-associated anorexia, since 
LPS is a potent anorectic stimulus that significantly decreases food intake three to four 
hours after injection (Porter et al., 1998a; Porter et al., 1998c). The anorectic effect of 
LPS seems to be independent of the vagus nerve (Porter et al., 1998c) and the delayed 
onset of anorexia after injection indicates that intermediate messengers, such as 
cytokines, are synthesised. As previously mentioned, LPS is a potent inducer of a 
number of cytokines, e.g., IL-1, IL-6 and TNF-α, all of which can induce anorexia 
synergistically (Yang et al., 1994; Brebner et al., 2000). Another model of disease-
associated anorexia is the induction of a sterile local abscess, a procedure that also 
reduces food intake and body weight via cytokines (Oldenburg et al., 1993; Leon et al., 
1996). In this model, administration of antibodies against IL-1 or IL-6 significantly 
reduce the anorexia and cachexia induced by the abscess (Oldenburg et al., 1993), and 
animals with either their IL-6 gene or their IL-1RI gene deleted fail to display anorexia 
after the induction of a turpentine abscess but not after influenza virus- or LPS-
challenge (Leon et al., 1996; Kozak et al., 1997). These findings suggest that an intact 
cytokine signalling system is required for an adequate anorectic response to local 
inflammation, whereas there is more redundancy in the response to systemic immune 
challenge.

Appetite in disease 
As first described by Craig (1918), the acquisition of food and ingestion of food can be 
divided into two components, the appetitive and consummatory phases. Appetitive 
behaviour is the foraging activities involved in obtaining food, whereas consummatory 
behaviour is the actual consumption of food, i.e. swallowing and chewing (Grill and 
Norgren, 1978; Ammar et al., 2000; Cross-Mellor et al., 2003). A direct way to 
measure consummatory behaviour is through the implantation of an intraoral cannula 
(Grill and Norgren, 1978; Ammar et al., 2000). When given a palatable solution via 
the cannula, animals can choose to either ingest the solution or to let it drip passively 
from the mouth. Conversely, a way to measure appetitive behaviour is to introduce a 
bottle in the cage, empty, or filled with a palatable solution and record the number of 
visits to the bottle by the animal (Ammar et al., 2000). This method allows a precise 
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evaluation of the effects of substances that affect food intake such as neuropeptide Y, 
leptin and cholecystokinin (CCK) (Ammar et al., 2000; Ammar et al., 2005). Similarly 
this method can be used to study the effects of immune activating or aversive 
substances. Animals with an implanted oral cannula decrease their consumption after 
an intraperitoneal injection of LiCl whereas their consumption of orally presented 
liquid is unaffected by intraperitoneal injection of LPS (Cross-Mellor et al., 2003). 
However, in the same study it was shown that both intraperitoneal LiCl and LPS 
decreased the voluntary consumption of a palatable liquid available in a bottle in their 
home cage. This indicates that an aversive substance like LiCl affects both 
consummatory and appetitive behaviour whereas an immune stimulating substance 
like LPS only affects appetitive behaviour. On a general level, the effect of LiCl could 
be interpreted as a defence mechanism against consuming substances associated with 
visceral malaise whereas the effect of LPS could be interpreted as a mechanism to 
conserve energy when ill. Food intake can also be described in terms of meal 
frequency and meal size forming a pattern of food consumption (Davies, 1977; Geary 
and Schwartz, 2005). In a laboratory environment, meal frequency describes how often 
the animal goes to the food dispenser to acquire food, whereas meal size defines how 
much the animal eats while at the food-dispenser. An anorectic stimulus can affect 
either meal size, meal frequency or both. Analyses of the anorectic effect of LPS have 
suggested that it affects meal frequency and not meal size (Porter et al., 1998a; Geary 
et al., 2004), which is in line with the above mentioned studies of appetitive and 
consummatory behaviour. This is in contrast to most satiating hormones which mainly 
affect meal size and not meal frequency (Asarian and Langhans, 2005). The precise 
mechanisms behind the LPS-induced reduction in appetitive behaviour and meal 
frequency remain to be elucidated. Recently, the peptide hormone ghrelin has been 
implicated in regulating meal frequency. Ghrelin is released from endocrine cells in 
the stomach, it potently stimulates feeding, and has been suggested to be a meal 
initiation signal (Wren et al., 2000; Tolle et al., 2002; Basa et al., 2003). After LPS 
administration, plasma levels of ghrelin are decreased (Basa et al., 2003). Thus, the 
LPS effect on ghrelin could be a mechanism for affecting meal frequency.

Aversion
All organisms need to feed in order to survive. However, when feeding, we expose 
ourselves to the risk of ingesting something toxic and potentially lethal. In order to 
minimise the risks of eating, we have developed several protective measures. The first 
is smell. Food with a repulsive odour is avoided. The second is taste. We are unwilling 
to swallow something that tastes bad. Unfortunately there are toxic substances with a 
neutral, or even a pleasant smell and taste. As a consequence, it is unavoidable that an 
organism sometimes happen to ingest something harmful. Therefore, many organisms 
have developed a mechanism to couple the taste and/or smell of a substance with 
experienced negative consequences after ingestion of that substance. This associative 
learning is called conditioned taste aversion (CTA) or conditioned food aversion 
(CFA) and it helps to avoid future harm from a substance that previously has proven to 
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be harmful. CFA and CTA share many characteristics and CTA is often considered to 
be a form of CFA (Scalera, 2002). The memory produced by CTA or CFA is so strong 
that in many cases the mere thought of the provoking substance can induce nausea and 
discomfort. The CTA memory does not have to be conscious, i.e., we may not be 
aware of the event that created the CTA (Bermudez-Rattoni et al., 1988). In 
experimental settings CTA can be elicited through pairing a palatable substance, e.g. 
saccharin or sweetened milk, with a toxic or discomforting substance, e.g. LiCl or 
apomorphine. The palatable substance is called the conditioned stimulus and the 
aversive substance the unconditioned stimulus. In aversive conditioning, the retention 
of the inducing event is very strong and CTA can be elicited for a very long time after 
the initial exposure (Balcom et al., 1981). The mechanism of learning in CTA is 
potent. Often one trial is enough, even when there is a delay between conditioned 
stimulus and unconditioned stimulus of minutes to hours (Bernstein, 1999). CTA 
acquisition is rapid if the food is novel but slower if an animal has had a prior safe 
exposure (Revusky and Bedarf, 1967). It can be assumed that the capacity of CTA is 
of survival value since it has been retained throughout phylogeny (Wright et al., 1992; 
Scalera, 2002; Zhang et al., 2005). Hence, there are similarities between humans and 
rodents in CTA learning. In both species it suffices with a single trial and there can be 
a long delay between the conditioned stimulus and the unconditioned stimulus 
(Bernstein, 1999). An interesting aspect of the study of aversion is that it brings 
knowledge about how the internal environment of the organism can affect behaviour 
and vice versa (Garcia et al., 1974). 

Aversion in disease 
Many cancer patients undergoing radio- or chemotherapy report aversion and loss of 
appetite (Mattes et al., 1992; Jacobsen et al., 1993). Food aversions during  
chemotherapy are more often directed towards proteins than carbohydrates (Midkiff 
and Bernstein, 1985). A possible explanation to this difference could perhaps be found 
on a pathophysiological level; a protein-rich diet is coupled to increased bacterial 
translocation and decreased survival in sepsis (Nelson et al., 1996). Thus there is a 
survival value coupled to avoiding proteins during sepsis and perhaps this is relevant 
in other diseases as well. 

Studies in rats have shown that the tumour itself may induce CTA to the chow 
administered to rats during tumour development. When given a different diet, the rats 
ate more (Bernstein and Sigmundi, 1980). In contrast, anorexia after LPS challenge 
does not seem to involve aversive mechanisms. LPS-stimulated rats decreased their 
operant responding for food and consumption of palatable liquid presented in bottles. 
However, if liquid was presented in their mouths through an intraoral cannula, there 
was no difference in the amount ingested between LPS-injected and saline treated 
control animals. In contrast, animals given LiCl significantly reduced their intake of 
intraorally administered liquid (Bret-Dibat and Dantzer, 2000; Cross-Mellor et al., 
2003).
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LiCl as a model for aversion 
LiCl is a toxic salt commonly used as the unconditioned stimulus in many CTA 
paradigms. Even though its taste is similar to NaCl and considered palatable, rats will 
avoid lithium if they have consumed it before (Nachman, 1963). Intraperitoneal 
injection of LiCl causes profound visceral illness and provokes clay-eating in non-
emetic species like rats (Mitchell et al., 1977; Seeley et al., 2000; Andrews and Horn, 
2006). So far, it is not known exactly how LiCl induces CTA. However there are 
circumstantial clues; LiCl provokes elevated plasma levels of ACTH and 
corticosterone (Smotherman, 1985). The HPA-axis seems to be important for CTA 
learning, since blockade of HPA-activation through adrenalectomy impairs acquisition 
of LiCl-induced CTA (Peeters and Broekkamp, 1994). The acquisition and retention of 
CTA involve memory processes. A transcription factor implicated in neuronal 
plasticity and memory formation is cAMP response element-binding protein (CREB). 
Earlier studies have shown that LiCl can induce phosphorylation of CREB in the 
amygdala and insular cortex (Swank, 2000) and it has been demonstrated that LiCl-
induced CTA is dependent on CREB activity in the amygdala since local inhibition of 
CREB activity in the amygdala impaired long-term CTA memory (Lamprecht et al., 
1997).

Pain 
Pain is an unpleasant feeling associated with imminent or de facto tissue damage. It is 
a multi facetted entity encompassing the registration of noxious stimuli by peripheral 
nociceptors and the cognitive emotion of pain (Basbaum and Jessell, 2000). Lately it 
has been suggested that pain afferent pathways constitute an important part of the 
autonomic system’s ability to maintain homeostasis (Craig, 2003b). Tissue damage 
threatens homeostasis and thus our health, therefore painful stimuli results in 
behavioural and autonomic adaptations such as removing our hand from the object that 
caused pain and adjusting heart and respiratory rate to ensure adequate supply of 
nutrients to the damaged region (Craig, 2003a; Craig, 2003b). The sensory nerves that 
are responsible for the registration of ongoing or imminent tissue damage are small 
diameter myelinated Aδ-fibers or unmyelinated C-fibers with their cell bodies located 
in the dorsal root ganglia. Their afferent axons terminate in lamina I of the spinal 
dorsal horn where they synapse on ascending projection neurons. Lamina I is the 
major recipient of afferent sympathetic information about peripheral tissue status, 
where tissue integrity is but one component. The corresponding afferent 
parasympathetic information terminates in the nucleus of the solitary tract (Craig, 
2003b). The ascending lamina I afferents project to brain stem and mesencephalic 
areas important in homeostatic regulation, such as the catecholaminergic cell groups, 
parabrachial nucleus and periaqueductal gray (the mesencephalic autonomic motor 
nucleus) (Wiberg and Blomqvist, 1984; Wiberg et al., 1987; Blomqvist et al., 1989; 
Craig, 1995; Andrew et al., 2003). In most mammals the parabrachial nucleus is the 
main termination site for spinal lamina I afferents (Wiberg and Blomqvist, 1984; 
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Cechetto et al., 1985; Craig, 1995). The PB integrates autonomic information and 
forwards it to the PAG, limbic structures, the thalamus and hypothalamus and the 
insular cortex (Saper and Loewy, 1980; Fulwiler and Saper, 1984; Cechetto and Saper, 
1987). In primates there are also direct thalamo-cortical projections from the brain 
stem and the spinal cord, allowing cortical re-representation of visceral information. 
This re-representation is thought to underlie the ability to have emotions and an 
appreciation of one-self as a feeling organism (Craig, 2003a). 

Central nervous structures studied in this thesis 

Amygdala 
Since its first description by Burdach as an almond shaped structure deep in the 
temporal cortex (Burdach, 1819–1822), the amygdala has received much attention due 
to its role in modulating behaviour. Later, the amygdala was suggested to be divided in 
a phylogenetically older central and medial part and a more recent cortical, basal and 
lateral part (Johnston, 1923). Recently, Swanson and Petrovich (1998) have described 
the amygdala as a heterogenous region, consisting of an extension of the striatum on 
the one hand (central and medial nuclei, anterior area), and of the caudal olfactory 
cortex and the claustrum (lateral, basal and posterior nuclei) on the other hand. The 
amygdala receives input from all sensory modalities as well as visceral input. The 
olfactory, gustatory and visceral inputs are direct, whereas information from the other 
modalities are relayed via cortical or thalamic structures (Swanson and Petrovich, 
1998; Price, 2003). The output from the amygdala stems either from its central or 
basolateral part. The central amygdala sends projections mainly to the hypothalamus, 
midbrain and the brain stem. The basolateral amygdala projects to insular and 
orbitofrontal cortical areas. The former projection is thus involved in affecting basal 
autonomic functions, whereas the latter projection is involved in visceral and 
autonomic modulation of mood, reward and behaviour (Swanson and Petrovich, 1998; 
Price, 2003). Early work by Brown and Schäfer (1888) pointed to an important role for 
the temporal lobe regarding behaviour. Monkeys with their temporal lobes removed 
displayed increased appetite and loss of fear. Similar findings were later described by 
Bucy and Klüver. They found that after temporal lobe lesions monkeys displayed 
visual agnosia, they compulsively put objects, even if inedible, in their mouth, they 
lacked fear or anger and they displayed indiscriminate sexual behaviour (Klüver and 
Bucy, 1937; Klüver and Bucy, 1939). These phenomena were later called the Klüver-
Bucy syndrome (Gross, 2005). In some cases the monkeys put potentially dangerous 
objects in their mouths like snakes and pieces of glass (Bucy and Klüver, 1955). 
Subsequent studies have shown that the amygdala is the temporal lobe structure crucial 
for the association of a pleasant conditioned stimulus with an unpleasant 
unconditioned stimulus (Bernstein, 1999; Everitt et al., 2003). Different parts of the 
amygdala seem occupied with different aspects of stimulus-response association. 
Lesions of the basolateral amygdala but not CeA impairs CTA and neophobia (Morris 
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et al., 1999; Rollins et al., 2001). CTA studies using different ways of administrating 
the conditioned stimulus suggest that the CeA may be more involved in classical 
pavlovian stimulus response conditioning, whereas the basolateral amygdala encodes 
the conditioned stimulus with an affective value (Everitt et al., 2003; Wilkins and 
Bernstein, 2006). Intraamygdalar circuits provide a mean to interpret different 
information about the environment and forward this information to circuits involved in 
motivational behaviour (Everitt et al., 2003).

Fig. 3. A transverse section of the right parabrachial nucleus showing a schematic representation of the 
parabrachial subnuclei.. Up is dorsal and right is lateral. 4v is the fourth ventricle, meV is the 
mesencephalic trigeminal nucleus, mtV is the mesencephalic trigeminal tract, and scp is the superior 
cerebellar peduncle. 

Parabrachial nucleus 
The parabrachial nucleus (PB) was named after its location around the brachium 
conjunctivum (superior cerebellar peduncle, SCP) in the pons (Olszewski and Baxter, 
1954; Taber, 1961). Its rostro-caudal extent in humans is about 2.2 mm and it consists 
of several subnuclei. The different subnuclei can be identified by their location, 
neuronal morphology, neuropeptide expression and projection patterns (Saper and 
Loewy, 1980; Fulwiler and Saper, 1984; Mantyh and Hunt, 1984; Block et al., 1989). 
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In rats, ten different subnuclei have been identified (Fulwiler and Saper, 1984) (Fig. 
3). The medial part of the PB is involved in the processing of gustatory information 
(Norgren and Leonard, 1973), whereas the lateral part is involved in processing 
somatosensory and visceral information (Nagai et al., 1987; Chamberlin and Saper, 
1992; Yamamoto et al., 1992; Li and Rowland, 1993; Chamberlin and Saper, 1994; 
Yamamoto et al., 1994; Saper, 1995; Hermanson and Blomqvist, 1996; Hermanson 
and Blomqvist, 1997c; Sakai and Yamamoto, 1997; Singewald and Sharp, 2000; 
Ballesteros et al., 2002). The PB receives afferent fibers from spinal and trigeminal 
lamina I neurons and the NTS (Wiberg et al., 1987; Ma and Peschanski, 1988; 
Blomqvist et al., 1989; Herbert et al., 1990; Jia et al., 1994; Feil and Herbert, 1995; 
Karimnamazi et al., 2002; Dallel et al., 2004) and it projects to the PAG, amygdala, 
thalamus, hypothalamus, and insular cortex (Saper and Loewy, 1980; Block and 
Schwartzbaum, 1983; Fulwiler and Saper, 1984; Bernard et al., 1991; Halsell, 1992; 
Bernard et al., 1993; Alden et al., 1994; Bester et al., 1999; Tkacs and Li, 1999; Krout 
and Loewy, 2000; Richard et al., 2005). The PB is reciprocally connected to the areas 
which it sends axons to (Hopkins and Holstege, 1978; Veening et al., 1984; Simerly 
and Swanson, 1988; Zardetto-Smith et al., 1988; Moga et al., 1989; Moga et al., 
1990a; Moga et al., 1990b; Sim and Joseph, 1991; Petrovich and Swanson, 1997; 
Krout et al., 1998). The projection patterns of PB are largely conserved throughout 
phylogeny, but there are some differences. In primates, there are no PB-cortical 
projections and the hypothalamic projections are more limited than in the rat. Further, 
the PB does not seem to be as important as gustatory relay in primates as in rodents. 
This is in contrast to the PB-amygdala projection that is as prominent in primates as it 
is in rodents (Pritchard et al., 2000). 

The external lateral subnucleus (PBel) 
The PBel cells are multipolar and somewhat larger and more densely packed than the 
cells of the neighbouring central lateral subnucleus. Dorsally PBel borders on the 
central lateral subnucleus (PBcl), medially it is juxtaposed to the SCP and at the 
dorsolateral tip of the peduncle it borders on the PBem. Laterally, PBel neurons 
borders on the lateral lemniscus, except in the middle part of its rostrocaudal extent 
where a distinct cell group, called the extreme lateral subnucleus can be found between 
the lemniscus and PBel. The PBel extends throughout most of the rostrocaudal 
extension of PB and it can be divided, functionally and anatomically, into an inner and 
outer part relative to the SCP. The part closest to the peduncle is called PBeli and the 
outer part is called PBelo (Fig. 3). Tracing studies have shown that PBeli receives 
input from area postrema and medial NTS and projects to zona incerta and substantia 
innominata (Fulwiler and Saper, 1984; Herbert et al., 1990). The PBelo receives input 
from the dorsomedial NTS, the outer rim of the area postrema and lamina I of the 
trigeminal spinal nucleus, and its efferent fibers project to the amygdala, and the 
preoptic, lateral and paraventricular hypothalamus. The projection to the central 
amygdala is the dominant output of the PBelo (Fulwiler and Saper, 1984; Herbert et 
al., 1990; Feil and Herbert, 1995). 
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The external medial subnucleus (PBem) 
The PBem borders dorsolaterally on the PBel and dorsomedially on the medial PB 
giving it a position at the lateral tip of the SCP and extending medially (Fig. 3). PBem 
receives input from the medial NTS, the area postrema and the paratrigeminal nucleus 
(Herbert et al., 1990; Feil and Herbert, 1995) and it projects to the parvicellular part of 
the ventral posterior thalamic nucleus (VPpc) (the “gustatory thalamus”) (Krout and 
Loewy, 2000) and insular cortex (Cechetto and Saper, 1987). 

The dorsal lateral subnucleus (PBdl) 
The PBdl is shorter in its rostrocaudal extension than the PBel, beginning rostral to the 
separation of the inferior colliculus from the pons and extending about 400 μm
caudally. Medially it borders on the internal lateral subnucleus and ventrally on the 
central lateral subnucleus (Fig. 3). Dorsally the PBdl adjoins the ventral spino-
cerebellar tract. PBdl neurons project mainly to hypothalamic nuclei with the main 
terminal field being the median preoptic nucleus. There are also less prominent 
projections to the paraventricular, ventromedial, dorsomedial and lateral hypothalamus 
as well as to the bed nucleus of the stria terminalis (Fulwiler and Saper, 1984; 
Hermanson, 1997). The bulk of the afferent fibers to the PBdl comes from lamina I in 
the spinal cord, and the PBdl is the main PB termination site for lamina I PB 
projection neurons (Blomqvist et al., 1989; Slugg and Light, 1994; Bernard et al., 
1995). There are some trigeminal fibers terminating in the PBdl as well as some input 
from the NTS and the ventrolateral medulla  (Fulwiler and Saper, 1984; Herbert et al., 
1990).

The central lateral subnucleus (PBcl) 
The PBcl is a loosely organised subnucleus with less dense concentration of neurons 
compared to the surrounding subnuclei. Its neurons are ovoid and fusiform in shape, as 
seen in Nissl-stained sections. In the horizontal plane PBcl extends from the PBel to 
the PBvl and is bordered by the PBdl dorsally and the SCP ventromedially (Fig. 3) 
(Fulwiler and Saper, 1984; Hermanson, 1997). The afferent input to the PBcl comes 
from the medial NTS, paratrigeminal nucleus, and the spinal cord (Herbert et al., 1990; 
Feil and Herbert, 1995). Its projection pattern is similar to that of PBdl, with the 
median preoptic nucleus and the bed nucleus of the stria terminalis being the principal 
targets (Fulwiler and Saper, 1984; Hermanson, 1997). 

The superior lateral subnucleus (PBsl) 
The PBsl is confined to the rostral third of the PB and partly extends rostrally to other 
subnuclei. It consists of pyramidal or multipolar neurons with a prominent nucleus. It 
is located dorsally to the PBdl (Fig. 3). PBsl receives input from superficial and deeper 
layers of the trigeminal dorsal horn and spinal cord, the PAG, and some hypothalamic 
structures (Moga et al., 1990a; Bernard et al., 1995; Feil and Herbert, 1995; Krout et 
al., 1998). It projects primarily to the ventromedial hypothalamic nucleus (Fulwiler 
and Saper, 1984; Bester et al., 1997; Hermanson et al., 1998). 
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The internal lateral subnucleus (PBil) 
The PBil is in Nissl-stained sections an easily recognisable structure situated in the 
middle third of the rostrocaudal extent of PB. It constitutes a round group of rounded 
neurons situated dorsal and lateral to the medial tip of the SCP (Fig. 3) (Fulwiler and 
Saper, 1984). The deep laminae of the dorsal horn of the spinal cord project to the 
PBil, and PBil neurons send their axons to the intralaminar thalamic nuclei (Fulwiler 
and Saper, 1984; Bernard et al., 1995; Hermanson and Blomqvist, 1997b; Bester et al., 
1999; Krout and Loewy, 2000). 

The ventral lateral subnucleus (PBvl) 
The PBvl, located along the dorsal medial side of the SCP (Fig. 3), is discernible from 
the PBcl due to its higher packing density of neurons. The PBvl is found in the caudal 
to lower middle part of the PB. PBvl receives afferent fibers from the NTS and 
projects to the lateral hypothalamic area and the zona incerta (Fulwiler and Saper, 
1984; Herbert et al., 1990). 

The medial subnucleus (PBm) 
On the medial side of the SCP, a heterogenous collection of neurons called the PBm is 
found (Fig. 3). The neurons of the PBm differ in size and morphology and they project 
mainly to the thalamus but there are minor projections to the frontal, insular and 
infralimbic cortices, amygdala, substantia innominata and zona incerta as well 
(Fulwiler and Saper, 1984). The principal input to the PBm stems from the NTS with 
some fibers also coming from the trigeminal dorsal horn. In cats and primates the PBm 
receives additional input from the dorsal horn of the spinal cord (Wiberg and 
Blomqvist, 1984; Herbert et al., 1990; Craig, 1995). 

Neuropeptides 
Neuropeptides are polypeptide molecules that are used as neurotransmittors in the 
CNS. They are capable of long or short term modulation of the postsynaptic neuron. 
After synthesis, neuropeptides are packed in dense core vesicles (DCV) and 
transported from the soma to the presynaptic boutons (Burbach et al., 2001). Thus the 
levels of neuropeptides are usually low in the soma and when one wants to study the 
site of origin of a neuropeptide it is easier to localise its mRNA than the peptide itself. 
Since there are no re-uptake mechanisms, neuropeptides must be re-synthesised once 
released into the synaptic cleft (MacArthur and Eiden, 1996). Accordingly, it has been 
shown that a  stimulus causing neuropeptide release also leads to synthesis of the same 
peptide, “stimulus-secretion-synthesis coupling” (Eiden et al., 1984). Conceivably, the 
amount of neuropeptide mRNA in a cell is dependent on at least three variables: the 
rate of synthesis, the presence of  mRNA stabilisers and the rate of mRNA 
degradation. It has been shown that Ca2+-signalling can induce mRNA stability in 
neurons (Fukuchi et al., 2004). This means that the absence of increased mRNA 
transcription after a stimulus does not mean the absence of increased mRNA 
translation. Further, many neuronal somatas are located at considerable distance from 
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the synaptic boutons and axonal transport of DCV is a relatively slow process (Brown, 
2003), therefore a synthesis “on-demand” theory cannot fully explain a neuron’s 
ability to swiftly respond to activation. In a recent study, an explanation to this 
discrepancy has been put forward (Shakiryanova et al., 2006). In this study it was 
shown that there is a constant synthesis and transportation of neuropeptide-containing 
DCV and that active boutons tap into to this flow and increase their storage. Inactive 
boutons release their stored neuropeptides into the transport system so that other, 
active, synapses may use them (Shakiryanova et al., 2006). This suggests that 
neuropeptidergic projection neurons have a constant production of mRNA and peptide 
to be capable of immediate transmitter release at the distant synapse. 

Calcitonin gene related peptide 
Calcitonin gene related peptide (CGRP) is a 37 amino acid peptide generated through 
alternative splicing of the calcitonin (CT) gene (Rosenfeld et al., 1983). In neurons, 
CT/CGRP gene activation leads to CGRP production whereas calcitonin is produced 
in, e.g., thyroid cells (Rosenfeld et al., 1983). There are two forms of CGRP, CGRP
and CGRP , differing in only one amino acid. Interestingly, the two forms are 
transcribed from two different genes (Amara et al., 1985). The two CGRP homologues 
display similar effects, making it plausible that they interact with the same receptor 
population (Juaneda et al., 2000). CGRP has 25 % sequence similarity with calcitonin 
and 50 % similarity with amylin (van Rossum et al., 1997).  

CGRP protein and mRNA can be found both in motor and sensory nuclei in the CNS 
(Kresse et al., 1995). The densest expression of both CGRP protein and mRNA is seen 
in the lateral hypothalamic area, the lateral parabrachial nucleus and in some cranial 
nerve motor nuclei (Kresse et al., 1995). 

The transcriptional regulation of CGRP has been studied in trigeminal neurons, where 
it has been shown that the CT/CGRP gene enhancer is stimulated by MAP kinases, 
such as MEK1 (Durham and Russo, 1998; Durham and Russo, 2003). Neuronal 
depolarization with subsequent calcium influx activates MAP kinases via Ras (Rosen 
et al., 1994). After activation, MAP kinases translocate to the nucleus where they 
activate transcription factors (Pang et al., 1995; Durham and Russo, 1998).  Both 
protein kinase C and cAMP can activate MAP kinase cascades (Naor et al., 2000). 
Protein kinase C has been implicated in the release of CGRP from sensory neurons and 
cAMP induces CT gene transcription via cAMP-responsive element (CRE) and CRE-
like elements (Monia et al., 1995; Barber and Vasko, 1996).

CGRP has many effects. In the vascular system it is one of the most potent peptide 
vasodilators (Brain et al., 1985). Its effect on blood vessels is antagonized by 5HT1-
agonists, such as the anti-migraine drug sumatriptan. In the CNS, CGRP activates the 
HPA-axis via corticotropin releasing hormone, stimulates sympathetic outflow, 
inhibits sex hormone secretion, inhibits feeding and causes CTA, inhibits gastric acid 
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secretion via a central mechanism, stimulates learning, memory consolidation and 
retrieval, induces heat production, and is involved in inflammatory pain and other 
homeostatic challenges (Fisher et al., 1983; Krahn et al., 1984; Krahn et al., 1986; 
Taché et al., 1991; Kovacs and Telegdy, 1992; Kovacs et al., 1995; Kovacs and 
Telegdy, 1995; Hua et al., 1996; Lutz et al., 1998; Kobayashi et al., 1999b; Kobayashi 
et al., 1999a; Li et al., 2004a; Han et al., 2005). Thus CGRP exerts a wide array of 
effects associated with sympathetic signalling.

CGRP synthesis and release can be modulated by, e.g., prostaglandins, opioids and 
cytokines. Cyclooxygenase inhibitors can reduce CGRP immunoreactivity in dorsal 
root ganglion cells (Ma and Eisenach, 2003), morphine inhibits the release of CGRP in 
the spinal cord (Ballet et al., 1998), and TNF-α stimulates CGRP expression and 
secretion from trigeminal neurons (Bowen et al., 2006). The PBel subnucleus is one of 
the brain stem areas with the highest CGRP expression (Kresse et al., 1995; van 
Rossum et al., 1997). In addition, the PBel also expresses prostaglandin E2- and μ-
opioid-receptors and is activated by immune stimuli (Chamberlin et al., 1999; 
Engblom et al., 2001). 

Classification and sequencing of putative CGRP receptors have been surprisingly 
difficult although pharmacological studies have suggested that there are at least two 
receptors, CGRP1-R and CGRP2-R (Juaneda et al., 2000). During the past decade, 
evidence has accumulated that the active CGRP receptor consists of three interacting 
proteins that together form the receptor complex: calcitonin receptor-like receptor 
(CRLR) that interacts with its two accessories, receptor component protein (RCP) and  
receptor activity-modifying protein 1 (RAMP1) (Evans et al., 2000). RCP is important 
for activating intracellular signalling pathways after ligand binding (Luebke et al., 
1996; Evans et al., 2000) and RAMP1 together with CRLR forms the CGRP binding 
complex. If CRLR interacts with RAMP2 instead, the receptor complex becomes 
specific for another cleavage product of the CGRP-gene, adrenomedullin (McLatchie 
et al., 1998).

Enkephalins 
Endogenous opioids are natural ligands for opiate receptors. There are several groups 
of opioids, the most studied being enkephalins, dynorphin and β-endorphin. The two 
enkephalins, met- and leu-enkephalin were first described in 1975 (Hughes et al., 
1975), and it was later discovered that they also were derived from the same precursor, 
preproenkephalin (ppENK) (Comb et al., 1982; Gubler et al., 1982; Noda et al., 1982a; 
Noda et al., 1982b). Met- and leu-enkephalin are short neuropeptides, only five amino 
acids in length that differ in only one amino acid (Comb et al., 1982). There are 
several other cleavage products from proenkephalin, among which enkelytin is worth 
mentioning. Enkelytin has potent bactericidal activity and its gene sequence is highly 
conserved throughout evolution. Invertebrate and mammalian enkelytin share 98 % 
sequence homology. It has been suggested that the proenkephalin gene evolved as a 
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defence against microbes and that the noxious sensation of invading pathogens was the 
seed of the emotion pain. Along this line of reasoning, the analgesic peptide 
enkephalin may have evolved in parallel with enkelytin to stop us from being crippled 
of pain and unable to respond when threatened (Stefano et al., 2005). Indeed, opioids 
seem to be able to modulate the immune-response (Buller et al., 2005). 

Transcription of ppENK can be initiated via the ENKCRE2 promoter which is 
sufficient for basal and inducible ppENK transcription (Kobierski et al., 1991). The 
ENKCRE2 promoter contains binding sites for CRE and AP-1 transcription factors 
(Comb et al., 1988) and ppENK transcription is preceded  by c-fos, c-jun and junB 
gene upregulation (Bacher et al., 1996). The regulation of  the ppENK gene by either 
CREB or AP-1 seems to be stimulus and tissue specific (Bacher et al., 1996; Kobierski 
et al., 1999; Hahm et al., 2003). In the CNS, morphological studies have implicated 
both CREB and c-fos in ppENK transcription (Hermanson and Blomqvist, 1997a; 
Engström et al., 2003). 

The densest expression of ppENK mRNA in the brain stem is in the PB (Harlan et al., 
1987), where it can be found in the PBil, PBvl and PBel subnuclei (Hermanson and 
Blomqvist, 1997b). Enkephalin binds to δ- and μ- opioid receptors (Waldhoer et al., 
2004). PBel neurons also heavily express μ-opioid receptors and many of the μ-opioid 
receptor expressing neurons project to the amygdala (Chamberlin et al., 1999). 
Activation of parabrachial μ- opioid receptor results in increased feeding and chronic 
food restriction results in decreased μ-opioid receptor binding in the PBel and PBem 
(Wolinsky et al., 1996; Wilson et al., 2003). 

Melanocortins 
Melanocortins are a family of peptides that bind to the melanocortin receptors (MC-
R). There are five MC-Rs discovered so far. MC1-R is expressed on melanocytes and 
is involved in regulating the production of melanin, the pigment that determines skin 
colour. MC2-R is expressed in the adrenal cortex and controls the secretion of 
glucocorticoids. MC3 and 4-R are expressed in the CNS and are involved in appetite 
and metabolic control. MC5-R is implicated in the regulation of secretion from 
exocrine glands (Tatro, 1996; Balthasar et al., 2005). The melanocortin receptors are 
G-protein-coupled receptors that increase cAMP and intracellular calcium upon 
activation (Gantz et al., 1993; Mountjoy et al., 2001). Further, MC4-R activation also 
leads to MAP kinase activation through inositol triphosphate signalling (Daniels et al., 
2003; Vongs et al., 2004). Activated MAP kinases can then lead to altered gene 
regulation (Pearson et al., 2001). The melanocortins derive from a precursor molecule, 
proopiomelanocortin (POMC). Cleavage of POMC yields melanocortins or β-
endorphins. The melanocortins are ACTH and α-, β- or γ-melanocyte stimulating 
hormone (α-, β-, γ-MSH) (Cone, 2005). All melanocortins are agonists to the MC-R. 
There is also a natural antagonist, agouti related peptide (AgRP) (Wilson et al., 1999).
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Recently there has been focus on the cerebral MC3 and 4 receptors due to their impact 
on appetite and metabolic signalling (Hagan et al., 1999; Marks et al., 2003; Balthasar 
et al., 2004; Balthasar et al., 2005). Activation of CNS melanocortin receptors 
decreases appetite and MC4-R knockouts display obesity, hyperinsulinemia and 
hyperphagia (Huszar et al., 1997). The hormone leptin, which is produced by the 
adipose tissue and signals the size of fat depots to the CNS, activates arcuate POMC 
neurons and MC4-R expressing cells in the hypothalamus (Balthasar et al., 2004). 
MC4-R are widely expressed in the brain and they can be found in many regions 
involved in metabolic and appetite control like the paraventricular and ventromedial 
hypothalamus (Kishi et al., 2003). POMC, the ligand precursor, is only expressed in 
the arcuate nucleus and the NTS, whereas AgRP is only expressed in the arcuate 
nucleus. However, even if their cell bodies are confined to a few nuclei, α-MSH and 
AgRP positive fibers can be found in many areas of the CNS (Palkovits et al., 1987; 
Joseph and Michael, 1988; Broberger et al., 1998; Bagnol et al., 1999; Fekete et al., 
2000). Mostly AgRP and POMC fibers follow suit (Bagnol et al., 1999). There are few 
studies on the origin of brain stem α-MSH fibers but the available evidence suggests 
that half of them derive from the hypothalamus and the other half from the NTS 
(Joseph and Michael, 1988; Cone, 2005). So far, the hypothalamic melanocortin 
pathways have been most studied, and it is clear that melanocortins play an important 
role in the hypothalamus as regulators of metabolism and food intake (Cone, 2005). 
There is much less data on the role of melanocortins in the brain stem. The brain stem 
is important in the short term regulation of food intake and satiety but does seem to 
lack the capability to respond adequately to long term food-deprivation (Grill and 
Kaplan, 2002). The forebrain on the other hand is capable of responding to the 
availability of energy resources over time, but in order to accomplish this, it seems to 
be dependent on brain stem input (Grill and Kaplan, 2002). Thus, the activation of 
brain stem melanocortin receptors is sufficient to decrease food intake (Grill et al., 
1998) and MC4-R are expressed in important brain stem autonomic nuclei such as the 
NTS and PB (Kishi et al., 2003). Further, NTS POMC neurons are involved in 
mediating CCK-induced satiety, and brain stem MC4-Rs are important in mediating 
the deceased food intake seen after the intraperitoneal injection of CCK (Fan et al., 
2004). However, there has been no anatomical studies on the influence of the 
melanocortin system on brain stem areas activated after immune and aversive 
stimulation.
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AIMS

In order to extend our knowledge about how the CNS response to disease is organised 
this thesis investigates how the CNS process visceral and peripheral sensory 
information focusing on one of the key structures, the parabrachial nucleus.

Specific aims 
• To analyse the activation pattern in the parabrachial nucleus after systemic 

injection of LPS and LiCl. 

• To analyse if parabrachial neurons activated by nociceptive and inflammatory 
stimuli project to the amygdala. 

• To investigate if neurons activated by LPS or LiCl express neuropeptides or 
receptors implicated in the regulation of food-intake and/or metabolism. 



40



41

METHODS

Animals used 
All animals used were adult male Sprague-Dawley rats (200-300g) (B & K Universal, 
Sollentuna, Sweden) housed in cages with food and water freely available. All experi-
mental procedures were approved by the Linköping Animal Care and Use Committee. 
.

Intravenous injection of LPS (paper I-IV) 
To minimize animal stress when administering LPS, rats were implanted with siliastic 
catheters in the jugular vein during general anaesthesia. The catheters were 
exteriorized in the neck, covered with a metal spring, attached to the cage roof and 
plugged with silicone. Finally, a counter-weight was attached to the free end of the 
catheter. This arrangement permitted the rats to move freely in their cage without 
damaging the catheter. Two days after surgery, the animals  were given an intravenous 
dose of LPS extracted from Escherichia coli (serotype 0127:B8, Sigma 25–100 μg/kg 
body weight) diluted in 0.9% pyrogene-free saline to a volume of 0.3 ml, followed by 
a 0.1 ml flush of saline. Control animals were given saline only (0.4 ml). This time 
point was chosen because it permitted the animals to recover from surgery, while 
avoiding the hazard of infectious agents entering via the i.v. catheter, which may occur 
if the catheter is left in place for a longer period of time. Two hours after injection, the 
rats were deeply anesthetized with an intravenous injection of sodium pentobarbital 
(100 mg/kg) and perfused transcardially with 100–150 ml of saline followed by 800 
ml of 4 % paraformaldehyde in phosphate buffered saline  (PBS, 0.1 M, pH 7.4).  

Intraperitoneal injection of LiCl (paper IV) 
Animals destined for intraperitoneal injection were handled daily a week before the 
injection to minimize animal stress during the injection. On the experimental day 
animals were injected either with LiCl (8 ml/kg body weight; 0.15 M) or an equal 
volume of saline. Ninety minutes after the injection the rats were deeply anesthetized 
with an intraperitoneal injection of sodium pentobarbital (100 mg/kg) and perfused 
transcardially as described above. 

Subcutaneous  injection of formalin  (paper III) 
Rats destined for nociceptive challenge were gently handled on a regular basis. On the 
experimental day, the animals were individually removed from their cages and 
immobilized by manual restraint. A volume of 100 μl 1.85 % paraformaldehyde in   
0.9 % NaCl was injected subcutaneously in the plantar surface of the right hind paw. 
The rats were returned to their home cages and their behaviour was grossly monitored 
during the following minutes. Control rats were handled similarly and received a 
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subcutaneous insertion of an empty needle in the plantar surface of the right hind paw. 
All rats were killed in a CO2 chamber 60-90 minutes after injection and perfused by 
transcardially as described above. 

Time points  
The survival periods were chosen, to represent the time-points at which Fos-expression 
is most pronounced in the brain after LPS, LiCl or formalin administration (Yamamoto 
et al., 1992; Elmquist et al., 1996; Hermanson and Blomqvist, 1996; Spencer and 
Houpt, 2001) 

Retrograde tracing combined with nociceptive or inflammatory stimuli  (paper 
III)
Rats were anesthetized by intraperitoneal injection (0.8-2.0 ml per rat) of a 
combination of xylazine (2 mg/ml) and ketamine (40 mg/ml). The hair of the scalp 
was clipped and each rat was placed in a stereotaxic frame. A sagittal, midline incision 
was made through the scalp, which was then retracted. A hole was drilled in the 
cranium and the dura mater was incised so as to expose the surface of the brain at the 
level of the left amygdala. A glass micropipette (outer diameter 20-50 μm) was 
introduced into the telencephalon and lowered to the desired depth. A 1% solution of 
cholera toxin-b (CTb) (Sigma, St. Louis, MO) diluted in 0.5 M Tris-HCl (pH 7.5) 
containing 2 M NaCl, 0.03 M NaN3, and 0.01 M EDTA was pressure-injected (0.1-0.3 
μl) into the left amygdala through this device. The micropipette was withdrawn 5 
minutes after the end of injection and the scalp was sutured. The rats were returned to 
clean cages and allowed to recover for a minimum of 48 hours before either 
nociceptive challenge or vascular cannulation and consequent intravenous injection of 
lipopolysaccharide.

Histology
After perfusion the cranium was opened and the brain removed. Each brain was 
immersed in fixative for 2-3 hours at 4 °C and subsequently cryoprotected by 
overnight immersion in 30 % sucrose in 10 mM PBS at 4 °C. Brains destined for in 
situ hybridisation (ISH) were cryoprotected using sterile PBS and sucrose. Serial, 
coronal sections were cut on a freezing microtome. Sections destined for 
immunohistochemistry were collected in five series in cryoprotectant (5 mM PBS,    
30 % ethylene glycol, and 20 % glycerol) and stored at –20 °C; the cryoprotectant was 
sterile if sections were destined for combined immunohistochemistry-ISH labelling. 
Sections destined for dual-ISH were stored in 4 % paraformaldehyde at 4 °C. 
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Double-labelling immunohistochemistry (paper III) 
Immunohistochemistry was performed at room temperature on free-floating sections. 
To permit comparisons across the treatment groups, sections from different animals 
were processed simultaneously. In addition, a standardized protocol was strictly 
adhered to. Unless otherwise specified, 10 mM PBS was used to dilute reagents and to 
wash sections between steps. Endogenous peroxidases were blocked with 0.3 % H2O2.
Subsequently, sections were incubated overnight with primary antibodies directed 
against Fos (rabbit anti-Fos antibody; Santa Cruz Biotechnology, Santa Cruz, CA; 
diluted 1:6,000) and CTb (goat anti-CTb antibody; List Biological Laboratories, 
Campbell, CA; diluted 1:10,000) with 1 % bovine serum albumin (BSA; Sigma), 
followed by secondary antibody incubation. For the visualization of anti-Fos 
antibodies sections were incubated with rabbit peroxidase antiperoxidase complex 
(Dako, 1:150) with 1 % BSA, followed by 0.02 % 3,3´diaminobenzidine (Sigma), 2.5 
% ammonium nickel sulfate, and 0.01 % H2O2 in NaAc. Subsequently, anti-CTb 
antibodies were visualized by incubation with avidin-biotin complex (Vectastain ABC 
kit; Vector Laboratories, Burlingame, CA; 1:2,000), followed by 0.02 % 3,3´diamino-
benzidine and 0.01 % H2O2 in tris buffer. Sections were mounted onto glass slides, air-
dried overnight, dehydrated in 100 % ethanol, defatted in xylene, mounted in DPX 
(VWR International, Stockholm, Sweden), and coverslipped. Adjacent sections were 
stained with thionin. 

Dual-labelling in situ-hybridization (paper II and IV) 
Dual labelling in situ hybridization was performed as previously described (Engblom 
et al., 2001; Engström et al., 2003). Sections were mounted on sterile slides  and dried 
overnight. The slides were post-fixed in 4 % paraformaldehyde, rinsed and incubated 
for 20 min at 37 °C in 0.001 % proteinase K.. The slides were then rinsed, dehydrated 
and defatted in 100 % chloroform, rehydrated in ethanol and air dried. Hybridization 
was performed under coverslips in a hybridization chamber at 60 °C for 20 hours. 
Probe concentrations used were 1:1000 or 1:2000 for the digoxigenin-labelled probe 
and 107 cpm/ml for the radio-labelled probe. The MC4-R probe was labelled with [α-
35S]-UTP (New England Nuclear, Boston, MA) whereas the CGRP-probe was labelled 
either with [α-35S]-UTP (paper II) or digoxigenin (paper IV). The c-fos probes were 
digoxigenin-labelled. Specificity of the c-fos, MC4-R and CGRP probes was shown by 
comparing their labelling pattern with earlier data (Rosenfeld et al., 1983; Amara et 
al., 1985; Mountjoy et al., 1994; Paues et al., 2001; Kishi et al., 2003). The specificity 
of the c-fos expression after LPS and LiCl was determined by comparing the obtained 
results with previous data on the distribution of c-fos mRNA and FOS protein, 
respectively, after immune and aversive stimuli and by the absence of expression in 
PB in naïve animals (Yamamoto et al., 1992; Elmquist et al., 1996; Swank, 1999; 
Paues et al., 2001).
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Following hybridization the slides were soaked in standard saline citrate buffer (SSC; 
pH 7.0), after which the coverslips were removed. Subsequently the slides were rinsed, 
incubated in 0.002 % RNase A, rinsed in decreasing concentrations of SSC, subjected 
to a stringency bath heated to 73 °C in 0.1X SSC, and finally rinsed and air dried. For 
immunohistochemical detection of the digoxigenin-labelled probe, slides were first 
immersed in blocking buffer for 2 h at room temperature. They were then rinsed and 
incubated in anti-digoxigenin Fab fragments coupled to alkaline phosphatase (Roche, 
Mannheim, Germany) diluted 1:5000. After rinsing the sections were developed in 4-
nitro blue tetrazolium chloride (100 mg/ml; Roche), 5-bromo-4-chloro-3-indolyl-
phosphate (50 mg/ml; Roche), and levimasole (0.25 mg/ml; Sigma). Following new 
rinsing, the slides were dipped quickly in 70 % ethanol and air dried. In order to avoid 
darkening of the sections induced by the emulsion or the developer, slides were dipped 
twice in 2 % collodion/isoamyl acetate solution (Electron Microscopy Sciences, Fort 
Washington, PA), after which they were allowed to dry for 48 h before being dipped in 
photographic emulsion (Kodak NTB-2; Kodak, Rochester, NY). After exposure for 2-
3 weeks the slides were developed in D-19 (Kodak), fixed, rinsed and coverslipped. 

Immunohistochemistry combined with in situ-hybridization (paper I) 
In short, sections were incubated overnight with a primary antibody directed against 
Fos (rabbit anti-Fos antibody; Santa Cruz Biotechnology, Santa Cruz, CA; diluted 
1:6,000), followed by incubation in a secondary antibody. Visualisation was made by  
rabbit peroxidase antiperoxidase complex (Dako, 1:150), followed after intervening 
washes by 0.02 % 3,3´diaminobenzidine (Sigma), 2.5 % ammonium nickel sulfate, and 
0.01 % H2O2 in NaAc. All liquids and reagents used were sterile to allow for 
subsequent mRNA detection by ISH. ISH was performed using a preproenkephalin 
riboprobe, synthesised with 33P- or 35S-labeled UTP (NEN, Boston, MA). The sections 
were hybridized for 48 h at 58 °C with a solution containing a final probe 
concentration of 1×107 cpm/ml or 1×106 cpm/ml. After posthybridization, dehydration 
and defatting, the slides were dipped in photographic emulsion (Kodak NTB2), stored 
at 4 °C for 10–14 days, developed in Kodak D-19 and coverslipped. 
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RESULTS 

Systemic immune challenge activates very few parabrachial enkephalin-
expressing neurons (paper I) 
In this paper we used immunohistochemistry against fos combined with in situ-
hybridization against ppENK mRNA after the intravenous injection of LPS. 
Intravenous injection of LPS resulted in dense fos expression that was concentrated to 
PBel. There were also some fos-labelled neurons in the PBcl, PBdl and PBvl. Control 
animals injected with saline displayed virtually no fos expression. The in situ 
hybridization revealed a strong ppENK signal particularly in the PBel. Despite the fact 
that this subnucleus displayed dense labelling for both ppENK and fos, no or few 
double-labelled cells were seen. Hence, the ppENK-expressing cells were 
predominantly localized to its inner part (PBeli), in contrast to the fos-expressing cells 
that were preferentially seen in its outer part (PBelo) (paper I, Fig. 2 and Fig. 3). 
Further, the fos-expressing neurons present in PBeli and the ppENK-expressing 
neurons seen in PBelo were also generally single-labelled, but some double-labelled 
cells were seen at the interface between the fos- and ppENK-labelled populations 
(paper I, Fig. 2). A few double-labelled neurons were also seen more peripherally in 
PBelo. Apart from the ppENK positive neurons in PBel, there were also ppENK-
expressing neurons in PBcl, PBvl, PBil and PBem PBel. Like in the PBel, very few 
ppENK-expressing cells were double-labelled in these subnuclei. 

Systemic immune challenge activates parabrachial CGRP-expressing neurons 
(paper II) 
In this paper we used dual-labelling in situ hybridization against c-fos mRNA and 
CGRP mRNA after the intravenous injection of LPS. Similar to the 
immunohistochemical data shown in paper I, the ISH resulted in many fos-labelled 
neurons in the PBelo whereas control animals displayed very little fos-labelling. In the 
stimulated animals, there were also some fos-labelled neurons in PBcl, PBdl and PBsl. 
CGRP mRNA was found to be heavily expressed in the PBelo and PBem with very 
few labelled cells in other subnuclei. Analysis of the number of double-labelled cells 
showed that a majority of the fos mRNA-expressing neurons in the PBelo also 
expressed CGRP mRNA. Although there was strong CGRP-labelling in the PBem, 
few or no CGRP positive PBem neurons were double-labelled with c-fos mRNA. 

Parabrachial amygdala-projecting neurons are activated by systemic immune 
challenge but not by nociceptive stimulation (paper III). 
Immunohistochemistry against fos after formalin injection into the hindpaw resulted in 
a large number of labelled neurons in the PBcl, PBdl and PBsl. The number of labelled 
neurons was larger on the side contralateral to the injection than on the ipsilateral side. 
Sham injected animals displayed some fos-labelled cells, mainly located to the PBcl 
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and with no side difference. Further, the total number of labelled neurons were far 
lower than in stimulated animals. Intravenous injection of LPS followed by 
immunohistochemical analysis of the fos-expression in PB revealed a similar pattern 
as in paper I and II. Thus, the densest labelling was found in the PBelo but several fos-
expressing neurons were also found in other subnuclei. Immunohistochemical staining 
after CTb injection into the amygdala revealed a large PBel population of retrogradely 
labelled neurons. CTb-positive neurons were also found in the PBcl, PBvl, PBlc, PBdl 
and PBsl whereas PBil was devoid of retrogradely labelled cells. Dual-labelling 
immunohistochemistry after CTb injection into the amygdala and subsequent formalin 
injection revealed mostly single-labelled neurons, but a small group of double-labelled 
neurons was found located to the dorsolateral corner of PBelo. In contrast, CTb 
injection into the amygdala with subsequent intravenous injection of LPS resulted in a 
large number of PB neurons expressing both fos and CTb. These double-labelled 
neurons were mainly located to the PBel. 

Parabrachial neurons expressing the melanocortin-4 receptor are activated by 
immune and aversive stimuli (paper IV). 
There was a strong expression of MC-4R mRNA in the lateral PB as shown by ISH. 
The highest number of labelled neurons was in PBelo. Dense MC4-R mRNA labelling 
was also seen in PBil and scattered cells were present in PBcl. ISH against c-fos 
mRNA after intravenous injection of LPS resulted in a similar pattern as in papers I-
III, with predominant labelling in PBelo. ISH against c-fos mRNA after intraperitoneal 
LiCl also revealed strong PBelo labelling, with less intense labelling present in PBcl 
and PBdl. Analysis of the dual-labelling ISH against MC4-R and c-fos mRNA showed 
a large proportion of double-labelled cells in the PBelo after either intravenous 
injection of LPS or intraperitoneal injection of LiCl. Very few double-labelled cells 
were found in other subnuclei after either stimulus. Dual-labelling ISH against MC4-R 
and CGRP mRNA revealed that many cells in the PBelo expressed both mRNAs, but 
virtually no double-labelled neurons were found outside this subnucleus.
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DISCUSSION

Methodological considerations 

Models that simulate acute disease symptoms 
In this thesis we have used two models to simulate general illness and one model to 
evoke tissue damage.

Both endotoxin and LiCl cause general disease symptoms. Intravenous injection of 
endotoxin gives rise to symptoms seen during an infectious disease, e.g. fever, 
anorexia and lethargy. Intraperitoneal injection of LiCl creates a sense of nausea and 
visceral discomfort. Animals injected with LiCl become restless at first, evidenced by 
increased activity and chewing on cage contents. The increased activity is gradually 
superseded by inactivity. In contrast, hindpaw injection of formalin causes local signs 
of inflammation like pain, swelling and decreased use of the affected limb, but no 
fever or other systemic symptoms. All three models activate CNS structures and have 
been used to study mechanisms behind immune-to-brain signalling (LPS), adaptive 
behaviour in disease (LPS and LiCl), or nociceptive signalling (formalin).  

A common denominator for all three disease models is that they are acute; the animals 
are killed within two hours after the stimulus. This is an advantage when studying the 
causal relationship between stimulus and response. It is more likely that an observed 
change in the CNS stems from the stimulus than from a confounding factor when 
using an acute rather than a chronic model. However, in humans, the disease 
conditions that cause most suffering in terms of unwanted weight loss, anorexia, pain 
and nausea are chronic. Therefore the ultimate goal is to find the underlying 
mechanisms behind the suffering seen in chronic diseases, like malignant tumours, 
infections and organ failure. 

Can acute models then contribute to the understanding of CNS mechanisms in chronic 
diseases? Even if they only give a snap-shot of activity evoked in the CNS, acute 
models provide a starting point for the analyses. Many of the acutely activated nuclei 
and pathways and many of the implicated neurotransmitters are likely to be involved 
also in a chronic situation. Hence acute models can be useful to map pathways 
involved in chronic disease. The typical short-term disease is caused by micro-
organisms like viruses and bacteria resulting in the common cold, flu or tonsillitis. In 
humans, such brief disease-episodes lasting a few days are quite common. Afflicted 
patients describe lethargy, anorexia and fever in addition to specific disease symptoms 
like a soar throat, running nose or muscular pain (Vollmer-Conna et al., 2004). These 
general disease symptoms can be mimicked by endotoxin injected intravenously 
(Konsman et al., 2002; Asarian and Langhans, 2005). Systemic injection of LPS 
causes fever, anorexia and lethargy in a dose-dependent manner (Givalois et al., 1994; 
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Hessle et al., 2005; Thimmulappa et al., 2006). After a single injection, symptoms 
normally subside within 12-24 hours (Langhans et al., 1990; Engblom et al., 2003).
Intravenous injection of endotoxin is known to induce the production of pro-
inflammatory cytokines and other inflammatory mediators like prostaglandins 
(Givalois et al., 1994; Bishai and Coceani, 1996). In this respect it is more 
physiological to administer LPS than a specific cytokine when one wants to study 
immune-to-brain interactions and the development of fever and anorexia. However, 
the LPS model is not identical to an infection with live bacteria or viruses since the 
duration of symptoms is different and thus also the dynamics of cytokine release 
(Givalois et al., 1994). A bolus dose of endotoxin creates a peak of circulating 
cytokines in the blood that subsequently subsides (Cannon et al., 1990; Givalois et al., 
1994). A true infection has an initial phase with increasing cytokine concentrations 
followed by a plateau and a decreasing phase. It is known from studies of sepsis that 
the inflammatory response is different in the beginning than after a few days of disease 
(Ronco et al., 2003). The different stages of immune activation is even more important 
in the quest to understand the mechanisms behind the systemic symptoms seen in 
chronic diseases like malignant cancer, chronic or long term infections like HIV and 
TBC, or auto-inflammatory diseases like rheumatoid arthritis.

Fos as a marker for neuronal activation 
Since the discovery of the oncogene c-fos as a marker for neuronal activation in the 
late 1980s (Morgan and Curran, 1989), the expression of fos protein has been used 
extensively to map brain areas activated by a wide array of stimuli (Yamamoto et al., 
1992; Ericsson et al., 1994; Bellavance and Beitz, 1996; Elmquist et al., 1996; Rocha 
and Herbert, 1996; Hermanson and Blomqvist, 1997c; Singewald and Sharp, 2000; 
Yamamoto and Sawa, 2000a; Bisler et al., 2002; Hermann et al., 2003). Fos is an 
immediate early gene (IEG) with a low basal expression that is rapidly transcribed and 
degraded after stimulation. The peak level of c-fos mRNA normally occurs 1-3 hours 
post-stimulation and the expression disappears after 4-6 hours (Kovacs, 1998). Fos 
transcription can be induced by different intracellular signalling pathways (Schiller et 
al., 2006). Upon synthesis, fos dimerizes with jun to form the activated protein-1 (AP-
1) complex. The AP-1 complex can induce or repress transcription of other genes, e.g. 
neuropeptides, by binding to a consensus sequence on a specific gene (Rauscher et al., 
1988; Kovacs, 1998). Fos protein and c-fos mRNA are readily visualised by 
immunohistochemistry or ISH, respectively, making it ideal for double-labelling 
purposes, allowing analysis of phenotype and projection patterns of activated neurons 
(Hermanson et al., 1998). However, extrapolation of fos-data to a functional-systemic 
level should be made with care since not all activated cells use fos as an IEG. Further, 
inhibited neurons do not express fos and fos transcription does not always mean 
depolarization of the neuron, only activation of intracellular signalling pathways 
(Hoffman and Lyo, 2002).
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Studying the parabrachial nucleus 
The parabrachial nucleus is an autonomic relay nucleus where afferent visceral and 
somatic sensory information is integrated and transmitted to other brain stem and 
forebrain nuclei. This means that PB neurons are easily activated by changes in, e.g., 
blood pressure and heart rate. Altered blood pressure is inherent to stressful situations. 
Any experiment involving general anaesthesia or other stress is likely to cause PB 
activation. This problem is of particular importance when studying the PBel since 
neurons in its outer part and the bordering lateral crescent area have been shown to 
react to changes in blood pressure (Chamberlin and Saper, 1992; Rocha and Herbert, 
1996). Accordingly, as described in the Methods section, great care was taken to 
minimise animal-stress. The intravenous injection model allowed injections unnoticed 
by the animals. Before intraperitoneal or hindpaw injections, animals were handled 
daily. These procedures resulted in very low background fos-labelling in control 
animals, implying that the fos-labelling seen in stimulated animals was caused by the 
stimulus and not caused by unspecific stress. 

In situ hybridization 
ISH is a technique used to analyse the presence of a specific mRNA in a specific cell. 
The technique relies on the binding of a labelled probe to a target mRNA. Excess 
probe is washed away through consecutive baths with decreasing salt concentrations 
with a final stringency bath in a heated (72-73 C), low-salt solution. The amount of 
background is dependent on the specificity of the probe, duration of the hybridization, 
salt concentrations used during post-hybridization, temperature of the stringency bath 
and length of exposure of the photographic emulsion to the tissue.  

In this thesis we used probes ranging from 167 bp (CGRP) to 2.1 kbp (fos). Shorter 
probes carry the risk of being less sensitive than longer probes, but the use of long 
probes may also result in unspecific labelling of mRNA due to sequence similarity. 
Even if the size-span of probes used was large, we saw very little background labelling 
in our experiments. This may be a result of very specific probes resulting in low cross-
labelling, the high temperature of the stringency bath, or both. However, the effort put 
in to minimise unspecific labelling may have resulted in fewer positive cells. When 
examining the number of fos-positive cells after intravenous injection of LPS, 
immunohistochemical processing with antibodies directed against fos resulted in 
considerably more cells than ISH using a digoxigenin-labelled fos-probe.  

There are also differences in sensitivity between different ISH protocols. The use of 
radioactively labelled probes with consecutive autoradiographic processing is a more 
sensitive technique than digoxigenin-labelled probes with subsequent 
immunohistochemical processing. Therefore radioactive ISH is more suitable for the 
detection of low-concentration mRNAs, such as receptor mRNA and some 
neuropeptide mRNAs.   
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Immunohistochemistry combined with in situ hybridization 
This technique allows the simultaneous detection of protein and mRNA (Hermanson et 
al., 1994). A drawback is that the immunohistochemical processing precedes the 
hybridization which may cause unwanted mRNA degradation through contamination 
with RNases, enzymes that degrade mRNA. To minimise this risk, all liquids and 
reagents used are sterilized and RNase inhibitors are added during antibody incubation 
steps.

Anorexia and aversion in disease   
Immune and aversive stimulation induced strong fos-expression in parabrachial 
neurons (paper I-IV). The most heavily activated subnucleus was the PBelo which 
represents an area where humoral as well as orofacial, gustatory and vagal information 
can be integrated. Accordingly, the PBelo is activated by other immune-activating 
compounds like IL-1, but also by orofacial nociceptive stimulation, CCK, leptin and 
dexfenfluramine, and sour and bitter taste stimuli (Li and Rowland, 1993; Ericsson et 
al., 1994; Hermanson and Blomqvist, 1997c; Elias et al., 2000; Yamamoto and Sawa, 
2000b) and paper I-IV.

A large part of the LPS-activated PBelo neurons were found to project to the amygdala 
(paper III) (see also Tkacs and Li, 1999). The PBelo-amygdala projection has 
previously been found to be CGRP-ergic (Schwaber et al., 1988). CGRP is a 
neuropeptide suggested to be involved in modulating ascending visceral information 
and it has been implicated in anorexia, aversion and nociception (Krahn et al., 1984; 
Krahn et al., 1986; Kruger et al., 1988; Yasui et al., 1989; Blomqvist et al., 2000; Han 
et al., 2005). Intracerebroventricular injection of CGRP produces both anorexia and 
CTA. Similarly, aversion has been shown to produce elevated levels of CGRP in the 
insular cortex (Yamamoto et al., 1990). We found that a majority of LPS-activated 
PBelo neurons express CGRP (paper II). This finding, and the fact that a large portion 
of CGRP expressing PBelo neurons project to the amygdala (Schwaber et al., 1988), 
that many LPS-activated PBelo neurons project to the amygdala (paper III), and that 
an aversive stimulus induces strong fos-expression in the PBelo (paper IV), suggest 
the presence of a CGRP-positive pathway from the PBelo to the amygdala that is 
activated by immune and aversive stimuli. Further, the strong expression of MC-4R 
mRNA in PBelo neurons activated by immune and aversive stimuli suggests that this 
pathway may be regulated by melanocortins (Fig. 4 and paper IV).  

The pathway leading to activation of the immune-responsive CGRP-expressing PBelo 
neurons has yet to be determined. Plausible routes are afferent input from the NTS or 
prostaglandins produced at the blood brain barrier. The NTS receives input from the 
vagus nerve and the area postrema. The vagus nerve innervates most of the viscera 
including the liver (Berthoud, 2004) and is as such ideally positioned to forward 
interoceptive information. The role of the vagus nerve in immune-to-brain signalling 
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Fig. 4. Summary of activation patterns in the parabrachial nucleus after formalin injection into the 
hindpaw (F), intravenous injection of LPS (O) or intraperitoneal injection of LiCl (L). Shaded areas 
represent expression patterns of either enkephalin or CGRP and striped areas represent the expression 
pattern of MC-4R. Up is dorsal and right is lateral. 4v is the fourth ventricle, meV is the 
mesencephalic trigeminal nucleus, mtV is the mesencephalic trigeminal tract, and scp is the superior 
cerebellar peduncle. 

has been under extensive research during the past decade (Ericsson et al., 1997; Ek et 
al., 1998; Hansen et al., 1998; Porter et al., 1998c; Borovikova et al., 2000), but as 
mentioned in the Introduction, the anorexia in disease seems not to be completely 
dependent upon vagal signalling (Porter et al., 1998c). However vagal stimulation 
increase CGRP immunostaining in the PBel (Saleh and Cechetto, 1996). The area 
postrema is activated by immune stimuli and its neurons could signal the PBelo either 
via a direct projection or via NTS (Herbert et al., 1990; Rivest and Laflamme, 1995; 
Cai et al., 1996; Elmquist et al., 1996). Prostaglandins are synthesised at the BBB in 
systemic inflammation and they have been suggested to be part of an important 
pathway across the BBB since mice lacking the ability to synthesise PGE2 during 
systemic immune challenge fail to develop fever (Ek et al., 2001; Engblom et al., 
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2003). PBelo neurons express the PGE2-receptor EP3 and these neurons are activated 
by intravenous LPS (Engblom et al., 2000; Engblom et al., 2001). A large proportion 
of EP3-expressing PBelo neurons also express CGRP (Engblom et al., 2004). PGE2-
receptors have been shown to stimulate the release of CGRP from sensory neurons 
(Jenkins et al., 2001) and splice variants of the EP3-receptor have been implicated in 
signalling pathways known to induce CGRP transcription and sensitise sensory 
neurons  (Coleman et al., 1994; Barber and Vasko, 1996; Southall and Vasko, 2001). 
Thus, there is evidence for a role of prostaglandins in activating PBelo-CGRP neurons 
in immune challenge (Fig. 5). 

The presence of melanocortin receptors in the PBelo suggests additional mechanisms 
by which these neurons may be involved in the regulation of anorexic and aversive 
behaviours in disease (Fig. 4 and 5). The importance of melanocortin receptors and 
their ligands in energy homeostasis is well established (Cone, 2005). In paper IV we 
found that a large part of  LPS-activated PBelo neurons also express MC4-R mRNA 
(paper IV). This fits well into what is known about the melanocortin system in 
immune-activation and the role of brain stem melanocortin receptors. Thus, the 
melanocortin agonist α-MSH potentiates and the non-specific MC3/4 receptor anta-
gonist SHU9119 diminishes LPS-induced anorexia (Huang et al., 1999). Work by Grill 
and colleagues have shown that fourth ventricular application of melanocortin agonist 
and antagonists can have substantial impact on food intake and body weight (Grill et 
al., 1998) and in a recent study it was shown that 3rd ventricular application of 
SHU9119 is less potent in inhibiting CCK-induced anorexia than application of 
SHU9119 in the 4th ventricle, pointing to an important role for brain stem melanocortin 
receptors in the regulation of food intake (Fan et al., 2004). There is also evidence for 
an anti-inflammatory effect of melanocortins (Huang et al., 1999). The same study that 
implicated melanocortins in LPS-induced anorexia also found that α-MSH inhibits 
LPS-induced fever and it has been demonstrated that α-MSH can reduce hypothalamic 
COX-2 induction after LPS (Caruso et al., 2004). The presence of both α-MSH and 
AgRP-positive fibers in the PB presents a way for activation and inhibition of PBelo 
MC4-receptor expressing neurons (Yamazoe et al., 1984; Bagnol et al., 1999), 
although it remains to be shown if the α-MSH fibers originate in the arcuate nucleus or 
the NTS. Recently it has been shown that CCK activates commissural NTS POMC 
neurons (Appleyard et al., 2005). However, the commissural nucleus in the NTS 
projects to the PBeli and the lateral crescent area, not the PBelo (Herbert et al., 1990). 
This is enigmatic since MC4- and μ-opioid receptors are expressed in PBelo and not in 
the adjoining PBeli or lateral crescent area. One explanation is that the PBelo neurons 
receive melanocortin input from the arcuate nucleus and that the NTS POMC neurons 
project somewhere else. More studies are needed to clarify this issue.

Not only LPS activated PBelo neurons express MC4-R mRNA. There was also a high 
degree of co-localization between LiCl activated PBelo cells and MC4-R mRNA (Fig. 
4 and paper IV). The melanocortin system has earlier been implicated in the regulation 
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of CTA. Intracerebroventricular injection of α-MSH can cause CTA (Olszewski et al., 
2001) and similarly administered AgRP attenuates CTA (Wirth et al., 2002). The 
strong expression of MC4-R mRNA in the PBelo suggests that this is a potential brain 
stem area where melanocortins may influence aversive behaviour.  

The lateral parabrachial nucleus is a critical structure in the development of 
conditioned taste aversion. Thus, animals with a lateral PB lesion have a severely 
impaired acquisition of CTA (Yamamoto et al., 1995; Sakai and Yamamoto, 1998). 
MC4-R mRNA was also co-expressed in PBelo CGRP neurons (paper IV) which 
could mean that CGRP is involved in the regulation of feeding and aversion 
downstream of the melanocortins (Fig. 4 and 5). 

Fig. 5. Putative mechanisms for how circulating cytokines or intraperitoneally injected LiCl may 
activate the PBel-amygdala pathway.  AP is the area postrema, IL is interleukin and IL-R is interleukin 
receptor. For details, see text. 

At present, there is no data on where the LiCl-activated PBel neurons project. Possibly 
they send fibers to the amygdala like the LPS activated neurons, since the activation 
pattern in the PBelo after the intraperitoneal injection of LiCl was very similar to the 
activation pattern observed after the intravenous injection of LPS. Further, the 
amygdala is known to be important in CTA (Yamamoto et al., 1995). However, lesion 
studies have indicated an indirect CTA information pathway from the PBel to the 
amygdala via the zona incerta (Sakai and Yamamoto, 1999). Thus, further studies are 
needed to clarify the projection pattern of PBelo neurons activated by the 
intraperitoneal injection of LiCl, even if it seems likely that a subset of thus activated 
neurons project to the amygdala. 
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The importance of the parabrachio-amygdaloid pathway in noxious versus 
immune challenge 
Recently, CGRP receptors in the amygdala have been implicated in the pain-affect 
reaction seen in an mono-arthritis model (Han et al., 2005). That study suggested an 
important role for CGRP in the amygdala after noxious stimulation, being in line with 
earlier findings that nociceptive stimulation activates the amygdala (Yamashiro et al., 
1998). Further, multi-synaptic retrograde tracing studies have suggested that lamina I 
neurons contact amygdala-projecting parabrachial neurons (Jasmin et al., 1997). Since 
spinal lamina I fibers curve around the PBel to terminate in the PBdl (in contrast to 
trigeminal lamina I fibers which do terminate in the PBel (Feil and Herbert, 1995)), 
there is a discrepancy between the anatomical and the functional data. A possible 
explanation for the difference in the distribution of ascending afferent fibers and 
activation pattern evoked by these afferents as determined in electrophysiological 
studies is that dendrites of PBel neurons extend into the lamina I fiber-bundle that runs 
lateral to the PBel. The dendrites may then be contacted by collaterals from these 
fibers (Ma and Peschanski, 1988). However, in paper III we found very few noxiously-
activated amygdala-projecting parabrachial neurons, being in contrast to previous data. 
One explanation for this discrepancy could be that these neurons simply do not use fos 
as a transcription factor after noxious stimuli. This in turn would imply that noxious 
stimulation of different body parts activates different transcription factors, since 
orofacial nociceptive stimulation evokes fos in the PBelo (Hermanson and Blomqvist, 
1997c). Another explanation could be that in our study, we managed to reduce 
confounding, non-specific stress. The electrophysiological studies on the PBel-
activation after noxious stimuli subjected the animals to general anaesthesia (Bernard 
et al., 1994), a stressful condition that may sensitise neurons, which in turn could lead 
to an altered PBel activity pattern (Krukoff et al., 1992). The model for noxious 
stimulation is also important. In paper III we used subcutaneous formalin injection into 
the hindpaw, with relatively short survival times (60-90 minutes). In the mono-arthritis 
study by Han et al. (2005) mentioned above, where kaolin and carrageenan was 
injected into a knee-joint, the survival period was six hours. It could be that the local 
and systemic inflammatory component was more developed in the arthritic model than 
in the formalin injection model. In comparison to local noxious and inflammatory 
stimuli, the systemic injection of LPS is a non-noxious stimulus that potently induces 
the acute-phase response (Gordon and Limaos, 1979; Fannin et al., 2005). Further, the 
intravenous injection of LPS activates many amygdala-projecting PBel neurons (paper 
III). Thus, the data supporting a role for the PBel-amygdala pathway in nociceptive 
signalling may very well have been confounded by the effects of general anaesthesia 
or systemic immune challenge. This would be in line with our finding in paper III that 
local noxious stimuli do not activate amygdala-projecting PBel neurons to any large 
extent.
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Opioids in immune and aversive signalling
Preproenkephalin mRNA was found to be expressed in the PBeli but not in the PBelo 
(paper I), and there seem to be very little overlap between the enkephalinergic 
neuronal population in the PBeli and the CGRP-ergic PBelo neurons. The PBeli forms 
a separate functional entity that is not to any significant extent activated by visceral 
stimuli, and that has unique afferent and efferent connections (Herbert et al., 1990; 
Krout and Loewy, 2000; Engblom et al., 2004). Enkephalin forms a part of the 
endogenous anti-nociceptive system (Akil et al., 1978; Inturrisi et al., 1980) and 
enkephalin can bind to μ-opioid receptors (Waldhoer et al., 2004), which have been 
suggested to be important in enkephalin induced analgesia (Gacel et al., 1981). 
Enkephalin and μ-opioid receptors have also been implicated in stimulating food 
intake and contributing to a basal positive hedonic state of the organism (Skoubis et 
al., 2001; Wilson et al., 2003; Skoubis et al., 2005) and the μ-opioid receptor is 
essential for the hedonic and analgesic effects of morphine (Matthes et al., 1996). 
Interestingly, many μ-opioid receptor-expressing neurons can be found in the PBelo. 
These neurons project to the amygdala and their dendrites extend into the PBeli 
(Chamberlin et al., 1999). The presence of enkephalin in the PBeli and the dense 
expression of the μ-opioid receptor in the PBelo open the possibility of a local PBeli-
PBelo interaction influenced by enkephalin signalling. Earlier studies have suggested 
that many enkephalinergic neurons are interneurons (Hökfelt et al., 1977). Activation 
of opioid receptors produce post-synaptic inhibition (Childers, 1991). Taken together, 
enkephalinergic PBeli neurons could be interneurons that exert a tonic inhibitory 
influence on amygdala-projecting PBelo neurons. This influence could contribute to a 
basal positive hedonic state of the organism. Hedonically negative visceral information 
may override this basal tone, or perhaps inhibit the enkephalinergic neurons and 
thereby reinforce the negative hedonic value of information forwarded to the 
amygdala, which in turn forms the basis of the affective component of the response to 
homeostatic threat.

Gustatory versus aversive pathways in the parabrachial nucleus 
Together with the medial parabrachial nucleus, the PBem forms a parabrachial region 
implicated gustatory afferent signalling. The PBem receives input from the NTS, the 
spinal trigeminal nucleus oralis and paratrigeminal nucleus (Herbert et al., 1990; Feil 
and Herbert, 1995; Dallel et al., 2004) and it projects to the VPpc, representing the 
thalamocortical gustatory relay (Krout and Loewy, 2000). Neurons in the PBem are 
activated by orofacial nociceptive stimulation as well as sour and bitter taste 
(Yamamoto et al., 1994; Halsell and Travers, 1997; Hermanson and Blomqvist, 
1997c). The data on activation patterns suggests that the PBem is involved in pro-
cessing and integration of gustatory, visceral and sensory information from the gastro-
intestinal tract. This idea is supported by the aforementioned input and output patterns 
of the PBem. It has been suggested that hedonic aspects of taste are represented in the 
PBem whereas the hedonics of visceral stimulation is represented in the PBelo 
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(Yamamoto and Sawa, 2000b; Sewards, 2004). The PBem-VPpc projection pattern 
suggests a pathway where hedonic gustatory information can be forwarded to the 
insular cortex in a specific manner allowing for a distinct adaptation of behaviour. In 
contrast, the PBelo-amygdala projection relays ascending homeostatic information to 
limbic structures and may provide a basis for affective responses to harmful stimuli. It 
is thus possible that PBelo neurons integrate information about taste stimuli with 
somatosensory information and relays this information to the amygdala. There are 
studies demonstrating a convergence of such information in the PBelo (Ogawa et al., 
1982; Karimnamazi et al., 2002). This idea could explain why orofacial and not 
hindpaw noxious stimulation activates PBelo neurons and why systemic LPS or LiCl 
produce only a few activated cells in the PBem but a large number of activated cells in 
the PBelo (paper IV). 

Like in PBelo, CGRP mRNA expression is dense in the PBem. As described above, 
CGRP has been implicated in processing gustatory and aversive information and it can 
be found throughout gustatory pathways from sensory neurons that innervate the 
tongue to the gustatory portion of the insular cortex (Mantyh and Hunt, 1984; Kruger 
et al., 1988; Silverman and Kruger, 1989; Dobolyi et al., 2005). Thus, CGRP seems to 
be associated with negative and aversive aspects of taste and gastrointestinal sensation, 
making it a putative marker of negative hedonic afferent signalling. 
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CONCLUSION

This thesis presents evidence for a CGRP-positive PBelo pathway to the amygdala that 
is activated by immune and aversive stimuli and likely regulated by melanocortins. In 
addition, we hypothesize that the PBelo-amygdala pathway may be important in 
negative hedonic signalling forming the basis of an affective response to illness and 
malaise and that this pathway may normally be tonically inhibited by opiodergic 
neurons in the PB.  
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