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POPULÄRVETENSKAPLIG SAMMANFATTNING 

SIGNALERNA SOM TALAR OM FÖR HJÄRNAN ATT STARTA FEBER OCH VAD SOM 

ORSAKAR TEMPERATURÖKNINGEN

Feber är ett viktigt tecken på inflammation och infektion och man har i studier på djur 
visat att feber ger minskad dödlighet jämfört med när djuren inte tillåts ha feber. Men en 
långvarig feber eller en feber som är för hög är slitsam för kroppen och kan öka 
dödligheten. Man vet att feber orsakas av att prostaglandin E2 binder till mottagarämnen 
i hypotalamus som är den del av hjärnan som styr kroppstemperaturen. Prostaglandin E2

bildas från lipider i cellernas membran av två enzymer, cyklooxygenas-2 (Cox-2) och 
mikrosomalt prostaglandin E-syntas 1 (mPGES-1). Cox-enzymer är målet för de vanliga 
receptfria anti-inflammatoriska och febernedsättande läkemedlen, som t.ex. ibuprofen. 
Man har visat att dessa enzymer finns i de celler som klär hjärnans blodkärl, och att dessa 
celler producerar prostaglandin E2 som svar på ämnen i blodbanan som bildas vid det 
inflammatoriska svaret mot bl.a. bakterier och virus. Speciellt viktiga är så kallade 
interleukiner som produceras av vita blodkroppar. Interleukin-1 (IL-1) och interleukin-6 
(IL-6) har visat sig vara viktiga för febersvaret vid infektion. För själva 
temperaturökningen vid feber har tre mekanismer föreslagits: Aktivering av brun fettväv, 
som är ett organ vars funktion är att generera värme för att t.ex. skydda mot kyla och göra 
så att varmblodiga djur kan hålla kroppstemperaturen under lång tid trots en kall 
omgivning; sammandragning av små blodkärl i huden för att på så vis behålla värme och 
minska att kroppsvärmen läcker ut till omgivningen; och skakningar i musklerna som vid 
frossa.  

I denna avhandling har jag använt möss med genetiska modifikationer för att klargöra 
sambanden mellan de olika inflammatoriska signalämnena och hur de för in den 
inflammatoriska signalen i hjärnan där feber skapas. Vi visar att hos mus uttrycks 
enzymet mPGES-1 i endotelcellerna i hjärnans blodkärl tillsammans med Cox-2, vilket 
inte var säkerställt innan. Vi visar att det är prostaglandinproduktion lokalt i de delar av 
hjärnan som reglerar kroppstemperaturen som är viktigast för att orsaka feber, medan 
generellt förhöjda prostaglandinnivåer i hjärnan inte behöver ge feber. Vi visar att 
mottagarämnen (receptorer) för IL-6 på hjärnans blodkärl är nödvändiga för att 
endotelcellerna ska syntetisera Cox-2 och producera prostaglandin E2 som därmed startar 
febern. Slutligen har vi studerat brun fettväv och dess betydelse för infektionsutlöst feber. 
Vi har använt möss som saknar det ämne, uncoupling protein 1 (UCP-1), som är ansvarigt 
för värmebildningen i brun fettväv. Det är en allmän uppfattning i forskningsfältet att 
brun fettväv är den främsta värmekällan vid feber, men vi fann att de möss som saknade 
UCP-1 fick normal feber. Möss som däremot fick substanser som blockerar 
sammandragningen av blodkärlen fick ingen feber som svar på inflammation. Vi drar 
därför slutsatsen att brun fettväv inte har betydelse för den värmeökningen som sker vid 
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feber, utan att febern orsakas helt eller delvis av den värmebesparing som 
sammandragningen av blodkärl i huden ger.  
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ABSTRACT 

Fever is a cardinal sign of inflammation and is evolutionary conserved. Fever is known 
to be beneficial during acute inflammation, but over time and if very high it can be 
detrimental. The signaling pathways by which fever is initiated by the brain and the 
peripheral mechanisms through which the temperature increase is generated were studied 
from several point of views. Fever is known to be dependent on prostaglandin E2 (PGE2) 
binding to its receptors in the median preoptic nucleus of the hypothalamus, which signals 
to the brainstem and through sympathetic nerves to heat conserving and heat producing 
effector organs. This thesis focuses on identifying the cells that produce the PGE2 critical 
for the fever response; showing where in the brain the critical PGE2 production takes 
place; demonstrating how peripheral inflammation activates these cells to produce PGE2; 
and finally, identifying the effector mechanisms behind the temperature elevation in 
fever. By using a newly developed specific antibody we showed that the enzyme 
responsible for the terminal step in the production of PGE2, microsomal prostaglandin E-
synthase 1 (mPGES-1), is expressed in endothelial cells of brain blood vessels in mice 
where it is co-expressed with the enzyme cyclooxygenase-2 (Cox-2), which is known to 
be induced in these cells and to be rate limiting for the PGE2 production. The mPGES-1 
enzyme was also expressed in several other cell types and structures which however did 
not express Cox-2, such as capillary-associated pericytes, astroglial cells, leptomeninges, 
and the choroid plexus. The role of the mPGES-1 in these other cells/structures remains 
unknown. Next, by using mice with selective deletion of Cox-2 in brain endothelial cells, 
we showed that local PGE2 production in deep brain areas, such as the hypothalamus, is 
critical for the febrile response to peripheral inflammation. In contrast, PGE2 production 
in other brain areas and the overall PGE2 level in the brain were not critical for the febrile 
response. Partly restoring the PGE2 synthesizing capacity in the anterior hypothalamus of 
mice lacking such capacity with a lentiviral vector resulted in a temperature elevation in 
response to an intraperitoneal injection of bacterial wall lipopolysaccharide (LPS). The 
data show that the febrile response is dependent on the local release of PGE2 onto its 
target neurons, possibly by a paracrine mechanism.  Deletion of the receptor for the 
pyrogenic cytokine IL-6 on brain endothelial cells, but not on neurons or peripheral 
nerves, strongly attenuated the febrile response to LPS and reduced the induction of the 
Cox-2 expression in the hypothalamus. Furthermore, mice deficient of the IL-6Rα gene 
in the brain endothelial cells showed a reduced SOCS3 mRNA induction, whereas IκB 
mRNA-levels were unaffected, suggesting that the IL-6 signaling occurs via STAT3 
activation and not signaling through the transcription factor NF-κB. This idea was 
confirmed by the observation of attenuated fever in mice deficient of STAT3 in brain 
endothelial cells. These data show that IL-6, when endogenously released during systemic 
inflammation, is pyrogenic by binding to IL-6R on brain endothelial cells to induce 
prostaglandin synthesis in these cells. Finally, we demonstrate that mice with genetic 
deletion of uncoupling protein-1 (UCP-1), hence lacking functional brown adipose tissue, 
had a normal fever response to LPS, and that LPS caused no activation of brown adipose 
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tissue in wild type mice. However, blocking peripheral cutaneous vasoconstriction 
resulted in a blunted fever response to LPS, suggesting that heat conservation, possibly 
together with shivering or non-shivering thermogenesis in the musculature, is responsible 
for the generation of immune-induced fever, whereas brown adipose tissue thermogenesis 
is not involved. 



vii 

CONTENT

Populärvetenskaplig sammanfattning .............................................................................. iii 

Abstract ............................................................................................................................. v 

List of papers .................................................................................................................... 1 

Abbreviations ................................................................................................................... 2 

Background ....................................................................................................................... 3 

Inflammation ................................................................................................................. 3 

Immune recognition ................................................................................................... 3 

Thermoregulation .......................................................................................................... 4 

Fever ............................................................................................................................. 5 

Mediators of inflammation ........................................................................................... 6 

Prostaglandin E2 ........................................................................................................ 6 

Cytokines ................................................................................................................... 7 

Immune to brain communication .................................................................................. 8 

Humoral route ............................................................................................................ 8 

Neural route ............................................................................................................. 10 

The blood-brain barrier ............................................................................................ 11 

The generation of heat ................................................................................................ 13 

Brown adipose tissue ............................................................................................... 13 

Cutaneous vasoconstriction ..................................................................................... 15 

Shivering thermogenesis .......................................................................................... 15 

Neuroregulation of thermogenesis .............................................................................. 15 

Aim ................................................................................................................................. 17 

Methods .......................................................................................................................... 19 

Immune stimulants ...................................................................................................... 19 

Cage exchange model ................................................................................................. 19 

Temperature recordings .............................................................................................. 19 

Transgenic mice .......................................................................................................... 19 

Cold stimulation .......................................................................................................... 20 

Immunohistochemistry ............................................................................................... 20 

Microscopy ................................................................................................................. 21 

Quantitative real time PCR ......................................................................................... 21 



viii 

Measurement of inflammatory mediators and lipids .................................................. 21 

Virus injection ............................................................................................................. 22 

Statistics ...................................................................................................................... 22 

Results and Discussion ................................................................................................... 23 

Paper I ......................................................................................................................... 23 

Paper II ........................................................................................................................ 25 

Paper III ...................................................................................................................... 29 

Paper IV ...................................................................................................................... 31 

Conclusions .................................................................................................................... 33 

Acknowledgements ........................................................................................................ 37 

References ...................................................................................................................... 39 



1 

LIST OF PAPERS 

Paper I 

Eskilsson A, Tachikawa M, Hosoya K, Blomqvist A. Distribution of microsomal 
prostaglandin E synthase-1 in the mouse brain. J Comp Neurol. 2014 Oct 1;522(14):3229-44. 

Paper II 

Eskilsson A, Matsuwaki T, Shionoya K, Mirrasekhian E, Zajdel J, Schwaninger M, Engblom 
D, Blomqvist A. Immune-induced fever is dependent on local but not generalized 
prostaglandin E2 synthesis in the brain. J Neurosci. 2017 May 10;37(19):5035-5044.  

Paper III 

Eskilsson A, Mirrasekhian E, Dufour S, Schwaninger M, Engblom D, Blomqvist A. 
Immune-induced fever is mediated by IL-6 Receptors on brain endothelial cells coupled to 
STAT3-dependent induction of brain endothelial prostaglandin synthesis. J Neurosci. 2014 
Nov 26;34(48):15957-61. 

Paper IV 

Eskilsson A, Enerbäck S, Engblom, D, Blomqvist A. The generation of immune-induced 
fever and emotional stress-induced hyperthermia in mice does not involve brown adipose 
tissue thermogenesis. Manuscript.   



2 

ABBREVIATIONS 

BAT – brown adipose tissue 
CNS – central nervous system 
Cox-2 – cyclooxygenase 2 
CSF – cerebrospinal fluid  
CVO – circumventricular organ 
DMH – dorsomedial hypothalamic nucleus 
HSP – heat shock protein 
i.c.v. – intracerebroventricularly
i.p. – intraperitoneally
i.v. – intravenously
IL-1 – interleukin 1
IL-6 – interleukin 6
KO – knockout
LPS – lipopolysaccharide
MnPO – median preoptic nucleus of the hypothalamus
mPGES-1 – microsomal prostaglandin E synthase 1
PAMPs – pathogen associated molecular patterns
PBS – phosphate-buffered saline
PCR – polymerase chain reaction
PGE2 – prostaglandin E2

POA – preoptic area of the hypothalamus
PRR – pattern recognition receptor
PVC – perivascular cell (macrophage)
rRPA – rostral raphe pallidus nucleus
s.c. – subcutaneously
TLR – Toll-like receptor
UCP-1 – uncoupling protein 1
WT – wild type
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BACKGROUND 

INFLAMMATION 

When challenged with infection the body reacts with an inflammatory response. Inflammation 
has four characteristic signs, calor (heat), dolor (pain), rubor (redness) and tumor (swelling), 
which were defined in the first century AD by the Roman scholar Celsus. Later a fifth sign has 
been added, functio laesa, which stands for the impaired function of the affected body part. 
The local symptoms are caused by production of inflammatory mediators, which activate nerve 
endings and cause changes in blood flow to the affected area. When the inflammation is 
substantial, the body also reacts with a multisystem response called the acute phase response, 
consisting of changes in protein synthesis by the liver and several symptoms mediated by the 
central nervous system (CNS). The CNS mediated symptoms include fever, alterations in the 
secretion of adrenal and pituitary hormones, sleepiness, anorexia, inactivity, nausea and 
emesis, social withdrawal, and depression (Elmquist et al 1997, Hart 1988, McCusker & Kelley 
2013). These behavioral responses are not only a problematic side effect of the disease, but an 
evolved strategy to combat viral and bacterial infections.  

IMMUNE RECOGNITION 

For the inflammatory response to start, the immune system needs to recognize danger signals 
on the bacteria or viruses. Immune cells in the tissue or blood (macrophages/monocytes, 
neutrophils, natural killer cells, and dendritic cells) react to pathogens through pattern 
recognition receptors (PRRs), which specifically recognize and bind to pathogen associated 
molecular patterns (PAMPs) on pathogens. The most studied PRRs are the Toll-like receptors 
(TLRs), which are a family of receptors that are both membrane-bound, binding extracellular 
PAMPs on pathogens, and intracellular, reacting to intracellular viruses and bacteria.  The 
binding of PRRs to PAMPs causes a cascade of intracellular signaling leading to the synthesis 
of inflammatory mediators such as cytokines, chemokines and prostaglandins, which amplify 
the reaction and recruit other parts of the immune system.  

One common PAMP is lipopolysaccharide (LPS), which is an endotoxin, and together with 
lipoproteins part of the outer cell membrane of Gram-negative bacteria (Goering & Mims 
2008). It consists of an outer variable O-antigen, which is a highly antigenic carbohydrate 
chain, a conserved core part of carbohydrates, and a lipid part called “Lipid A”, which is the 
toxic part. The lipid A is normally locked in the membrane and released when the bacteria are 
damaged or through normal physiology of vesicle trafficking. When LPS is released into the 
circulation it can cause septic shock, a severe condition induced by a strong immune response 
with cytokine release and fever causing multiorgan failure.   

LPS binds to Toll like receptor 4 (TLR-4), which is a membrane bound receptor widely 
expressed on both immune cells and other cell types (Guha & Mackman 2001). In blood LPS 
binds to LPS binding protein and is docked to CD14 on myeloid cells or soluble in plasma 
before binding TLR-4. When bound, LPS activates the intracellular adaptor protein Myd88, 
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which results in release of the transcription factor NF-κB from its inhibitor IκB and 
translocation of NF-κB to the nucleus where it induces synthesis of proinflammatory cytokines, 
including IL-1β and TNFα, (Guha & Mackman 2001), as well as enzymes synthesizing 
prostaglandins (Hwang 2001). The cytokines released from the immune cells activated by the 
PAMPs then recruit other immune cells, and amplify the inflammatory response (Guha & 
Mackman 2001). There are also other receptors that recognize so called damage-associated 
molecular patterns (DAMPs) that can be released from endogenous damaged cells and cause 
an inflammatory reaction upon tissue damage, for example in burn wounds. Another family of 
PRRs are called nucleotide-binding oligomerization domain that initiates an inflammatory 
response following activation by peptidoglycans derived from bacteria (McCusker & Kelley 
2013).  

In experimental research, such as in this thesis, LPS from Escherichia coli is used to induce an 
immune response in laboratory animals. It can be administered intraperitoneally (i.p.), 
intravenously (i.v.), intracerebroventricularly (i.c.v.) or subcutaneously (s.c.) to induce 
inflammation and fever.  

THERMOREGULATION 

The body temperature is believed to be regulated through activation of thermosensitive 
receptors that respond to different temperatures, both hot and cold (Romanovsky 2018). At 
normal body temperature the thermoreceptors are not active, but they start signaling when the 
temperature falls or increases. The peripheral thermoreceptors belong to the TRP channel 
family and they are located in the skin or in the subcutaneous tissue on fine sensory afferents, 
mainly C-and Aδ-fibers (Janig 2018). The most explored cold receptor is TRPM8 that mainly 
senses innocuous cold and TRPA1 that is believed to sense noxious cold and to be necessary 
for cold pain (McKemy 2018). TRPM2 is a warmth sensor that is activated just above 
thermoneutral conditions. TRPV1 senses noxious heat and is important for thermal 
hyperalgesia (Jeon & Caterina 2018). There are other suggested thermoreceptors belonging to 
the TRP family, such as TRPV3 and TRPV4 that respond to heat, although they are mainly 
expressed in keratinocytes in the skin and might have other roles than signaling to the CNS 
(Jeon & Caterina 2018).  

The peripheral thermosensitive nerve fibers send their information about the temperature 
changes first to thermoreceptive neurons in the dorsal horn of the spinal cord and from there to 
the median preoptic nucleus (MnPO) and the preoptic area (POA) of the hypothalamus via a 
relay in the brain stem parabrachial nucleus (Nakamura & Morrison 2011). It has been shown 
that the axons of these afferent fibers also can react to cold, not just the nerve terminals (Teliban 
et al 2011), suggesting that peripheral nerves sense temperature all along the route to the spinal 
cord, and also in the spinal cord (Janig 2018). It has also been suggested that there are 
thermosensitive vagal afferents in visceral tissues, such as in the liver, esophagus and abdomen 
(Morrison & Nakamura 2011) which monitor internal temperature changes. As an example, 
warm liquid reduced shivering and cold sensation in humans, indicating that visceral 
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thermosensors could induce cold defense thermoeffector responses (Morris et al 2017). There 
are also central thermoreceptors that are located in several areas of the brain, although the ones 
in the preoptic anterior hypothalamus are of most importance for the regulation of the body 
temperature (Conti 2018). The critical receptor molecule seems to be the warmth sensor 
TRPM2 which gets activated at 38°C or higher. TRPM2 has also been proposed to be important 
for limiting fever, since TRPM2 knockout animals have an increased fever when injected with 
inflammatory mediators into the brain (Song et al 2016). 

FEVER 

The definition of normal temperature in humans is according to the Harrison’s Principles of 
Internal Medicine, mean oral temperature of 36.8° ± 0.4°C in healthy individuals between 18-
40 years of age, with a normal circadian variation of about 0.5°C between morning and 
afternoon, with the lowest temperature observed early in the morning and the highest 
temperature seen in the afternoon (Dinarello & Porat 2018). The maximum normal high level 
in the afternoon is set to 37.7°C, so body temperature > 37.7°C defines fever in humans. The 
body temperature shows high individual variations and is sensitive to the type of measurement. 
In our experiments with laboratory mice, and with our technique of measuring, the mice display 
a core temperature at rest of about 36°C and we define fever as body temperature at about 
37°C.  

Fever or pyrexia is caused by a change in the temperature set point in the hypothalamus as a 
response to inflammation in the body. The changed set point will signal to the body to increase 
the temperature through various ways (explained more later) until it reaches the new set point 
(Dinarello & Porat 2018). Fever shall be distinguished from hyperthermia, which is an increase 
in body temperature without the hypothalamic setpoint being changed. Hyperthermia can occur 
when the body cannot eliminate produced heat fast enough, for example during exercise, in 
high ambient temperatures, or following administration of certain thermogenic drugs.  

Fever is thought to provide an optimal environment for mounting host defenses against 
invading bacteria and viruses while reducing pathogen viability, and has been shown to reduce 
mortality in infected animals of several different species (Kluger et al 1996). Several studies 
have shown positive effects of febrile temperatures on different parts of the innate immune 
response to infection, such as neutrophil activation and recruitment, and increased levels of 
proinflammatory cytokines (Evans et al 2015). This augmented response of the immune system 
may be an effect of the heat shock proteins (HSPs) that are activated when the body temperature 
increases. There are different types of HSPs, and they have both proinflammatory and anti-
inflammatory roles.  HSP90 has been shown to be upregulated in fever and to have an important 
role in α4-integrin-expressing immune cell trafficking by activating the integrin and causing 
dimerization, which increases T-cell adhesion and transmigration, phenomena important for 
the adaptive immune system (Lin et al 2019).  
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MEDIATORS OF INFLAMMATION 

PROSTAGLANDIN E2 

Prostaglandin E2 (PGE2) is synthesized from arachidonic acid, which is released from cell 
membrane-phospholipids by the enzyme phospholipase A2 (Figure 1). The arachidonic acid is 
transformed to prostaglandin H2 by cyclooxygenases of which there are two types, 
cyclooxygenase 1 (Cox-1) and cyclooxygenase 2 (Cox-2). Cox-1 is constitutively expressed 
and Cox-2 is induced by inflammation, although constitutive Cox-2 expression also exists. 
PGH2 is then transformed to PGE2 by prostaglandin E synthases of which there is three types: 
Microsomal prostaglandin E synthase (mPGES) 1 and 2 with the former being induced by 
inflammation, and a cytosolic type (cPGES).  

PGE2 IN FEVER 

Prostaglandins have been known as the important mediator of fever since the 70ies, when their 
production was shown to be the target of antipyretic and anti-inflammatory drugs (Flower et al 
1972, Flower & Vane 1972, Vane 1971). It was also demonstrated that PGE2 levels increased 
in the cerebrospinal fluid (CSF) following immune stimulation (Feldberg & Gupta 1973) and 
that prostaglandins caused fever when injected into the brain (Feldberg & Saxena 1971). Also, 
pharmacologic and genetic blockade of Cox-2 and mPGES-1 caused an attenuated fever 
response in laboratory animals (Engblom et al 2003, Li et al 1999, Zhang et al 2003). PGE2 is 
produced in a variety of cells following inflammatory stimuli, such as Kupffer cells in the liver, 
endothelial cells in the lung, and immune cells in the inflamed tissue (Steiner et al 2006), and 
the identity of the cells that produce the PGE2 critical for the fever response has for long been 
unclear, as will be discussed further below.  

Figure 1. PGE2 synthesis. The synthesis of prostaglandin E2 is catalyzed by cyclooxygenases
and terminal isomerases, of which cyclooxygenase-2 and microsomal prostaglandin E
synthase-1 both are induced by inflammation. PGE2 binds EP receptors (1-4) which are all
present in the brain. EP3  is the receptor that initiates the fever response. 
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PGE2 RECEPTORS 

There are four receptors for PGE2, EP1-4, all of which are found in the brain (Oka et al 2000, 
Zhang & Rivest 1999). They are all G-protein coupled receptors. Only the EP3 subtype has 
been shown to be important for LPS or IL-1β induced fever (Ushikubi et al 1998) and mice 
with deletion of the EP3 receptors specifically in the MnPO do not develop fever to i.c.v. 
injections of PGE2 or i.p. injections of LPS (Lazarus et al 2007). The EP3 receptor exists in 
several splice variants (Negishi et al 1996). They mainly couple to the inhibitory G-protein 
(Gi) resulting in reduced levels of cAMP, but they can also couple to other G-proteins and 
cause an increase in intracellular calcium.   

CYTOKINES

IL-1 and IL-6 are early and important mediators present in almost all inflammatory processes. 
IL-1 is a cytokine that exists in two forms, IL-1α and IL-1β, which both bind the same cell 
surface receptor, IL-1R1. IL-1β is synthesized as a pro-protein that is cleaved to its active form 
by caspase 1, a downstream product of the inflammasome, whereas IL-1α is active in its pro-
state as well (Garlanda et al 2013). Another molecule in the family is the IL-1 receptor 
antagonist, IL-1Ra, which is an antagonist to IL-1R1 with stronger affinity to this receptor than 
IL-1α and IL-1β. It is also upregulated following inflammatory stimulation, and probably has 
a role in regulating and limiting the inflammatory response.  

IL-6 binds to two types of receptors, one soluble receptor, sIL-6R, and a membrane bound 
receptor, IL-6Rα, which is present mainly on immune cells but also in the brain parenchyma 
(Vallieres & Rivest 1997) and in brain endothelial cells in which it is upregulated by i.p. 
injections of LPS (Vasilache et al 2015). Both types of receptors are non-signaling and need to 
associate with the membrane glycoprotein gp130 which acts as a homodimer and as a signal 
transducer subunit resulting in signal initiation (Scheller et al 2011). The intracellular pathways 
activated include the JAK/STAT, ERK, and PI3K signal transduction pathways. The soluble 
sIL-6R can associate with gp130 on cells that lack membrane bound IL-6R, since gp 130 is 
expressed by all cell types and amplifies the IL-6 signal extensively. The source of sIL-6R is 
suggested to be hepatocytes and immune cells, which shred their membrane-bound IL-6R. 
Neutrophils have also been shown to shred their receptors during apoptosis at the inflamed site, 
thereby helping to activate endothelial cells to recruit monocytes (for a good review, see 
Scheller et al 2011). The shredding is mediated by a disintegrin and metalloproteinases 
(ADAMs). IL-6 is not only a pro-inflammatory cytokine, but also has other functions. For 
example, it is needed for regeneration of the liver and endothelial cells of the intestine (Scheller 
et al 2011). 

CYTOKINES IN FEVER 

Following intraperitoneal injection of LPS, IL-1β is upregulated in the brain (Ban et al 1992) 
and plasma (Engstrom et al 2012) and at the peripheral site of inflammation (Miller et al 
1997a). IL-1β is not found in blood of febrile animals with a local inflammation in a 
subcutaneous air pouch, but IL-1Ra injected into an air pouch, or i.p. or i.c.v. blocks fever, 
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indicating that IL-1β is important for fever. However, its mode and site of action are unclear 
(Miller et al 1997b). Kozak et al showed that IL-1β knockout mice displayed a normal fever 
response to i.p. injected LPS, but that these mice failed to mount a febrile response to a 
localized sterile inflammation caused by injection of turpentine into a paw (Kozak et al 1998). 
However, we recently demonstrated that IL1-R1 knockout animals, as well as mice treated with 
an IL-1R1 antagonist, displayed a blunted fever response to LPS (Matsuwaki et al 2017). 
Deletion of IL-1R1 specifically in brain endothelial cells, but not in nerve cells of peripheral 
nerves, also attenuated the fever response, but only during the late third phase of fever. The 
role of endothelial IL-1R1 was also examined by Chai et al 2007, who showed that endothelial 
specific knockdown of IL-1R1 abolished the fever response to i.v. injected IL-1β and 
attenuated and delayed the response when IL-1β was administered i.p. (Ching et al 2007).  

IL-6 is also known to be involved in the fever response, since neutralization of IL-6 in plasma 
(Cartmell et al 2000) and deletion of the IL-6 gene (Chai et al 1996), respectively, abolishes 
the febrile response to LPS or IL-1β. IL-6 is induced by IL-1β and is present in the circulation 
of febrile animals (Cartmell et al 2000) and in humans with sepsis (Hack et al 1989). IL-6 is 
known to be synthesized in the mouse brain following immune stimulation with LPS (Nilsberth 
et al 2009a). It has been associated with endothelial Cox-2 activation through the STAT3 
pathway, as shown by immunohistochemistry (Rummel et al 2006). IL-6 is not in itself 
pyrogenic, but when injected together with a non-pyrogenic dose of IL-1β it induces a fever 
response (Cartmell et al 2000, Chai et al 1996, Nilsberth et al 2009a). Although previous data 
suggest that the IL-6 necessary for LPS-induced fever comes from non-hematopoietic-cells 
(Hamzic et al 2013), it is upregulated by PVCs in the blood-brain barrier following LPS 
stimulation (Vasilache et al 2015). A prevailing idea is that IL-1β and IL-6 interact, so that IL-
1β is necessary for inducing IL-6 production and IL-6 is necessary for the fever response 
(Kozak et al 1998). In which cell type and in what order IL-1β and IL-6 act to induce 
prostaglandin synthesis has however been an outstanding question, where IL-6 signaling has 
been suggested to be upstream, downstream, or parallel to the prostaglandin production 
(Kagiwada et al 2004, Nilsberth et al 2009a, Rummel et al 2006). 

IMMUNE TO BRAIN COMMUNICATION 

The inflammatory signals in the periphery must reach the brain to induce the above-mentioned 
CNS mediated symptoms. There are two possible routes, a neural route through activation of 
nerves in the periphery and a humoral route by which inflammatory mediators in the blood 
activate the brain directly either through the circumventricular organs (CVOs), which lack a 
blood-brain barrier, or through signal transduction across the cells of the blood-brain barrier 
(Figure 2).   

HUMORAL ROUTE 

One of the earliest ideas was that cytokines produced in the periphery following LPS 
stimulation entered the brain through the circumventricular organs (CVOs). A possible 
candidate is organum vasculosum of the lamina terminalis, which is situated close to the 
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preoptic area of the hypothalamus. Another CVO that may be involved is the area postrema, 
which is located atop of the nucleus of the solitary tract, a major relay nucleus for visceral 
afferents. However, while these CVOs are sensory organs and lack a vascular blood-brain 
barrier, they have an ependymal CVO–CSF barrier formed by specialized tanycytes with 
intercellular tight junctions, so the idea that cytokines can diffuse into the brain parenchyma 
through the CVOs is wrong (as discussed by Quan et al 2014). Rather the neurons in the CVO 
could get activated, and synthesis of cytokines could take place in the immune cells in the 
CVOs (Quan 2014).   

Figure 2 Possible ways of immune-to-brain signaling for fever generation.  In the proposed 
humoral pathway for immune-to-brain signaling, cytokines like IL-1β and IL-6 that are 
produced in the periphery pass into the brain through circumventricular organs, for example
the organum vasculosum of the lamina terminalis (OVLT) where the blood-brain barrier is 
absent. The cytokines can also reach endothelial cells in the brain blood vessels where they
bind their receptors and induce PGE2 production. PGE2 is released into the brain parenchyma
where it can bind its receptors and cause fever. The proposed neural route of immune
communication suggests that inflammatory mediators like cytokines or prostaglandins activate
peripheral nerve afferents that signal to the brain to induce fever either by acting directly on
the thermogenic structures in the hypothalamus or by inducing central PGE2 synthesis.  
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NEURAL ROUTE 

Several studies have shown attenuation of LPS and IL-1β induced fever and sickness responses 
after surgical transection of the vagus nerve (Hansen & Krueger 1997, Sehic & Blatteis 1996, 
Watkins et al 1995). Receptors for IL-1β have been found on neurons in the nodose ganglion, 
and immune challenge with  IL-1β causes a prostaglandin dependent activation of the vagus 
nerve, pointing at a possible role for this cytokine in activating the nerve endings (Ek et al 
1998). However, the results from the studies in which vagotomy was performed have been 
questioned, since the animals were malnutritioned after the surgery and therefore could not 
mount a fever response (Hansen et al 2000, Inoue et al 2008). Nevertheless, it is reported that 
when the immune stimulus was given i.v. it induced a small peak of fever that was abolished 
in vagotomized animals, even when animals were controlled for their nutritional status 
(Romanovsky et al 1997). This response has been suggested to involve the hepatic branch of 
the vagus nerve, being activated by PGE2 synthesized in the liver (Simons et al 1998). However, 
when PGE2 was administered i.v., mimicking PGE2 release from the liver, vagotomized 
animals displayed a normal fever response, instead suggesting a direct effect of blood-borne 
PGE2 on the brain (Ootsuka et al 2008).   

Somatic afferent nerve fibers have also been suggested to be involved in the febrile response. 
Dorsal root ganglion cells express IL-1R1 and EP3 receptors (Binshtok et al 2008, Nakamura 
et al 2000), and nociceptors can be sensitized by IL-1β and PGE2 (Binshtok et al 2008). The 
febrile response to afferent nerve signaling to the brain has been studied in models of localized 
inflammation in a subcutaneous air pouch in mice and rats or with the use of a subcutaneous 
Teflon chamber in guinea pigs (Miller et al 1997b, Ross et al 2000). A problem with these 
studies is that even though there is a local production of cytokines (Miller et al 1997b) and 
prostaglandins (Rummel et al 2005), there seems to be a systemic component as well, as IL-6 
is usually present in the circulation (Miller et al 1997b, Ross et al 2000). Local anesthesia 
administered prior to LPS injection in a subcutaneous Teflon chamber in guinea pigs blocked 
the fever response, but did not affect the IL-6 levels in the blood (Ross et al 2000). However, 
local anesthesia might have anti-inflammatory effects besides their analgesic effects (Schmidt 
et al 1997), hampering the conclusions that can be drawn from that study. Also, Cox inhibition 
prior to LPS injection locally in an subcutaneous Teflon chamber dose-dependently attenuated 
fever, and whereas high doses of LPS injected into the chamber elicited Cox-2 expression in 
the brain, low but still pyrogenic doses of LPS did not (Rummel et al 2005). Other supporting 
evidence for a role of peripheral nerves was provided by Zhang et al who immune challenged 
mice with the milk protein casein in an air pouch and demonstrated a fever response without 
Cox-2 induction in endothelial cells of the brain (Zhang et al 2008). Also transection of the 
trigeminal nerve blocked fever elicited by LPS injection into a gingival pouch in the maxilla 
(Navarro et al 2006) and transection of the glossopharyngeal nerve attenuated the febrile 
response to LPS or IL-1β injected into the soft palate, but not when the pyrogens were injected 
i.p. (Romeo et al 2001). Taken together, there is hence some evidence for the presence of a
neural afferent pathway for fever that does not involve induction of central prostaglandin
production. However, it remains to demonstrate the type of nerve fibers that could be involved
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and by which specific stimuli they are activated. Cold sensitive fibers have been suggested, 
since it has been shown that the TRPA1 ion channels, normally activated by noxious cold, also 
are activated by LPS and mediate acute neurogenic inflammation and pain (Meseguer et al 
2014). However, animals with deletion of TRPA1 have a normal fever response to immune 
challenge with LPS (Mirrasekhian et al 2018).  

In summary, a role of peripheral nerves in inflammatory induced fever is still not confirmed, 
and what would activate these fibers and under which conditions remains to be clarified.  

THE BLOOD‐BRAIN BARRIER 

In the brain, the blood vessels are non-fenestrated with a specialized capacity to regulate CNS 
homeostasis, transport molecules, and protect the CNS from toxins (Daneman & Prat 2015). 
This so-called blood-brain barrier consists of several cell types (Figure 3).  

Figure 3. Cells of the blood-brain barrier. Endothelial cells cover the luminal side of the 
blood vessel, whereas pericytes are embedded in the basement membrane and send long 
processes along the abluminal side of the endothelial cells. In the perivascular space, 
surrounded by the two blades of the basement membrane are perivascular macrophages. 
End-feet from astrocytes are in contact with the vessels and contribute to the blood-brain 
barrier.  
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The endothelial cells are closest to the blood (Daneman & Prat 2015). The thinnest capillaries 
consist of only one endothelial cell folding around the lumen of the vessel. The endothelial 
cells are held together by tight junctions, which strongly limit the paracellular transport and 
separate the luminal surface from the abluminal surface which makes it possible for the 
endothelial cells to have different type of transporters on their luminal and abluminal side and 
be specific in their transport of extracellular molecules.  

The other cell types are mural cells that include vascular smooth muscle cells, which are the 
contractile elements of the blood vessels, and pericytes. The pericytes are embedded in the 
endothelial basal membrane, and can also contain contractile elements (Armulik et al 2011). 
They have long processes that can span several endothelial cells. In the brain, the pericytes 
have more specialized properties than in other tissues, and a different origin, as they are derived 
from the neural crest. They are important in keeping the barrier tight, in angiogenesis, in 
regulating blood flow in response to neural activity, in regulating immune cell filtration, and 
in synthesizing extracellular matrix, and they are probably also important in the development 
of the blood-brain barrier. 

Astrocytes are a type of glial cells. The astrocytic processes ensheath neurons, and their end-
feet ensheath the blood vessels of the brain (Daneman & Prat 2015). They are important for 
blood-brain barrier function though regulation of water balance and for providing nutrients. 
They also function as a connection between neurons and blood vessels and help regulate 
smooth muscle activity (Daneman & Prat 2015).   

The last cell type in the blood-brain barrier is the immune cells, the perivascular macrophages, 
which are located on the abluminal side of the blood vessels in the perivascular space between 
the basement membrane of the endothelial cells and the glia limitans made up by the astrocytic 
end-feet. Perivascular macrophages provide the first line of defense in the innate inflammatory 
response in the brain. They are derived from circulatory monocytes and are frequently replaced 
as shown by bone marrow transplantation studies (e.g. Engström et al 2012) although it is also 
suggested they are generated from the yolk sack during early development (Lopez-Atalaya et 
al 2018). 

THE BLOOD‐BRAIN BARRIER IN FEVER 

The demonstration in the mid 90ies of immune-induced Cox-2 expression in the brain vessels 
(Cao et al 1996; Elmquist et al 1997) gave rise to the idea that prostaglandins, known to elicit 
fever, were produced in these vessels upon peripheral immune challenge. This concept was 
further supported by the demonstration of cytokine receptors on the blood vessels (Vallieres 
and Rivest 1997; Ek et al 2001) and the presence of the terminal prostaglandin synthesizing 
enzyme mPGES-1 in the same cells as those that express Cox-2 (Ek et al 2001; Yamagata et al 
2001). A major controversy that arose immediately after the first demonstration of induced 
Cox-2 expression in the brain vessels was whether this expression occurs in brain endothelial 
cells or in perivascular macrophages (Cao et al 1996; Elmquist et al 1997). In an attempt to 
reconcile the contradictory data Sawchenko and collaborators reported, from studies in rats, 
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that perivascular cells react with Cox-2 induction to low doses of peripherally administered 
LPS and upon stimulation with IL-1β, whereas endothelial cells were claimed to start 
producing PGE2 only after higher doses of LPS (Schiltz & Sawchenko 2002). Furthermore, 
when perivascular macrophages were depleted by an encapsulated pro-apoptotic drug, data 
suggested that the perivascular cells provided a prostaglandin driven anti-inflammatory action 
that attenuated the endothelial cell response to the inflammatory stimulus (Serrats et al 2010). 

However, work in our laboratory, done in mice, was unable to confirm any induced Cox-2 
expression in perivascular cells, irrespective of whether IL-1β or LPS was given, as well as 
irrespective of whether a high or low LPS dose was administered (Engstrom et al 2012). 
Furthermore, using chimeric mice we demonstrated that mPGES-1 from nonhematopoietic 
cells was critical for the fever response, whereas mPGES-1 from hematopoietic cells (such as 
perivascular cells), was of no or little importance (Engstrom et al 2012). In addition, cell sorting 
experiments demonstrated induction of mPGES-1 in endothelial cells but not in perivascular 
macrophages (Engstrom et al 2012). 

These data hence pointed to endothelial cells as the cells critical for the fever producing 
prostaglandin, which we later confirmed in functional studies with Cox-2 and mPGES-1 
deletion in these cells (Wilhelms et al 2014). Nevertheless, a major limitation for our 
understanding of the mechanisms of immune-to-brain signaling across the brain blood vessels 
was that whereas the functional studies were done in mice, no morphological data were 
available in this species on the expression in the brain of mPGES-1, since this enzyme had not 
been possible to visualize in whole animal tissue, neither with immunohistochemistry nor in 
situ hybridization technique. It was also not completely known where in the brain the PGE2

causing the fever is produced. When PGE2 is injected i.c.v. to produce a fever response the 
PGE2 levels needed are much higher than the levels measured in the CSF following stimulation 
with LPS (Engblom et al 2003, Nilsberth et al 2009b). There has also been lacking functional 
studies on the role of cytokine receptors on brain vessels and in other sites for the febrile 
response. 

THE GENERATION OF HEAT 

BROWN ADIPOSE TISSUE 

Brown adipose tissue (BAT) thermogenesis is considered to be one of the main mechanisms 
behind the temperature elevation in inflammation-induced fever in rodents, together with 
shivering, and cutaneous vasoconstriction for heat preservation (Nakamura 2011). 

In the BAT, uncoupling protein 1 (UCP-1) has an important function in the heat generation 
through uncoupling of the oxidative phosphorylation in the mitochondria, with the result that 
the electrochemical gradient is used to produce heat and not ATP as during normal cell 
respiration. UCP-1 can be viewed as an H+ channel in the mitochondrial membrane, but its true 
function is not completely understood. It has for example been suggested that UCP-1 transports 
other charged molecules, such as OH-, out of the cell. It is generally stated that UCP-1 
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transports “proton equivalents” rather than actual protons (Nedergaard & Cannon 2018). UCP-
1 knockout mice cannot compensate for a low ambient temperature (Enerback et al 1997), if 
they are not acclimatized to a slightly lower ambient temperature in which case they 
compensate for their lack of UCP-1 driven non-shivering thermogenesis with shivering 
thermogenesis (Golozoubova et al 2001).  

There are two other types of uncoupling proteins that work by reducing an ATP gradient over 
the inner mitochondrial membrane. UCP-2 is expressed in several tissues including skeletal 
muscle, white adipose tissue, spleen, and lung, and in macrophages, and is probably involved 
in energy metabolism (for review, see Schrauwen & Hesselink 2002). UCP-3 is found primarily 
in skeletal muscle and has been found to be upregulated after cold stimulation and immune 
challenge with LPS (Nakamura et al 2001, Sun et al 2003). It has also been reported that genetic 
deletion of UCP-3 abolishes LPS induced fever and that its selective re-expression in skeletal 
muscle partly rescues this response (Riley et al 2016). However, the roles of UCP-2 and UCP-
3 in thermogenesis is controversial. Some researchers suggest that these proteins have no 
thermogenic effect, since UCP-1 knockout mice do not produce any non-shivering 
thermogenesis (Golozoubova et al 2001).  

BAT is activated through the signaling of β3 adrenergic receptors that in turn are activated by 
efferent signals from the hypothalamus (Nakamura & Morrison 2011). However, some 
research points towards alternatively-activated macrophages to be an important and necessary 
source for the catecholamines that activate the β3 receptors on BAT, instead of the neuronal 
signals (Nguyen et al 2011), but this idea has recently been contested (Fischer et al 2017).  

The amount of BAT in an organism is not static; it varies depending on the ambient temperature 
and if it is needed. The same adrenergic stimuli that activate BAT also cause BAT to 
hypertrophy and proliferate (Nedergaard & Cannon 2018). BAT is located in several sites in 
rodents. Most of it is interscapular, but there is BAT also in the cervical, axillary, and 
retroperitoneal regions. There are also areas where the white adipose tissue can be induced by 
cold to express UCP-1 and take part in the thermogenesis. Such fat is called brite or beige 
adipose tissue and contains 10-25% of the total amount of UCP-1 after prolonged cold 
exposure.   

Most studies of the thermogenic effect of BAT in inflammatory-induced fever have been done 
in rats and guinea pigs. The methods are most often indirect such as recordings of activity in 
peripheral sympathetic nerves associated with but not solely innervating BAT (Nakamura et al 
2005), or comparison of the temperature measured by probes inserted above the interscapular 
BAT with that recorded by intraperitoneally placed probes, where a time difference in 
temperature elevation between the two sites is considered evidence for BAT as the generator 
of heat (Blatteis 1976). Also skin temperature above interscapular BAT was measured and 
compared to lumbar skin temperature as a readout for BAT thermogenesis (Marks et al 2009). 
Emotional stress induced hyperthermia is another response suggested to be caused by BAT 
thermogenesis (Kataoka et al 2014). Only a few studies have used UCP-1 knockout animals to 
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study the effect of BAT in fever. Okamatsu-Ogura et al examined the effect of peripherally 
administered IL-1β in UCP-1 knockout mice and found no significant effect. Unfortunately 
they measured body temperature only during a short period following the injection when the 
handling stress induced hyperthermia might have obscured the recordings of the febrile 
response (Okamatsu-Ogura et al 2007). Szentirmai and Kapas used UCP-1 knockout mice to 
study sleep as well as body temperature in systemic inflammation (Szentirmai & Kapas 2018). 
They found a reduction in rapid eye movement during sleep in the UCP-1 knockout mice but 
observed no effect on body temperature. However, their measurements were done during the 
dark period during which the animals are active, and the temperature recordings might hence 
reflect the animals’ increased motor activity, rather than their response to the immune stimulus. 
Finally, Riley et al showed that UCP-1 knockout mice had an increased temperature response 
to inflammatory stimuli compared to wild type mice, but their sample size was very small 
(Riley et al 2016).  

CUTANEOUS VASOCONSTRICTION 

The skin has a major and important role in regulating the body temperature (Johnson & Kellogg 
2018). In a cold environment, the small blood vessels constrict to conserve the heat and increase 
the core temperature, and when the body needs to cool down, these vessels dilate. The 
mechanisms behind these phenomena are mainly local production or inhibited formation of 
nitric oxide (NO), which normally dilate the vessels, and action of noradrenaline through 
sympathetic nerves on α2 receptors on vascular smooth muscle cells.  

SHIVERING THERMOGENESIS 

A third way to create heat is through shivering, in which the muscles contract rhythmically 
(Blondin & Haman 2018). Shivering is initiated as a response to cooling and is believed to be 
a spinal reflex, with some supraspinal signal necessary for its initiation.  

NEUROREGULATION OF THERMOGENESIS 

Upon PGE2 release in the brain it binds to receptors on neurons in the anterior hypothalamus, 
which project to the rostral raphe pallidus nucleus (rRPA) in the brain stem either directly or 
via a relay in the dorsomedial hypothalamic nucleus (DMH) (Morrison & Nakamura 2011). 
The neurons in the anterior hypothalamus are supposed to be inhibitory GABAergic neurons 
that exert a tonic inhibition on the neurons in DMH or rRPA. When PGE2 binds to its receptor, 
the inhibition is lost and the neurons in the brain stem are activated, resulting in sympathetic 
neural output and thermogenesis. The pathway with a relay in the DMH innervates 
interscapular BAT, producing non-shivering thermogenesis, but is also involved in shivering 
thermogenesis, whereas the direct pathway to rRPA is involved in peripheral vasoconstriction 
and hence heat conservation. This organization seems to imply that all three pathways could 
be activated simultaneously or selectively. The same pathways are also involved in heat 
production in response to cold, as reviewed by Morrison and Nakamura (2011).  
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AIM 

The overall aim of this thesis was to investigate the mechanisms behind the initiation of fever 
in response to systemic inflammation and the generation of heat that is the core of the fever 
response.  

The specific aims were: 

‐ To investigate the expression of the terminal PGE2 synthesizing enzyme mPGES-1 in 
the mouse brain under basal conditions and following inflammatory challenge (Paper 
I).  

‐ To investigate where in the brain the production of prostaglandins involved in the 
fever response is located (Paper II). 

‐ To investigate the role of signaling through the IL-6 receptor for prostaglandin 
production and the fever response following inflammatory challenge (Paper III).  

‐ To investigate the role of brown adipose tissue thermogenesis for LPS-induced fever 
and emotional stress-induced hyperthermia (Paper IV).  
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METHODS 

IMMUNE STIMULANTS 

LPS from Escherichia coli (Sigma-Aldrich; O111:B4; 120 μg/kg body weight) was used to 
induce an inflammatory response. The LPS was administered through an intraperitoneal 
injection, or in some experiments in paper IV intravenously through an indwelling catheter. 
Because the use of LPS is a very common model for eliciting systemic inflammation, obtained 
data can be compared between experimental settings and different laboratories. The dose we 
used was 120 µg/kg, which is considered a medium dose, but both higher (~1000 µg/kg) and 
lower (~10 µg/kg) doses are used. High doses give mainly a hypothermic response and may 
impair the blood-brain barrier. They were therefore unsuitable for our purpose, which was to 
study signal transduction across the blood-brain barrier. A low dose also elicits a fever 
response, which however is shorter and monophasic, and does not produce the polyphasic 
fever, probably reflecting distinct signaling cascades, that is seen after a medium dose of LPS 
(Rudaya et al 2005). As controls, animals were injected with saline only, and when possible, 
after a washout period of 7–10 days, saline-injected animals were injected with LPS as 
described above, and LPS-injected animals were injected with saline. 

CAGE EXCHANGE MODEL 

In paper IV we used, in addition to immune challenge, emotional stress to elicit a temperature 
response. Two mice of the same sex were taken from their home cages and placed in the cage 
of the other mouse. The animals had been in their home cages for at least a week before the 
experiment, so that the smell and traces of the resident mouse were evident. This procedure 
results in a rapid hyperthermic response that lasts for about 4 hours. As controls, animals were 
taken up and placed back in their home cage. The control animals also displayed a temperature 
increase, but it was lower in magnitude and lasted a shorter time. 

TEMPERATURE RECORDINGS 

To measure the body temperature, we used a telemetric system by which the core temperature 
can be monitored continuously in freely moving animals. The mice were implanted with a 
transponder i.p. under general anesthesia with isoflurane or ketamine/dexmedetomidine. The 
opioid buprenorphine was given s.c. for postoperative pain relief during the first two days after 
surgery.  After the surgery, animals were kept in a room in which the ambient temperature was 
set to ~29°C, providing near-thermoneutral conditions (Rudaya et al 2005), and on a 12 h 
light/dark cycle with food and water available ad libitum. 

TRANSGENIC MICE 

In all of the papers in this thesis transgenic animals were used. Some lines were global 
knockouts, in which the gene of the target protein is disrupted and not expressed anywhere in 
the animal. Such animals were the Cox-1 and mPGES-1 knockout mice used in paper I and the 
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UCP-1 knockout mice used in paper IV. They were bred from parents that were heterozygous 
for the mutation, i.e. having one wildtype (WT) allele and one knockout (KO) allele, resulting 
in offspring that were either homozygous for the WT allele, heterozygous with one WT and 
one KO allele, or homozygous for the KO allele in a mendelian distribution since the gene 
deletion did not affect the survival of the offspring. The KO animals and their WT littermates 
were used for experiments, whereas the heterozygous animals were used for further breeding.  

Transgenic animals of conditional type were also used. In such mice the gene deletion is only 
present in a specific tissue. The most common way to achieve such tissue specific gene deletion 
is by using the Cre/LoxP system. One animal line expresses the enzyme Cre recombinase under 
the promotor of a gene selectively expressed in the tissue of interest. Another animal line 
expresses cleaving sites for Cre recombinase called LoxP sites around the gene targeted for 
deletion (the gene is “floxed”). When these animals are crossed, knockout animals are created, 
in which the target gene is deleted only in the tissue of interest. The Cre recombinase can also 
be fused to a nuclear receptor that only is activated upon stimulation with a certain ligand, for 
example the steroid hormone tamoxifen. Then the animals are intact until they are treated with 
tamoxifen, which translocates the receptor and the Cre recombinase from the cytoplasm to the 
nucleus, resulting in deletion of the gene in the target tissue. Both these techniques were used 
in papers II and III.  

COLD STIMULATION  

In paper IV, we examined the temperature response to a cold environment. The mice were 
implanted with a transponder and transferred to a room in which the ambient temperature was 
set to 29°C as described above. At least one week after the surgery the animals were transferred 
to new cages and injected with NaCl or a β3 antagonist i.p. and placed in an indirect calorimetric 
system (INCA; Somedic, Hörby, Sweden) in which the ambient temperature was gradually 
decreased to 7°C while the body temperature was recorded.  

IMMUNOHISTOCHEMISTRY 

For staining of proteins in tissue, immunohistochemistry was used. Antibodies specific for the 
target protein are incubated with the tissue and detected with other antibodies that bind the 
species of the first antibody. It is important to make sure that the primary antibody detects what 
is intended, as unspecific binding by commercially available antibodies is very common. 
Generally, we used well-characterized antibodies. In addition, when possible, the specificity of 
the antibodies used was tested on tissue from animals in which the gene for the target protein 
had been knocked out. This procedure was done for the antibodies against Cox-1 and mPGES-
1 used in paper I. We also used different antibodies for staining the same cell type (pericytes 
in paper I) and made sure that the antibodies displayed a similar staining pattern. 

Tissue for the immunohistochemistry was obtained from animals perfused with 4% 
paraformaldehyde in phosphate-buffered saline (PBS), cryoprotected in 25% sucrose in PBS 
and cut at 20 µm on a freezing microtome. Unspecific immunoreactivity was blocked with 
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normal serum from the animal species in which the secondary antibody was produced, bovine 
serum albumin, and triton X-100, followed by incubation with the primary antibody and a 
fluorescent secondary antibody, diluted in the same solution. For brightfield microscopy, 
endogenous peroxidases were first removed by incubating the section in H2O2 in PBS. After 
incubation with primary antibodies, biotinylated secondary antibodies were used followed by 
an avidin-biotin-horseradish peroxidase kit (Vector Labs, Burlingame, CA). Peroxidase 
activity was demonstrated with nickel-enhanced 3,3′-diaminobenzidine tetrahydrochloride. 

MICROSCOPY  

Stained sections were analyzed with a Nikon 80i microscope equipped with epifluorescence 
and a Zeiss Axio Observer Z1 fluorescence microscope connected to a Zeiss LSM 700 confocal 
unit with 405, 488, 555, and 639 nm diode lasers. For the confocal pictures, a Z-stack was made 
through the area of interest, and a flat image was created from the Z-stack to make micrographs 
with a feeling of depth. Captured images were processed in Adobe Photoshop with adjustment 
of brightness and contrast. 

QUANTITATIVE REAL TIME PCR 

To measure changes in the levels of messenger RNA, quantitative real-time PCR was used. 
This is a common method for determining mRNA levels by which the targets of the PCR 
reaction can be measured in real time. Besides the regular PCR primers specific for the 
examined gene, a probe that binds the PCR product is used. A fluorophore and a quencher for 
the fluorophore are connected to the probe. When a new synthesis cycle starts and the 
polymerase binds to synthesize a new strand from the PCR product, the probe is degraded by 
the polymerase, and the fluorophore is released and separated from the quencher and the 
emission light measured. The emission light will be proportional to the number of strands 
synthesized and thereby to the amount of starting material. In the papers of this thesis, Taqman 
assays were used (Applied Biosystem, Foster City, California, USA). RNA was extracted with 
RNeasy kit (Qiagen, Hilden, Germany) followed by measurement of the RNA concentration 
with NanoDrop (ThermoFisher, Waltham, Massachusetts, USA). cDNA was synthesized from 
the RNA with High Capacity cDNA synthesis kit (Applied Biosystem). The housekeeping gene 
GAPDH was used as reference gene, because it should not be affected by inflammatory stimuli. 
It has proven reliable in previous studies in our laboratory, since its levels have been found to 
vary little between differently treated samples when the amount of starting material has been 
similar.  

MEASUREMENT OF INFLAMMATORY MEDIATORS AND LIPIDS 

For measurements of cytokines and PGE2 in plasma and cerebrospinal fluid (CSF) different 
types of immunoassays were used. Plasma was prepared by drawing blood from the left 
chamber of the heart shortly after death. The plasma was then centrifuged in EDTA-coated 
tubes, transferred to sterile tubes and immediately frozen on dry ice. The use of plasma instead 
of serum was to avoid that the levels of the mediators measured were affected by the 
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coagulation process. CSF was collected from cisterna magna and immediately frozen on dry 
ice. After the blood had been collected the mouse was mounted in a stereotaxic frame, the 
atlanto-occipital membrane exposed, and the CSF withdrawn using a Hamilton syringe 
mounted on a micromanipulator. The time from when the animals were killed to when CSF 
was withdrawn was less than 10 minutes.  

For analysis of PGE2 in CSF, an assay with high sensitivity had to be used, since the amount 
of material obtained was very small, around 2-3 µl. For this purpose, we choose the PGE2 High 
Sensitivity ELISA kit (Enzo Life Science, Lausen, Switzerland). However, since the primary 
antibody in this kit is made in mouse, the secondary antibody is anti-mouse and this kit is 
therefore not suitable for detecting PGE2 in mouse plasma, for which instead a Prostaglandin 
E Metabolite EIA Kit (Cayman Chemical, Ann Arbor, MI) was used. The metabolite kit, which 
detects a stable metabolite of PGE2, is supposed to provide more accurate data than direct 
measurement of PGE2 in plasma, since 90% of the PGE2 is cleared by one passage through the 
lung (Hamberg & Samuelsson 1971).  

To quantify triglycerides in brown adipose tissue (paper IV), interscapular BAT was cut out 
and frozen on dry ice, and a Triglyceride Quantification Kit (Abcam, Cambridge, UK) was 
used, following the manufacturer’s description. 

VIRUS INJECTION 

In paper II we aimed at restoring the PGE2 synthesizing ability in the hypothalamus of mPGES-
1 knockout mice by using a lentiviral vector expressing human mPGES-1. The animals were 
anesthetized and mounted in a stereotaxic frame and the lentiviral vector was injected at a 
position of 0.0 mm anteroposterior to bregma, 0.3 mm mediolateral to bregma, and 5.5 mm 
dorsoventral to bregma. As control, animals were injected with a lentiviral vector expressing 
GFP. This vector was also added at 10% to the mPGES-1 expressing vector to permit 
immunofluorescent identification of the injection site.  

STATISTICS 

Statistical analyses were done in GraphPad PRISM version 6 (GraphPad Software, San Diego, 
CA). Fever data were analyzed with a two-way repeated measures ANOVA with Tukey’s or 
Bonferroni’s post hoc tests. One-way ANOVA followed by Sidak’s post hoc test was used 
when groups were analyzed based on one variable such as PGE2 levels. When only two groups 
were compared, t-test was used. In paper II regression analysis was used to examine 
relationships between levels of PGE2, Cox-2 mRNA and body temperature. In cases of unequal 
variance, non-parametric tests (Mann-Whitney and Kruskall-Wallis followed by Dunn’s post 
hoc test for multiple comparisons) were used. 
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RESULTS AND DISCUSSION 

PAPER I 

It was for long impossible to immunohistochemically visualize mPGES-1 protein expression 
in the mouse brain since no specific antibodies were available. It was known that in the rat 
brain mPGES-1 was expressed very weakly under naive conditions but induced in endothelial 
cells of cerebral blood vessels following inflammatory stimulation and that the same cells also 
expressed inducible Cox-2 (Ek et al 2001, Yamagata et al 2001). It is therefore believed that 
endothelial cells are the source of the increased levels of PGE2 seen after inflammatory stimuli. 
In mice, using a bone-marrow transplantation technique, we previously demonstrated that 
mPGES-1 in non-hematopoietic cells was necessary and sufficient for the fever response to 
peripherally administered LPS, and that only the PGE2 levels in the CSF, and not in plasma, 
related to the fever response (Engstrom et al 2012). We also showed, with fluorescence-
activated cell sorting, that mPGES-1 was induced in endothelial cells but not in brain 
macrophages after immune stimulation (Engstrom et al 2012). Still, the direct demonstration 
of the distribution of mPGES-1 protein in the mouse brain was lacking. In paper I we examined 
the expression of mPGES-1 in the mouse brain through collaboration with a research group 
that had developed an antibody that specifically recognizes mouse mPGES-1 (Tachikawa et al 
2012). We used this antibody, combined with labeling for cell-specific markers, to determine 
the cellular localization of mPGES-1 in the mouse brain both under naive conditions and 
following stimulation with LPS. 

The mPGES-1 antibody was shown to be specific for mPGES-1 protein by the absence of 
staining of brain tissue from mPGES-1 knockout mice. mPGES-1 was constitutively expressed 
in the mouse brain. The structures that were stained by the mPGES-1 antibody were 
leptomeninges, choroid plexus, arcuate nucleus of hypothalamus, subfornical organ, 
cerebellum, and blood vessels. Staining of blood vessels was particularly prominent in 
autonomic relay structures such as the median preoptic area, the paraventricular nucleus of the 
hypothalamus and the area postrema. There was no visible induction of mPGES-1 expression 
3 or 5 hours after immune challenge with LPS. Dual labeling with cell specific markers showed 
that mPGES-1 co-localized with the endothelial cell markers CD31 and von Willebrand factor, 
and after immune stimulation also with Cox-2. mPGES-1 did not co-localize with Cox-1. In 
smaller capillaries of the brain parenchyma mPGES-1 showed co-localization with the pericyte 
markers PDGFRβ and CD13. Vessels in the paraventricular hypothalamic nucleus and area 
postrema showed both some mPGES-1 positive cells that stained for pericyte markers, but also 
some cells that stained for endothelial markers. In the arcuate nucleus of the hypothalamus and 
in the Purkinje cell layer in the cerebellum the mPGES-1 positive cells were star-shaped and 
stained for the astrocyte marker glial fibrillary acidic protein. In the subfornical organ and 
choroid plexus the identity of the mPGES-1 positive cells was not determined but they 
resembled neurons and tanycytes, respectively.  
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The mPGES-1 expression in mice was more extensive than what has been reported in rats, in 
which there is low constitutive expression of mPGES-1 but a prominent induction following 
immune stimulation. Here we show that mPGES-1 is constitutively expressed in endothelial 
cells, and in pericytes as well as astrocytes which has not been shown before. However, the 
present findings are in line with the observation from qPCR analyses of brain tissue that 
mPGES-1 in mice shows higher basal levels and only a 2-fold upregulation by immune 
challenge (Engstrom et al 2012, Nilsberth et al 2009b) , whereas in rats the induction is in the 
order of 20-80 times at the peak of fever (Inoue et al 2002, Ivanov et al 2002). The function of 
the mPGES-1 in pericytes and astrocytes, which do not display Cox-2 or Cox-1 at detectable 
levels, is unknown. It is possible that the Cox enzymes still are expressed at very low levels, 
or that the substrate for mPGES-1 is synthesized non-enzymatically, in which case these cells 
still may produce PGE2. Pericytes are known to be important for blood-brain barrier integrity 
and the regulation of the blood flow (Armulik et al 2011). However, our data show that it is the 
capillary pericytes and not the contractile pericytes in larger arterioles and venules that express 
mPGES-1. Astrocytes also have a role in cerebral blood flow regulation which is suggested to 
be PGE2 dependent (Gordon et al 2007); however, only a small portion of astrocytes in distinct 
brain structures expressed mPGES-1.  

In summary, our data show that mPGES-1 is constitutively expressed in endothelial cells of 
the mouse brain, where it is co-expressed with inducible Cox-2 following immune stimulation. 
However, the data also point to a more widespread synthesis of PGE2 or other mPGES-1-
dependent products in the mouse brain that may be related to inflammation-induced sickness 
symptoms, as well as other functions.  
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PAPER II 

It is known that fever occurs upon binding of PGE2 to EP3 receptors in the median preoptic 
nucleus of the hypothalamus (Lazarus et al 2007), and that Cox-2 and mPGES-1 in endothelial 
cells in the brain are important for the fever response (Wilhelms et al 2014), but the site of 
origin of the pyrogenic PGE2 has not been clearly determined. In paper II the aim was to 
examine the role of local versus generalized PGE2 production in the brain for the febrile 
response. To address this issue, mice with genetic deletion of the prostaglandin synthesizing 
enzyme Cox-2 in the brain endothelium, generated with an inducible CreERT2 under the 
Slco1c1 promoter, were used, as well as injection of an mPGES-1 expressing viral vector into 
the hypothalamus of global mPGES-1 knockout mice.  

Following immune challenge of the mice with LPS we measured PGE2 levels in CSF and 
plasma as well as the induction of Cox-2 mRNA in the hypothalamus and performed a 
regression analysis between these parameters and the magnitude of the fever response in each 
individual animal. We also measured the temperature response to LPS in the mPGES-1 
knockout mice in which the mPGES-1 virus vector had been injected into the hypothalamus. 

As has been shown previously (Wilhelms et al 2014), Cox-2 Slco1c1-Cre mice with a deletion 
of the Cox-2 gene in brain blood vessels showed attenuated inflammatory induced fever 
compared to their WT littermates, and they also showed attenuated induction of Cox-2 mRNA 
in the hypothalamus. However, the PGE2 levels in the CSF, which were strongly increased 
following stimulation with LPS, did not differ between mice with an endothelial deletion of 
Cox-2 and WT littermates. There was neither any difference between the groups with respect 
to the levels of PGE2 metabolites in plasma. Regression analysis showed that there was a strong 
correlation between the levels of Cox-2 mRNA in the hypothalamus and body temperature, 
whereas the levels of PGE2 in CSF showed only a weak relationship with the magnitude of the 
febrile response. PGE2 metabolites in plasma showed a moderately strong relationship to the 
magnitude of the fever. The PGE2 levels in CSF correlated only weakly with the Cox-2 mRNA 
expression in hypothalamus and not with the levels of PGE2 metabolites in plasma, suggesting 
that the latter have a different source of origin. 

Histological analysis of the Slco1c1Cre animals crossed with a reporter line expressing the red 
fluorescent protein tdTomato showed that Slco1c1Cre mainly targeted small and medium sized 
blood vessels deep in the brain parenchyma where the expression of tdTomato co-localized 
with induced Cox-2 staining. In contrast larger blood vessels rarely expressed tdTomato but 
showed induced Cox-2 immunoreactivity, which might explain the retained high levels of 
PGE2 in CSF of Cox-2 Slco1c1Cre mice. In Cox-2 Slco1c1Cre mice we also dual-stained for 
Cox-2 and lipocalin-2. Lipocalin-2 is induced by LPS but is independent of Cox-2 and hence 
can be used as a marker for endothelial activation (Hamzic et al 2013). We found that the Cox-
2-Slco1c1Cre mice had retained expression of Cox-2 in larger lipocalin-2 expressing vessels
mainly in the cortex. However, in small and medium sized vessels deep in the brain
parenchyma, such as in the hypothalamus, Cox-2 expression was sparse, whereas the lipocalin-
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2 expression was strong, suggesting the Cox-2 expression had been blocked in the Cre positive 
mice. In contrast, WT littermate had a strong expression of Cox-2 in the same areas. We 
conclude that the gene deletion in the Cox-2-Slco1c1Cre mice left PGE2 synthesis largely intact 
in major parts of the brain, while significantly reducing it in the regions critical for the febrile 
response. This idea is in line with the findings that the PGE2 levels in CSF were increased and 
similar in mice with and without endothelial Cox-2 deletion, but that the fever was significantly 
reduced in the mice with endothelial Cox-2 deletion.  

To further support our findings, a virus vector expressing microsomal prostaglandin E 
synthase-1 (mPGES-1) was injected into the median preoptic nucleus of mPGES-1 knock-out 
mice, which do not develop fever in response to LPS (Engblom et al 2003, Nilsberth et al 
2009b, Saha et al 2005). Local delivery of the mPGES-1 transcript, verified by quantitative 
PCR analysis, resulted in a temperature elevation in response to LPS that was not seen in 
animals injected with a vector containing GFP only.  

The results of this study indicate that the febrile response is dependent on local release of PGE2 
onto its target neurons in the thermoregulatory center in the hypothalamus, perhaps through a 
paracrine mechanism and that it is not influenced by the overall PGE2 production in the brain. 
These results are in line with data showing that a threshold dose of PGE2 injected in or very 
close to the MnPO elicited fever whereas injection to a more distant site did not (Scammell et 
al 1996). The levels of PGE2 in peripheral blood poorly correlated to the levels of PGE2 in CSF 
suggesting they have different origin and that peripherally produced PGE2 is not contributing 
to the levels of PGE2 in the brain and unlikely to be involved in the fever response, which is in 
contrast to what has been suggested previously (Steiner et al 2006). 

The finding that the genetically modified mice with Cre recombinase expressed under the 
control of the Slco1c1 promoter produced recombination (and hence gene deletion) in brain 
endothelial cells in small- and medium-sized vessels but not in larger vessels reflects the 
function of the protein encoded by the Sloco1c1 gene. Sloco1c1 encodes the organic anion 
transporter 14 (Oatp14), which has been shown to be expressed selectively in endothelial cells 
of the brain (Ridder et al 2011). The organic anion transporter family transports hormones and 
other organic molecules to and from the brain (Westholm et al 2009), and it has been 
demonstrated that other members of the Oatp family also show heterogeneous distributions 
among the vessels in the brain similar to Oatp14, with the main expression being in smaller 
vessels (Daneman & Prat 2015). Oatp14 is the major thyroid hormone transporter in mice 
(Roberts et al 2008) and considering the critical role of thyroid hormones in the hypothalamus 
a strong expression in this regions in not surprising.  

The temperature elevation in response to LPS, seen in the mPGES-1 KO mice receiving a 
lentiviral vector that aimed at restoring the PGE2 synthesizing capacity in the anterior 
hypothalamus was modest, and the temperature elevation did not qualify as fever. However, 
the temperature response to PGE2 is known to be graded (Nilsberth et al 2009a), and the 
temperature elevation observed is consistent with an incomplete restoration of the PGE2-



27 

synthesis. In mice lacking PGE2 synthesizing capacity or in mice lacking EP3 receptors, LPS 
stimulation results in hypothermia (Engstrom et al 2012, Oishi et al 2015) through a so far 
unknown mechanism. The finding that the virus injection in the mPGES-1 KO mice normalized 
their temperature after LPS stimulation implies that PGE2 synthesis was restored to some extent 
at the site of the injection.  
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PAPER III 

In papers I and II we examined the enzymes producing PGE2, which is known to be the final 
mediator of fever. However, the signaling pathways leading to PGE2 production are not fully 
elucidated. In paper III, we studied the role of IL-6 receptors and their intracellular signaling 
in LPS-induced fever. IL-6 in known to be involved in fever since neutralization of IL-6 in 
plasma (Cartmell et al 2000) as well as deletion of the IL-6 gene abolishes LPS- and IL-1β-
induced fever (Chai et al 1996). IL-6 is not in itself pyrogenic. Only when injected together 
with a non-pyrogenic dose of IL-1β it induces a febrile response (Cartmell et al 2000, Chai et 
al 1996, Nilsberth et al 2009a). To investigate the role of IL-6 signaling in different cell types 
for inflammatory-induced fever, mice with a floxed IL-6Rα gene were breed together with 
mouse lines expressing Cre-recombinase in endothelial cells of the brain (Slco1c1-Cre), in 
neurons (Nestin-Cre), and in peripheral nerves (HTPA-Cre and TRPV1-Cre) to create mice 
with tissue selective deletions of the IL-6Rα. The mice were immune challenged with LPS i.p. 
(120 µg/kg) and their temperature response monitored.  

Deletion of IL-6Rα in endothelial cells of the brain resulted in an attenuated fever response, 
whereas IL-6Rα deletion in neurons or on peripheral nerves had no effect. In line with the 
above findings, IL-6Rα mRNA levels in the hypothalamus were significantly reduced, and so 
was the induced expression of Cox-2 and SOCS3 which is a mediator in the JAK-STAT 
signaling pathway. The gene for IκB, a marker for NF-κB activation, was induced to the same 
level in the gene deleted and WT mice, which together with the attenuated SOCS3 expression, 
suggests that IL-6 acts through the STAT3 intracellular pathway to activate the prostaglandin 
synthesis, but does not involve the NF-κB pathways which in contrast has been implicated in 
endothelial IL-1β signaling (Ridder et al 2011). To further support this idea, we created mice 
lacking STAT3 in the endothelial cells of the brain by crossing a floxed STAT3 line with the 
Slco1c1-Cre line. The mice deficient of STAT3 in their brain endothelial cells showed a similar 
attenuation of their fever response as the mice with the endothelial IL-6Rα deletion.  

The findings show that the pyrogenic effect of IL-6 is exerted by its binding to IL-6 receptors 
on brain endothelial cells, and that the ligand binding in turn leads to induced expression of the 
prostaglandin synthesizing enzyme Cox-2 via intracellular signaling that involves the STAT3 
pathway. The role of IL-6 in fever has previously been unclear, and its signaling being 
suggested to be upstream, downstream or parallel to prostaglandin production (Kagiwada et al 
2004, Nilsberth et al 2009a, Rummel et al 2006). Our results demonstrate that Cox-2 is 
downstream of IL-6 signaling, since its expression is reduced when the IL-6 signaling is 
inhibited through genetic deletion of the IL-6 receptors. However, IL-6 knockout mice have 
been shown to respond with endothelial Cox-2 production to LPS (Nilsberth et al 2009a) and 
IL-1 (Kagiwada et al 2004), but yet these mice do not respond with fever. Also, injection of 
IL-6 did not induce Cox-2 production or fever (Nilsberth et al 2009a). However IL-1 and IL-6 
have been shown to potentiate each other’s effects, since non-febrile doses of IL-1 and IL-6 
administered together elicits a febrile response (Cartmell et al 2000). This suggests a 
synergistic effect, perhaps in the intracellular signaling cascade upstream Cox-2 induction. 
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It has been suggested that peripheral nerves act as cytokines sensors and could constitute a 
neuroimmune afferent pathway (Binshtok et al 2008, Quan 2014, Ross et al 2000). However, 
the results of Paper III show that IL-6 receptors on neural cells, including peripheral nerves, 
are not involved in the fever response to peripheral immune stimulation, although the 
mechanism might exist for other inflammatory mediators or in other types of inflammatory 
models.  
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PAPER IV 

The temperature elevation seen in fever is suggested to be caused by the same mechanisms as 
those involved in defending the body temperature to cold exposure, i.e. brown adipose tissue 
(BAT) thermogenesis, cutaneous vasoconstriction and shivering. BAT thermogenesis has also 
been implicated in emotional stress-induced hyperthermia (Morrison & Nakamura 2019). 
However, these ideas are based on studies in rats, evidence is largely indirect, and little 
functional data exist. In paper IV we examined the role of BAT thermogenesis in LPS-induced 
fever and emotional stress-induced hyperthermia by using UCP-1 knockout mice and 
pharmacological tools. 

We found that UCP-1 knockout mice developed normal fever to LPS, both at near-
thermoneutral conditions (29°C) and at room temperature (21°C). In contrast, these mice did 
not show any hyperthermic response when injected with a β3 receptor agonist, known to 
activate BAT thermogenesis, hence demonstrating that the knockout was functional. We also 
measured the mRNA induction of UCP-1 and the transcription coactivator PGC-1α, which is 
expressed in BAT and involved in a wide variety of biological responses including adaptive 
thermogenesis, mitochondrial biogenesis, and glucose/fatty acid metabolism (Liang & Ward 
2006). In interscapular BAT of WT mice, UCP-1 and PGC-1α mRNA levels were not affected 
by immune challenge with LPS, and neither was the triglyceride content or the weight of the 
interscapular BAT. However, the β3 receptor agonist produced a strong induction of both UCP-
1 and PGC-1α mRNA and reduced the triglyceride content and weight of the interscapular 
BAT. There was no difference in the mRNA levels of the other suggested uncoupling proteins, 
UCP-2 and UCP-3, in the BAT of UCP-1 KO mice compared to what was seen in WT mice, 
confirming that the KO mice did not compensate for the loss of UCP-1 by upregulating UCP-
2 and UCP-3. However, there was an induction of UCP-3 mRNA in skeletal muscle both 
following LPS stimulation and after stimulation with the β3 receptor agonist, as has been shown 
previously (Nakamura et al 2001, Sun et al 2003).  

To further support these results from the UCP-1 KO animals on LPS induced fever, we 
administered a β3 receptor antagonist that blocks the activation of the BAT. First, we examined 
the effect of the β3 receptor antagonist on cold defense by placing the animals in an indirect 
calorimetric system in which the ambient temperature was gradually lowered to 7°C. The β3 

receptor antagonist significantly reduced the ability of the mice to defend their body 
temperature, and it also attenuated the cold induced upregulation of UCP-1 and PGC-1α 
mRNA. However, like what was found in UCP-1 KO animals, the β3 receptor antagonist did 
not attenuate LPS induced fever. To evaluate other thermogenic mechanisms that could be 
involved in fever we blocked cutaneous vasoconstriction with an α1/α2a antagonist (Prazosin) 
or with a 5-HT1A agonist (8-OH DPAT). Both substances inhibited LPS induced fever. Prazosin 
had no effect on body temperature when administered together with vehicle, whereas 8-OH 
DPAT reduced the hyperthermic response always present when handling the animals for 
performing injections.   
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We also examined the role of UCP-1 for emotional stress-induced hyperthermia both during 
handling stress, when the animals were lifted up for injection, and to cage exchange, when the 
mice were placed in the empty home cage of a different animal, a procedure that results in a 
pronounced hyperthermia. There was no difference in the hyperthermic response between 
UCP-1 KO mice and WT littermates during the cage exchange stress. There was neither any 
induction of UCP-1 or PGC-1α mRNA in BAT, nor was there any difference in the weight of 
the BAT following the emotional stress-induced hyperthermia. Notable, cage exchange 
induced UCP-3 mRNA in muscle. The animals receiving an α1/α2a antagonist displayed a 
similar handling stress hyperthermia as vehicle injected animals, and a similar temperature 
response to cage exchange stress. These data point to the involvement of other mechanism than 
peripheral vasoconstriction and UCP-1 mediated non-shivering thermogenesis in emotional 
stress-induced hyperthermia. 

Taken together, the results of paper IV show that UCP-1 mediated thermogenesis in BAT is 
not involved in inflammatory-induced fever or emotional stress-induced hyperthermia, at least 
not in mice. Furthermore, our findings hence indicate that immune-induced fever is dependent 
both on heat preservation by vasoconstriction and some mechanism for heat generation that 
may involve UCP-3 mediated thermogenesis in skeletal muscle since UCP-3 is upregulated by 
LPS stimulation. This hypothesis fits with previous results that UCP-3 deletion abolishes LPS 
induced fever in mice and that its selective re-expression in skeletal muscle partly rescues this 
response (Riley et al 2016). Emotional stress-induced hyperthermia seems to be independent 
of both UCP-1 and peripheral vasoconstriction. However, UCP-3 mRNA is upregulated in 
skeletal muscles by emotional stress, which might suggest a role for UCP-3 dependent non-
shivering thermogenesis in muscles for the resulting hyperthermia, but this issue needs to be 
further examined. The role of shivering in LPS induced fever and stress induced hyperthermia 
also remains to be examined.  
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CONCLUSIONS 

The studies in this thesis show that mPGES-1, which is the terminal enzyme in the production 
of PGE2, is expressed in endothelial cells in the mouse brain, where it co-localizes with Cox-
2, the rate limiting enzyme for PGE2 production. These observations support the idea that 
endothelial cells are the source of the PGE2 necessary for fever. Endothelial cells in the 
hypothalamic area are the cells that produce the PGE2 necessary for fever, whereas PGE2 

production in endothelial cells elsewhere in the brain does not seem to be involved. The 
functional role of PGE2 produced in non-hypothalamic sites and of cells other than endothelial 
cells is little investigated. However, it could be involved in other sickness symptoms such as 
HPA axis activation, anorexia and social avoidance that are also prostaglandin dependent. The 
peripheral inflammation induced by immune challenge with LPS activates PGE2 synthesis 
through interleukin-6α receptors located on the endothelial cells that signal through a STAT3 
dependent intracellular pathway to initiate Cox-2 synthesis and hence the critical PGE2 
production. IL-6 receptors on neurons in CNS or on peripheral nerves are not involved, at least 
not in the model of inflammatory induced fever used here. Finally, the heat generation in the 
fever response in our model of peripheral inflammation, and at the ambient temperatures tested, 
is independent of BAT thermogenesis but involves peripheral vasoconstriction through 
sympathetic signaling and perhaps non-shivering UCP-3 mediated thermogenesis in skeletal 
muscles. These data are summarized in Figure 4. 
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Figure 4. Fever is initiated by the peripherally produced cytokines IL-1 and IL-6 which both 
bind to their receptors on endothelial cells of the brain blood vessels. In the endothelial cells 
IL-6 induces Cox-2 through the STAT3 intracellular signaling pathway whereas IL-1 signals 
through the NF-κB pathway. PGE2 is produced through the enzymes Cox-2 and mPGES-1 
which both are present in the endothelial cells. The PGE2 is released into the brain close to 
the thermoregulatory median preoptic nucleus (MnPO) of the hypothalamus, where it binds 
EP3 receptors on presumably inhibitory GABAergic neurons. Upon binding of PGE2 to EP3, 
these neurons are silenced and the inhibition of presympathetic neurons in the dorsomedial 
hypothalamic nucleus (DMH) and the rostral medullary raphe nucleus (RMR) is stopped. The 
EP3 neurons in MnPO are also warm sensitive (WS), i.e. they can directly respond to warm 
temperature, and they receive afferent signals from peripheral thermosensitive neurons about 
skin and visceral temperature. RMR neurons activate spinal motor neurons involved in 
shivering thermogenesis and sympathetic neurons controlling vasoconstriction and brown 
adipose tissue (BAT) thermogenesis and probably also non-shivering muscle thermogenesis. 
BAT is mainly involved in cold induced thermogenesis whereas inflammatory induced fever 
seems to involve vasoconstriction, non-shivering thermogenesis in muscle and shivering. Note 
that the direct pathway from the MnPO to the RMR regulates vasomotor tone, whereas the 
signals that are relayed in the DMH regulate BAT thermogenesis and shivering. 
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