
UMEÅ UNIVERSITY MEDICAL DISSERTATIONS 
New series No 944 – ISSN 0346-6612 ISBN 91-7305-823-8 

______________________________________________________________________________ 

From the Department of Pharmacology and Clinical Neuroscience, Umeå University, Umeå, Sweden 

 
 

Fatty acid amide hydrolase  
– A target for anti-inflammatory 

therapies? 
 
 
 

By 
Sandra Holt 

 

 

 

 

 

 

 
 

 
 

Department of Pharmacology and Clinical Neuroscience,  
Pharmacology, Umeå University 

Umeå 2005

http://www.umu.se/


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Printed by Print & Media, Umeå University, Umeå, 2005 
Copyright © Sandra Holt 

 
ISSN 0346-6612-944 
ISBN 91-7305-823-8 

 



 
 
 
 

Somewhere, something incredible is waiting to be known. 
 

Blaise Pascal (1623-1662) 

 
 
 
 
 
 
 
 
 
 
 
 

Till mormor Ruth och farmor Annastina, 
 

för allt ni är för mig. 
 
 
 
 
 

 



Contents 
Original papers 6 

Abstract 7 

Terminology and abbreviations 8 

Introduction 10 

The endocannabinoid system 11 
Synthesis 12 

AEA 12 
2-AG 16 

Release 17 
Receptor activation 17 

CB-receptors 17 
Other receptor systems 21 

Uptake 22 
Degradation 23 

FAAH 25 
Inhibitors of FAAH 27 
MAG-lipase 29 
Inhibitors of MAG-lipase 30 
Other routes of degradation 30 

Therapeutic areas with possible endocannabinoid involvement 31 

Aims of the thesis 35 

Methodological considerations 36 

FAAH assay 36 

Administration of drugs (solubility of lipids) 40 

 

 4



 
 

Independent regulation of intracellular and extracellular                    
pH in intact C6 rat glioma cells 41 

Inflammatory models 41 
Carrageenan-induced hind paw inflammation in the mouse 42 
LPS-induced pulmonary inflammation in the mouse 44 

Data analysis and statistics 45 

Results and discussion 47 

Influence of pH on FAAH activity and sensitivity to inhibitors    
(Paper I) 47 

The effect of altered pH on FAAH activity in intact cells              
(Paper II) 49 

Anti-inflammatory effect of FAAH inhibition in vivo                   
(Paper III) 52 

The activity of the endocannabinoid system under inflammation. 
(Paper IV) 57 

Conclusions 60 

General discussion 61 

Populärvetenskaplig sammanfattning på svenska 64 

Acknowledgements 67 

References 70 

Appendix 97 

 5



Sandra Holt  Fatty acid amide hydrolase - A target for anti-inflammatory therapies? 
 

Original papers 
The present thesis is based on the following publications and 
manuscript, which will be referred to in the text by their Roman 
numerals. 
 
I. Holt S, Nilsson J, Omeir R, Tiger G, Fowler CJ. 

Effects of pH on the inhibition of fatty acid amidohydrolase by 
ibuprofen.  
Br J Pharmacol. 2001 Jun;133(4):513-20. 

 
  Corrigendum in: Br J Pharmacol. 2001 Sep;134(2):451. 
 
II.  Holt S, Fowler CJ. 

Anandamide metabolism by fatty acid amide hydrolase in intact C6 
glioma cells. Increased sensitivity to inhibition by ibuprofen and 
flurbiprofen upon reduction of extra- but not intracellular pH. 
Naunyn Schmiedebergs Arch Pharmacol. 2003 Mar;367(3):237-44. 

 
III.  Holt S, Costa B, Fowler CJ. 

Inhibitors of fatty acid amide hydrolase reduce carrageenan-
induced hind paw inflammation in the mouse: Comparison with 
indomethacin and possible involvement of cannabinoid receptors.  
Manuscript. 

 
IV.  Holt S, Rocksen D, Bucht A, Petersen G, Hansen HS, Valenti M, Di 

Marzo V, Fowler CJ.  
 Lipopolysaccharide-induced pulmonary inflammation is not 
accompanied by a release of anandamide into the lavage fluid or a 
down-regulation of the activity of fatty acid amide hydrolase.  

  Life Sci. 2004 Dec 10;76(4):461-72.  
   
 
   
   
 
  The published papers were reprinted with permission from the publishers.

 6



 Abstract 
  

Keywords: FAAH, anandamide, endocannabinoid, pH, inflammation, NSAID 
 

Abstract 
Anti-inflammatory drugs are a widely used class of therapeutic agents, but the use 
of non-steroidal anti-inflammatory drugs (NSAID) is hampered by their 
gastrointestinal side-effects. Recent reports that cyclooxygenase-2 inhibitors may 
cause cardiovascular events underline the importance of identifying new 
therapeutic strategies for the treatment of inflammation. One such target could be 
agents modifying the endogenous cannabinoid (endocannabinoid) system, since 
there is evidence that this system plays a role in our natural defence against 
inflammation. The levels of the endocannabinoid anandamide (arachidonoyl 
ethanolamide, AEA) are low under normal conditions, and stand under strict 
regulatory control of synthesising and degrading enzymes. Fatty acid amide 
hydrolase (FAAH) is the main enzyme degrading AEA, hydrolysing it to 
ethanolamine and arachidonic acid. The focus of this thesis lies in exploring the 
pharmacology of FAAH to evaluate its possibilities as a target for new anti-
inflammatory drugs.  
 
In Papers I and II, the effects of the ambient pH on the properties of FAAH were 
investigated, since tissue pH is known to decrease under inflammatory conditions. 
In homogenates, it was found that the activity of FAAH decreased as the assay pH 
was decreased, consistent with the known pH profile of the enzyme. More 
importantly, the sensitivity of the enzyme to inhibition by FAAH inhibitors 
changed. In particular, the sensitivity of the enzyme to inhibition by the NSAID 
ibuprofen increased seventeen-fold as the assay pH decreased from 8.37 to 5.28. A 
similar pattern was found using intact C6 glioma cells when the extracellular, but 
not the intracellular pH was reduced. Thus, at an extracellular pH value of 6.2, (R)-
ibuprofen, (S)-flurbiprofen and (R,S)-flurbiprofen inhibited the metabolism of AEA 
with IC50 values of 26, 14 and 15 µM, respectively. These values are in theory 
reachable upon normal dosing of the compounds. In Paper III, the effect of the 
selective FAAH inhibitor URB597 and the NSAID indomethacin were investigated 
in vivo upon the oedema response to carrageenan administration in the paw of 
anaesthetised mice. Both compounds reduced the oedema in a manner completely 
blocked by the CB2 receptor antagonist SR144528. In Paper IV, the effect of 
inflammation upon endocannabinoid synthesis was investigated in mice. 
Lipopolysaccharide-induced pulmonary inflammation was found not to affect the 
release of AEA to any obvious extent, and did not change the activities of the AEA 
synthesising enzymes N-acyl transferase or N-acyl phosphatidylethanolamine 
phospholipase D, or of FAAH in lung tissue.  
 
The results of this thesis would suggest that FAAH inhibitors can produce anti-
inflammatory effects, and that the endocannabinoid system contributes to the 
actions of the NSAID indomethacin in the carrageenan model of inflammation, but 
that an increased endocannabinoid synthesis (a prerequisite for FAAH inhibition as 
a therapeutic strategy) is not an obligatory response to an inflammatory stimulus. 
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Terminology and abbreviations 
The following terminology and abbreviations are used throughout the 
text: 
 

AA-5HT Arachidonoyl serotonin Inhibitor of FAAH 
AEA Arachidonoyl 

ethanolamide 
(Anandamide) 

Endocannabinoid, with 
agonist activity at TRPV1 
receptors 

2-AG 2-arachidonoyl glycerol Endocannabinoid 
AM251 N-(piperidin-1-yl)-5-(4-

iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-
1H-pyrazole-3-
carboxamide 

Antagonist/inverse agonist at 
CB1-receptors 

CB Cannabinoid  
COX Cyclooxygenase PG- synthase, the classical 

target for NSAIDs 
FAAH Fatty acid amide hydrolase Hydrolyses AEA and other     

N-acyl ethanolamides 
i.p. Intraperitoneal  
i.pl. Intraplantar  
LOX Lipoxygenase Leukotriene synthase 
LPS lipopolysaccharide  Inflammatory bacterial 

endotoxin  
MAG-lipase Monoacyl glycerol lipase Hydrolyses 2-AG 
NAE N-acyl ethanolamine Fatty acid amides, comprising 

AEA, PEA, SEA, OEA etc. 
NAPE N-acyl phosphatidyl 

ethanolamine 
Precursor of NAE 

NAPE-PLD N-acyl phosphatidyl 
ethanolamine 
phospholipase D 

Catalyses the conversion of 
NAPE to NAE  

NAT N-acyl transferase Catalyses the synthesis of 
NAPE 
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Terminology and abbreviations 

NSAID Non-steroidal anti-
inflammatory drug 

 

OEA Oleoyl ethanolamide NAE without affinity for 
known CB-receptors, agonist 
at PPARα 

OTMK Oleoyl 
trifluoromethylketone 

Inhibitor of FAAH and PLA2

PEA Palmitoyl ethanolamide Anti-inflammatory NAE 
with low affinity for known 
CB-receptors 

PG Prostaglandin Product of COX-action upon 
arachidonic acid 

PMSF Phenylmethylsulfonyl 
fluoride 

Non-specific FAAH inhibitor 

PPAR Peroxisome proliferator-
activated receptor 

Lipid-activated transcription 
factors in lipid metabolism, 
inflammation etc.   

Prostamides Prostaglandin 
ethanolamides 

Products of COX-2 
oxygenation of AEA 

SEA Stearoyl ethanolamide NAE without affinity for 
known CB-receptors 

SR144528 N-[(1S)-endo-1,3,3-
trimethyl bicyclo [2.2.1] 
heptan-2-yl]-5-(4-chloro-3-
methylphenyl)-1-(4-
methylbenzyl)- pyrazole-3-
carboxamide 

Antagonist/inverse agonist at 
CB2-receptors 

∆9-THC ∆9-Tetrahydrocannabinol The main active substance in 
cannabis preparations, partial 
agonist at CB-receptors 

TNF-α Tumor necrosis factor α Pro-inflammatory cytokine, 
released from activated 
inflammatory cells 

TRPV1 Transient receptor 
potential vanilloid type 1 

Receptor involved in pain 
transmission 
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Introduction 
Every day the human body is exposed to a variety of potentially harmful 
agents, including micro-organisms, chemicals, and radiation. These 
agents are all able to activate our defence mechanisms, resulting in 
mobilisation of cells belonging to the immune system, and production  
of inflammatory mediators. The inflammatory reaction aims at 
eliminating the infecting agents, but at times it unfortunately also leads 
to damage on otherwise normal bodily functions. Acute anaphylaxia, 
rheumatoid arthritis, gout, asthma, encephalitis and atherosclerosis are a 
few examples of disorders caused by misdirected efforts of the immune 
system. On such occasions the inflammatory response needs to be 
hampered, and for this purpose a multitude of immunosuppressant  
and anti-inflammatory drugs have been developed over the years, 
including glucocorticoids and anti-histamines. The non-steroidal anti-
inflammatory drugs (NSAID) are, however, the most widely used anti-
inflammatory drugs today. Since the synthesis of acetylsalicylic acid and 
the discovery of its anti-inflammatory actions in the late 19th century, a 
large number of new NSAIDs have been developed.  
 
The NSAIDs possess not only anti-inflammatory, but also analgesic 
(reduction of pain) and anti-pyretic actions (reduction of a raised 
temperature). In addition, they commonly cause adverse effects in the 
form of decreased thrombocyte aggregation, mucosal damage and 
ulceration in the gastro-intestinal tract (reviewed by DuBois et al., 1998). 
These side-effects underline the importance of developing new anti-
inflammatory drugs. One possible drug target attracting large interest at 
present is the endocannabinoid system, comprised of the receptors that 
mediate the effects of preparations from the cannabis plant (Cannabis 
sativa), the endogenous ligands of these receptors, and the synthesising 
and hydrolysing enzymes of such ligands. 
 
The herb Cannabis sativa has been harvested for thousands of years 
because of its usefulness in production of hemp for ropes and textiles, 
but also for its psychotropic effects and the multitude of therapeutic 
indications ascribed to it. The use of the herb for medical purposes was 
described in Egyptian and Chinese sources as early as 2700 BC, 
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Introduction 

revealing that the drug was used for rheumatic pains and other 
conditions (reviewed by Adams and Martin, 1996). In 1890, Dr J.R. 
Reynolds wrote in his article ‘Therapeutical uses and toxic effects of 
Cannabis indica’ that “…Indian hemp, when pure and administered 
carefully, is one of the most valuable medicines we possess”, and later in 
the article he reported that in his experiments “…it has relieved the 
lightning pains of the ataxic patient, and also the multiform miseries of 
tingling, formication, numbness, and other paræsthesiæ so common in 
gouty people” (Reynolds, 1890). The use of preparations of Cannabis 
sativa in inflammatory conditions has hence been common for at least 
4700 years, and in many countries there is an ongoing debate about the 
possible legalisation of marijuana (dried flowering buds of the herb) for 
medical use. In some countries the herb is already legalised, but it has to 
be remembered that the herb consists of over 400 different compounds, 
and approximately 60 of them are cannabinoids (Adams and Martin, 
1996), indicating that administration of the herb itself against 
inflammatory conditions, would bring about a multitude of other effects. 
The psychotropic effects of the herb are perhaps the most troublesome 
side-effects and a better approach than the direct use of medical 
marijuana, would be the use of more specific compounds, acting solely 
on specific parts of the endocannabinoid system. In the UK and certain 
states of the USA, the main active compound in Cannabis sativa, ∆9-
tetrahydrocannabinol (∆9-THC, dronabinol), and its structural analogue 
nabilone, are presently licensed as anti-emetics against chemotherapy-
induced nausea and vomiting, and as appetite stimulators for AIDS 
patients (The house of Lords, 1998). With the use of ∆9-THC, however, 
the psychotropic side-effects remain, and further exploration of the 
endocannabinoid system is needed to develop drugs that do not possess 
these central effects. Over the past two decades, much effort has been 
put into this goal, and the knowledge about the endocannabinoid 
system and its role in inflammatory responses is ever increasing.  
 

The endocannabinoid system 
The isolation of ∆9-THC as the main active compound of Cannabis sativa 
in 1964 (Gaoni and Mechoulam, 1964), eventually led to the discovery of 
a cannabinoid binding site in the rat brain (Devane et al., 1988). This 
receptor (now termed the CB1-receptor) was cloned by Matsuda et al. in 
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1990 and a second receptor (the CB2-receptor) was identified by Munro 
et al. (1993). When it was established that many of the effects of ∆9-THC 
were mediated through receptors, the search for endogenous ligands 
started, and in 1992 Devane et al. identified the N-acyl ethanolamine 
anandamide (arachidonoyl ethanolamide, AEA) as a ligand. Since then, 
other endogenous substances with affinity for CB-receptors have been 
identified and suggested to belong to the family of endogenous 
cannabinoids (endocannabinoids). If an endocannabinoid is described 
merely as an endogenous substance possessing an ability to activate one 
or both of the CB-receptors at physiologically relevant concentrations, 
the group is indeed comprised of many members, including AEA, 
homo-γ-linolenoyl ethanolamide, docosatetraenoyl ethanolamide 
(Hanus et al., 1993), 2-arachidonoyl glycerol (2-AG, Sugiura et al., 1995, 
Mechoulam et al., 1995), noladin ether (Hanus et al., 2001), and 
virodhamine (Porter et al., 2002). If a more conservative definition is 
used, demanding also the presence of a defined system of synthesis and 
rapid degradation in tissues and cell types involved in endocannabinoid 
activity, the members are considerably fewer, today comprising only 
AEA and 2-AG.  
 

Synthesis 
Despite the similarities in their chemical structures (Figure 1), AEA and 
2-AG utilise different pathways for synthesis and degradation. 

AEA 
Chemically, AEA belongs to the N-acyl ethanolamines (NAEs), a group 
of biologically active compounds, including palmitoyl ethanolamide 
(PEA), oleoyl ethanolamide (OEA) and stearoyl ethanolamide (SEA) 
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Figure 1. Structures of the endocannabinoids AEA and 2-AG. 
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(reviewed by Fowler, 2003). AEA is the only endocannabinoid in the 
group, but despite their low affinity for the CB-receptors (Lambert et al., 
1999, Jonsson et al., 2001), the NAEs produce a range of biological effects, 
not the least upon inflammation (Berdyshev et al., 1998, Chang et al., 
2001, Conti et al., 2002, Lo Verme et al., 2005).  
 
The NAEs are synthesised from membrane phospholipids by a two step 
reaction, where a fatty acyl chain is transferred in a Ca2+-dependent 
manner from a phospholipid to a phosphatidyl ethanolamine, forming 
an N-acyl phosphatidyl ethanolamine (NAPE). The NAPE is then 
hydrolysed to its corresponding NAE by a phosphodiesterase of the 
phospholipase D-type (NAPE-PLD, Natarajan et al., 1981, Schmid et al., 
1983, Di Marzo et al., 1994, Okamoto et al., 2004) or alternatively by 
phospholipase A2 (PLA2) and a lysophospholipase D, (Natarajan et al., 
1984, Sun et al., 2004). The synthesis of AEA from the specific 
intermediate N-arachidonyl PE by NAPE-PLD (Di Marzo et al., 1996), is 
shown in Figure 2.  
 
A mutual pathway of synthesis for the NAEs means that an increase in 
the levels of AEA results in an increased production of other NAEs as 
well (Schmid et al., 1990, Okamoto et al., 2004), even though selective 
synthesis of AEA has been reported (Schmid, 2000, Stella and Piomelli, 
2001, Walter et al., 2002). 
 
An alternative pathway for synthesis of AEA is suggested through the 
condensation of ethanolamine and free fatty acid (in this case 
arachidonic acid), in an energy independent manner (Deutsch and Chin, 
1993, Devane and Axelrod, 1994). The enzyme observed in these two 
studies (referred to as the “synthase”) is most likely identical to the main 
AEA degrading enzyme, fatty acid amide hydrolase (FAAH, see below), 
since FAAH was later shown to catalyse this reaction (Arreaza et al., 
1997, Kurahashi et al., 1997, Katayama et al. 1999). The pathway was 
described for other NAEs already in the 1960’s (Colodzin et al., 1963, 
Bachur and Udenfriend, 1966), but the physiological significance of this 
in vitro finding is debated, since the concentrations of ethanolamine 
required for the synthesis are extremely high, in part due to the low 
affinity of FAAH for ethanolamine (Kurahashi et al., 1997, Katayama et 
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al., 1999, Ueda and Yamamoto, 2000). Arachidonic acid does, however, 
increase AEA synthesis in macrophages by an indirect mechanism 

 are believed to be synthesised on demand rather than stored 
 vesicles (Piomelli et al., 1998, Porter and Felder 2001), and the calcium-

(Pestonjamasp and Burstein, 1998), and a study in rat testis has shown 
that part of the AEA synthesis in this tissue is independent of N-
arachidonoyl PE, and is reduced in the presence of FAAH-inhibitors 
(Schmid et al., 1998). A postmortal accumulation of AEA seen in mice, 
was also reported to be dependent upon FAAH activity, since the 
accumulation in FAAH knockout mice or mice treated with a FAAH 
inhibitor was significantly decreased (Patel et al., 2005). The above 
indicate that FAAH-mediated synthesis of AEA is of importance at least 
in certain tissues. Patel et al. (2005) noticed, however, that the postmortal 
accumulation of other NAEs (OEA and PEA) did not follow the same 
pattern as AEA, suggesting that only AEA is synthesised through this 
pathway. 
 
The NAEs
in
dependency of AEA synthesis allows for regulation of the synthesis of 
AEA (and other NAEs). Indeed, several different physiological factors 
have been observed to stimulate the synthesis of AEA in vitro, including 
depolarisation of the cell, activation of glutamate receptors, and 
electrical stimulation (Di Marzo et al., 1994, Hansen et al., 1995, Cadas et 
al., 1996, Hansen et al., 1997, Stella and Piomelli, 2001, Walker et al., 
1999). The calcium levels normally achieved intracellularly are, 
however, not high enough to stimulate the synthesis of NAE’s and they 
are hence believed to be synthesised only after tissue damaging stimuli 
(Hansen et al., 1998). In agreement with this, the levels of AEA are very 
low under normal conditions (Schmid, 2000), and injury to cells, such as 
myocardial infarction (Epps et al., 1979), neurodegeneration (Hansen et 
al., 2001, Berger et al., 2004), cellular stress (Berdyshev et al., 2000), and 
UV-B irradiation (Berdyshev et al., 2000), have been reported to raise the 
levels of NAEs. With respect to inflammation, however, the in vivo 
reports are inconclusive, some studies reporting increased production 
(Kondo et al., 1998, Varga et al., 1998, Di Marzo, 1999, Liu et al., 2003), 
while others were unable to detect any change in NAE production after 
inflammatory stimuli (Beaulieu et al., 2000, De Petrocellis et al., 2000, 
Matias et al., 2002). The subject of endocannabinoids in inflammation is 
described in more detail later in this thesis. 
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2-AG  
2-AG is a 2-monoacyl glycerol, and just as the NAEs, an increased 

of 2-AG is accompanied by an increased synthesis of other 
unds, synthesised through the same pathway (Ben-Shabat et al., 

the NAEs. It is stimulated by calcium, 
popolysaccharide, stimulation of glutamatergic fibers, activation of 

e diacyl 
glycerols in turn can be synthesised through various 

2. 
ough lysophospholipase C (Di Marzo et al., 1999). 

 
Wh  
known r, tetrahydrolipstatin, which inhibits sn-1 

iacyl glycerol lipases (Bisogno et al., 2003) has been shown to modulate 

production 
compo
1998). In particular, the structural homologues 2-linoleoyl glycerol and 
2-palmitoyl glycerol are of importance, since they have been reported to 
potentiate the effects of 2-AG without having any effects on the CB-
receptors of their own, a property termed an entourage effect by the 
authors (Ben-Shabat et al., 1998). 
 
The synthesis of the 2-monoacyl glycerols is not nearly as well 
characterised as the synthesis of 
li
platelet-activating factor (PAF) receptors and activation of N-methyl-D-
aspartate (NMDA) receptors (Bisogno et al., 1997b, Stella et al., 1997, Di 
Marzo et al., 1999, Stella and Piomelli, 2001, Berdyshev et al., 2001). So 
far, three different pathways of synthesis have been suggested: 

1. Sn-arachidonoyl containing diacyl glycerols are hydrolysed by 
sn-1 selective diacyl glycerol lipases to form 2-AG. Th

mechanisms, e.g. the phosphoinositide pathway (Di Marzo et al., 
1999). 

Sn-1-lyso-2-arachidonoylphosphoglycerides are converted to 2-
AG thr

3. Phosphatidic acid and arachidonoyl CoA are converted to 2-AG 
(Bisogno et al., 1999). 

ich of these pathways is the physiologically most significant is not 
 at present. Howeve

d
retrograde endocannabinoid signalling (Melis et al., 2004, and see below) 
suggesting that this pathway has some importance in vivo. 
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Release 
 the endocannabinoids have to be 

rom the cell to exert their effects on the CB-receptors. The 

eceptor activation 
 are known to exert their effects mainly through 
AEA also interacts with other targets, such as 

o confirmed subtypes of the CB-receptor: CB1-receptors, 
ly in the CNS but also in peripheral tissues such as dorsal 

After the intracellular synthesis,
released f
mechanism of the release is not known. Initially it was regarded as 
merely a reversed uptake process (Hillard et al., 1997), but in 2003, 
Kathuria et al. reported that a well known uptake inhibitor was unable 
to block the release of AEA. Other studies have however showed that 
the release of AEA is indeed blocked by uptake inhibitors (Maccarrone 
et al., 2002a, Ligresti et al., 2004), indicating that the process is by no 
means fully characterised. The endocannabinoids are lipophilic 
substances, and should as such be able to diffuse through the 
membrane. It has, however, been shown on several occasions that the 
release can be stimulated as well as inhibited by a variety of factors, 
including ionomycin, increased potassium concentrations (Di Marzo et 
al., 1994), and agonist binding to a D2-like dopamine receptor (Giuffrida 
et al., 1999). In some reports, the stimuli of release are the same that 
would cause increased synthesis, e.g. increased calcium (Di Marzo et al., 
1994), indicating that an increased synthesis would also increase the 
release of the endocannabinoids.  
 

R
The endocannabinoids
the CB-receptors, but 
transient receptor potential vanilloid type 1 (TRPV1, Zygmunt et al., 
1999, Smart et al., 2000), background potassium channels (TASK, 
Maingret et al., 2001), T-type calcium channels (Chemin et al., 2001), 
muscarinic acetylcholine (ACh) receptors (Christopoulos and Wilson, 
2001), and serotonergic (5-HT) receptors (Kimura et al., 1998). 

CB-receptors 
There are tw
located main
root ganglion, spleen, leukocytes, uterus, heart, and cells of the immune 
system (Ishac et al., 1996, Das et al., 1995, Galiègue et al., 1995, Facci et al., 
1995, Molina-Holgado et al., 2002), and CB2-receptors, located in 
peripheral tissues, particularly on cells involved in the immune response 
(Daaka et al., 1995, Galiègue et al., 1995, Lee et al., 2001, Carlisle et al., 
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2002, among others), but also on CNS-associated cells like activated 
microglia (Walter et al., 2003, Nunez et al., 2004). There is also evidence 
on putative CB-receptor subtypes (Járai et al., 1999, Di Marzo et al., 2000, 
Breivogel et al., 2001, Monory et al., 2002, Fride et al., 2003, Köfalvi et al., 
2003, Pistis et al., 2004), but no new receptor has been fully characterised 
or cloned yet.  
 
The two CB-receptors are both G-protein coupled, 7-transmembrane 

omain receptors (Howlett et al., 1986, Felder et al., 1992, Pacheco et al., 

 of agonists 
ave been identified (for extensive reviews, see Pertwee and Ross, 2002, 

d
1993, Vogel et al., 1993, Matsuda et al., 1990, Gérard et al., 1991, 
Chakrabarti et al., 1995) triggering cascades of intracellular signals, 
involving inhibition of adenylyl cyclase (Howlett, 1984, Matsuda et al., 
1990, Felder et al., 1992, Vogel et al., 1993, Slipetz et al., 1995) and 
activation of the mitogen-activated protein kinase pathway (Bouaboula 
et al., 1995, Rueda et al., 2000, Sánchez et al., 1998, Guzmán and Sánchez, 
1999). The activation of CB-receptors leads to a number of responses, 
including changes in calcium and potassium currents, intracellular 
calcium levels, glycogen levels, and transmitter release (Deadwyler et al., 
1993, Henry and Chavkin, 1995, Felder et al., 1995, Mackie et al., 1995, 
Sugiura et al., 1996, Guzmán and Sánchez, 1999, Schlicker and 
Kathmann, 2001). In the brain, the ability of CB1-receptors to regulate 
transmitter release has been the subject of intense studies, and it is now 
established that endocannabinoids act as retrograde signalling 
molecules, and are released from the postsynaptic cell to act at pre-
synaptic CB1-receptors (Wilson and Nicoll, 2001, Varma et al., 2001, 
Kreitzer and Regehr, 2001a, 2001b). In this way, the endocannabinoids 
have been suggested to control the release of several transmitters, 
including ACh, GABA, glutamate, serotonin, dopamine, and 
noradrenaline (reviewed by Schlicker and Kathmann, 2001). 
  
Since the discovery of the two CB-receptors, a wide variety
h
and Howlett et al., 2002). The pharmacological action of such agonists 
include effects upon inflammation, pain, release of transmitters in the 
CNS, neuroprotection, appetite, cognition, sleep, and reproduction 
(reviewed by e.g. Lichtman et al., 2002, Maccarrone et al., 2002b, Rice et 
al., 2002, Fowler, 2003, Howlett et al., 2004, Fowler et al., 2005). The 
therapeutic usefulness of CB1-receptor agonists, is of course limited by 
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their inevitable psychotropic actions, although a recent report that 
peripherally acting CB1-agonists have anti-nociceptive effects may point 
to a valid therapeutic approach (Fride et al., 2004). Selective CB2-receptor 
agonists, on the other hand, should lack psychotropic effects, and there 
are now a number of reports indicating that such compounds have 
efficacy in a variety of models of inflammation and inflammatory and 
neuropathic pain (e.g. Hanus et al., 1999, Iwamura et al., 2001, Malan et 
al., 2001, Quartilho et al., 2003). 
 
An alternative approach to avoid the psychotropic side-effects of CB1-

gonists is to investigate compounds affecting the synthesis or 

entified (Figure 3). 
he most commonly used antagonists are the Sanofi compounds, the 

a
metabolism of endocannabinoids. Used under the right circumstances, 
such an approach would merely potentiate an already active system, 
where the local levels of the NAEs are increased (see above). AEA is a 
partial agonist at both CB-receptors, with marginally higher affinity for 
CB1-receptors, as is 2-AG but with higher affinity than AEA at both 
receptors (reviewed by Howlett et al., 2002). Compounds selectively 
blocking AEA degradation have been found to exert beneficial effects in 
models of pain and anxiety without producing overt psychotropic 
effects (Kathuria et al., 2003), whereas no compounds selectively 
blocking 2-AG degradation have yet been described. 
 
Several antagonists on the receptors have also been id
T
CB1-receptor selective SR141716A (Rimonabant, Rinaldi-Carmona et al., 
1994), and the CB2-receptor selective SR144528 (Rinaldi-Carmona et al., 
1998). A close analogue to rimonabant, AM251 (designed to facilitate 
radioiodination of the compound, Gatley et al., 1996), is commercially 
available and has been used in this thesis. These three antagonists have 
all been reported to behave as inverse agonists rather than pure 
antagonists in many situations (reviewed by Howlett et al., 2002, and 
more recently Pertwee et al., 2005), and rimonabant is today in phase III 
clinical trials for obesity and as an aid for smoke cessation. In general, 
effects per se of the compounds can be considered either to be the result 
of antagonism of an endocannabinoid tonus or alternatively the 
“silencing” of constitutively active receptors. 
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eglected is the selectivity of the compounds involved. The selectivity of 
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Figure 3. Structure of selective antagonists/inverse agonists at the CB-receptors
 

e aspect of cannabinoid receptor pharmacology that should not be 
n
the antagonists for one CB-receptor over the other is well characterised, 
but their selectivity for CB-receptors over other receptor types is not. 
This means that an endocannabinoid effect blocked by a selective 
antagonist can never be unambiguously ascribed to that receptor. 
Rimonabant, for example, has on several occasions been reported to 
produce effects on other targets, including TRPV1 receptors, L-type 
calcium channels, potassium channels, adenosine A1-receptors, and to 
inhibit FAAH activity (White and Hiley, 1998, Lang et al., 1999, Járai et 
al., 1999, Zygmunt et al., 1999, Savinainen et al., 2003). Effects of AM251 
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sensitive sodium channels, and adenosine A1-receptors (Savinainen et 
al., 2003, Liao et al., 2004). 

Other receptor systems 
As mentioned above, AEA does not interact merely with the CB-

ith other receptors, of which TRPV1 is the most 

ceptor is a non-selective cation channel, expressed mainly 
n nociceptive neurons, but also on glial cells and mast cells (Bíró et al., 

act with other targets such 
s: 

- The background K+-channel TASK-1, inhibiting the outward K+-
current and hence disturbing the neuronal resting membrane 

- Ca2+ channels, who contribute to 
pacemaker activities in the CNS and are involved in the 

receptors, but also w
investigated. 
 
The TRPV1 re
o
1998a, 1998b, Szallasi and Blumberg, 1999). It is upregulated by several 
pathological conditions, including inflammation (Geppetti and Trevisani 
2004), and is activated by a number of noxious stimuli, such as heat and 
acids (Caterina et al., 1997), and chemical stimuli, of which the most well 
known is the main irritant of chilli peppers, capsaicin (Szallasi and 
Blumberg, 1999). AEA as well as several lipoxygenase (LOX) derived 
metabolites of arachidonic acid act as agonists on the receptor (Zygmunt 
et al., 1999, Hwang et al., 2000). The efficacy of AEA is lower at TRPV1 
than at the CB1-receptor and the affinity is highly dependent upon a 
multitude of factors (reviewed by Ross, 2003), including the uptake of 
AEA into the cell (since the binding site of the TRPV1 receptor is 
intracellularly located, Jung et al., 1999) and the activity of the degrading 
enzymes (FAAH and LOX). In addition, other NAEs have the ability to 
enhance affinity and potency of AEA at the receptor as well as to inhibit 
its degradation, subsequently increasing the concentration of the ligand 
(De Petrocellis et al., 2001, Smart et al., 2002).  
 
AEA is also reported, at least in vitro, to inter
a

potential (Maingret et al., 2001). 

 Low voltage activated or T-type 

pathogenesis of epilepsy. AEA binds and stabilises the channel in 
an inactivated state. (Chemin et al., 2001) 
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- 
ulos and Wilson, 2001), 

where AEA inhibits binding of ligands to the receptors. 

- 
ibit ligand 

binding to the receptors (Kimura et al., 1998). 

The in
closely ese interactions are 
of any physiological importance remains to be elucidated.  

s with most signalling molecules, the endocannabinoids are rapidly 
 terminate their physiological effects. This is 

by processes of cellular uptake and enzyme-catalysed 

arland and Barker (2004). These authors state that the prevailing 
eories about the mechanism are: 

M1 and M4-muscarinic ACh-receptors, involved in learning and 
memory (Lagalwar et al., 1999, Christopo

Cannabinoids are in addition well known to affect the synthesis 
(Friedman et al., 1976) and release (Domino and Bartolini, 1972) 
of ACh and there is evidence of antagonising effects of 
endocannabinoids and ACh (Braida and Sala, 2000).  

5-HT-receptors, involved in pain and emesis (Oz et al., 2002, 
Barann et al., 2002), where AEA is reported to inh

 
teraction of 2-AG with other receptor systems is not nearly as 
 investigated as that of AEA, and whether th

 

Uptake 
A
eliminated, in order to
achieved 
degradation. The uptake of the endocannabinoids into cells is a highly 
debated subject. The uptake of AEA has been shown to be saturable, 
temperature-dependent, dependent upon a concentration gradient, 
energy-independent, and possible to inhibit with a number of structural 
analogues of AEA. These characteristics suggest that AEA uptake 
involves binding to a cellular component, which has been suggested to 
be a specific transporter over the membrane. Even though such a 
membrane transporter has been subjected to extensive research for more 
than a decade (Di Marzo et al., 1994), no such structure has been cloned 
yet, and its existence has been disputed (Glaser et al., 2003, Fasia et al., 
2003).  
 
The uptake of AEA has recently been thoroughly described in a review 
by McF
th
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- AEA is transported across the plasma membrane by a carrier 
protein.  

- Hydrolysis of AEA by FAAH maintains an inward concentration 

he membrane. 

protein carriers that shuttle AEA from 
the inside of the plasma membrane to its metabolising enzymes 

- 

 
McFarland and Barker recognise that there is experimental evidence to 
supp
mechan ms to be exclusively responsible for AEA uptake. They 

ence suggest that AEA transport may be mediated by different 

degraded mainly by FAAH, while 
monoacyl glycerol lipase (MAG-lipase) is responsible for the  
 
 

gradient of AEA that drives simple diffusion of the molecules 
through t

- AEA is sequestered in a saturable membrane compartment. (An 
alternative to an as yet unidentified sequestering structure is the 
concept of intracellular 

in the endoplasmic reticulum [Fowler et al., 2004, Ortega-
Gutierrez et al., 2004]). 

AEA is taken into the cell through a caveolae-related endocytic 
process. 

ort all of the above theories, but also establish that none of the 
isms see

h
mechanisms in different cell types, a suggestion that seems to fit for 2-
AG as well. In some cell types, 2-AG is suggested to cross the cell 
membrane in much the same way as AEA (Piomelli et al., 1999, Beltramo 
and Piomelli, 2000), while in other cell types the uptake of the two 
substances differ widely (Bisogno et al., 2001). Whatever the mechanism 
behind the uptake of the endocannabinoids, it remains clear that it is 
inhibitable, and that such inhibition can produce a number of 
pharmacological effects in vivo (Fowler et al., 2005), providing a target 
for affecting the levels of endocannabinoids available for receptor 
activation (Giuffrida et al., 2000).  

Degradation 
As mentioned earlier, AEA and 2-AG do not have identical pathways of 
degradation (Figure 4). AEA is 
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Figure 4. The main degrading pathways and resulting products of AEA, 2-AG and 
PEA. The acid amidase activity also hydrolyses AEA, but has higher specificity towards 
PEA and is hence excluded as a degrading pathway for AEA in this figure. 
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degradation of 2-AG, at least in the brain. In addition, both 2-AG and 
AEA are substrates for oxygenating enzymes, such as cyclooxygenase-2 
(COX-2) and lipoxygenases (LOX). 

FAAH 
There are doubtlessly many therapeutically promising targets in the 
endocannabinoid system, but the target of highest interest for this thesis 
is FAAH, the main enzyme catalysing the hydrolysis of AEA (Deutsch 
and Chin, 1993). FAAH is responsible for catalysing the hydrolysis of 
many fatty acid amides to their corresponding fatty acids, and even 
though its role in the hydrolysis of AEA was not discovered until 1993 
(Deutsch and Chin, 1993), this enzyme activity has been known for a 
long time, under many different names. As early as 1966, the hydrolysis 
of PEA to give palmitic acid and ethanolamine was demonstrated in rat 
liver microsomes (Bachur and Udenfriend, 1966), and the tissue 
distribution of this enzyme is similar to that of FAAH (Ueda et al., 2000). 
In 1984, Natarajan et al. discovered that the enzyme ‘N-acyl 
ethanolamine hydrolase’ hydrolysed NAEs, such as PEA, and a year 
later the same group reported further observations on the ‘N-
acylethanolamine amidohydrolase’ with OEA as substrate (Schmid et al., 
1985). Deutsch and Chin (1993) showed that an amidase activity 
(‘anandamide amidase’), found in membrane fractions of several 
different tissue types, was able to hydrolyse AEA to arachidonic acid 
and ethanolamine, and in 1996, Cravatt et al. published the results of 
purification, sequencing and cloning of an enzyme hydrolysing 
oleamide, a sleep inducing fatty acid (recently reviewed by Fowler, 
2004b). When they recognised that the oleamide hydrolase also 
hydrolysed AEA they renamed it ‘fatty acid amide hydrolase’. In 1998, 
Maccarrone et al. showed that the enzyme was present also in human 
tissue, and in 2001, Cravatt et al. published the first results from FAAH 
knockout mice, reporting increased brain AEA levels, and decreased 
ensitivity towards painful stimuli in the mice. Later it has also been 

eripheral 
AAH (Cravatt et al., 2004). In contrast, deletionof central FAAH is 

s
established that FAAH knockout mice show reduced responsiveness to 
inflammatory stimuli in both colon (Massa et al., 2004) and hind paw 
(Lichtman et al., 2004b), caused primarily by the lack of p
F
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required for the alleviation of inflammatory hyperalgesia (Cravatt et al., 
2004). 
The tissue distribution of FAAH differs between animal species. In rat 
and mouse, FAAH is found mainly in brain, liver, small intestine, testis, 

kidney, ocular tissues, and spleen (Deutsch and Chin 1993, uterus, 
Cravatt et al., 1996, Desarnaud et al., 1995, Matsuda et al., 1997, Watanabe 
et al., 1998, Maccarrone et al., 2000, Bobrov et al., 2000), but in human it is 
found mainly in pancreas, brain, kidney, and skeletal muscle (Giang and 
Cravatt, 1997, Park et al., 2003). FAAH is a membrane bound, serine 
amidase, residing on an inner membrane rather than on the plasma 
membrane (Deutsch and Chin 1993, Desarnaud et al., 1995, Ueda et al., 
1995a, Hillard et al., 1995, Cravatt et al., 1996, Egertova et al., 1998, 
Goparaju et al., 1999a, Patricelli et al., 1999, Omeir et al., 1999, Oddi et al., 
2005). The substrate specificity of the enzyme is very wide, and the 
hydrolysation of many fatty acid amides (Maccarrone et al., 1998, Lang et 
al., 1999, Cravatt et al., 1996, Desarnaud et al., 1995, Bisogno et al., 1997a, 
Tiger et al., 2000) and monoacyl glycerols, such as 2-AG (Lang et al., 
1999, Goparaju et al., 1999b), is catalysed by FAAH. Even though FAAH 
seems to have a preference for mono- or polyunsaturated fatty acid 
amides, saturated fatty acid amides are fairly good substrates as well 
(Deutsch and Chin 1993, Desarnaud et al., 1995, Maurelli et al., 1995, 
Ueda et al., 1995a, Cravatt et al., 1996).  
 
FAAH has a clear pH-optimum of 8-10 (Ueda et al. 1995a, 1999, Maurelli 
et al., 1995, Hillard et al., 1995, Omeir et al., 1995, Bisogno et al., 1997a, 
Patricelli et al., 1998), but in 1999, Ueda et al. reported a biphasic pH 
dependency in the AEA hydrolysing activity in a human 
megacaryoblastic cell line. They observed the previously recognised pH-
optimum of FAAH at pH 9, but in addition found an acid amidase 
activity with a pH-optimum of 5, which was almost inactive at alkaline 
pH. This enzyme was not very sensitive to well known FAAH inhibitors 
like PMSF (Ueda et al., 1999), and in contrast to FAAH it was reported 
that the highest specific activity in rat was found in the lung (Ueda et al., 
2001), indicating that an enzyme different from FAAH is involved. 
Recently this enzyme was cloned and named N-acylethanolamine 
hydrolysing acid amidase (NAAA) by the authors (Tsuboi et al., 2005).  
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The acid amidase has been reported to hydrolyse a wide variety of N-
acyl ethanolamides, and PEA is its most reactive substrate (Ueda et al., 
2001). PEA is well known to possess anti-inflammatory actions (see e.g. 
Kuehl et al., 1957, Mazzari et al., 1996), and the finding that the acid 
amidase is expressed in spleen and macrophages (Ueda et al., 2001), 
together with its acidic pH optimum, indicate that this enzyme may 
have a role to play in inflammation.  

Inhibitors of FAAH 
Many different classes of FAAH inhibitors have been discovered and 
extended over the years (Figure 5). In a recent review, Fowler (2004a) 
described the classes of inhibitors available today. The first group, the 
organosulfates and organophosphates, were accidentally discovered 
during the characterisation of FAAH (Deutsch and Chin, 1993), when 
the general serine protease inhibitor phenylmethylsulfonyl fluoride 
(PMSF) was added to the samples to prevent the degradation of 
enzymes. Unexpectedly, it was discovered also to inhibit AEA 
hydrolysis. Several other inhibitors of FAAH belonging to this group 
have later been developed, but their potential as therapeutics is strongly 
limited by their lack of selectivity for FAAH (Fowler, 2004a). 

he third group, the carbamates, are an important new group of FAAH-

 
A second group of FAAH inhibitors are the substrate analogues. 
Developing inhibitors with a known substrate as template, is a well 
known strategy, and has been applied to the development of new FAAH 
inhibitors as well. Oleoyl trifluoromethyl ketone (OTMK, Patterson et al., 
1996) and arachidonoyl serotonin (AA-5HT, Bisogno et al., 1998), are two 
representatives of the substrate analogues, and they are both used in this 
thesis. A relatively new addition to the group is the reversible FAAH-
selective inhibitor OL-135 (Lichtman et al., 2004a), which belongs to a 
class of α-keto heterocycle inhibitors (Koutek et al., 1994, Patterson et al., 
1996, Boger et al., 2000, Fedorova et al., 2001). OL-135 has been reported 
to promote CB1-receptor mediated analgesia in a number of in vivo 
models of pain (Lichtman et al., 2004a).  
 
T
inhibitors. The most potent member developed so far is URB597, a fairly 
new, FAAH-selective compound, producing significantly elevated brain 
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Figure 5. Structures of the FAAH inhibitors used in Papers I-IV of this thesis. 
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AEA levels when administered to rats (Kathuria et al., 2003). URB597 
has, however, been reported to inhibit several other serine hydrolases in 
addition to FAAH (Lichtman et al., 2004a), although the contribution of 

in vivo profile of the compound is unexplored. 

 fourth group of FAAH inhibitors are a series of compounds with 
rimary actions on COX, the NSAIDs. In 1996, indomethacin was 
iscovered to inhibit the AEA hydrolysing activity of mouse uterus in 

 (Paria et al., 1996), and ibuprofen (Fowler et al., 1997), flurbiprofen, 
nd ketorolac (Fowler et al., 1999) have subsequently been reported to do 

the same. Of course NSAIDs are well known to exert their anti-
flammatory effects primarily by inhibiting prostaglandin (PG) 

synthesis (Vane, 1971), but the possibility that FAAH inhibition, and a 
ubsequent increase in the anti-inflammatory endocannabinoid AEA, 

plays a part in this mechanism is intriguing and supports the 
erapeutic potential of FAAH inhibition.  

AG-lipase 
ince FAAH readily hydrolyses 2-AG in vitro, to form arachidonic acid 

et al., 1998, Goparaju et al., 1998), it was initially 
onsidered the main degrading enzyme in vivo for 2-AG as well as for 

AEA. Several observations, however, contradict this suggestion 
eviewed by Dinh et al., 2002): 

- Synthetic 2-AG is degraded in mouse blood where AEA is stable 
(Járai et al., 2000). 

- FAAH inhibitors do not affect 2-AG hydrolysis in a human 
astrocytoma cell line, at concentrations that block AEA 
hydrolysis (Beltramo and Piomelli, 2000). 

- The hydrolysis of a related monoacyl glycerol (2-OG) is 
preserved in brain and liver from FAAH-knockout mice, while 
AEA hydrolysation is not (Lichtman et al., 2002). 

- A 2-AG hydrolysing activity distinct from FAAH has been partly 

 

such actions to the 
 
A
p
d
vitro
a

in

s

th

M
S
and glycerol (Di Marzo 
c

(r

purified from porcine brain (Goparaju et al., 1999b). 
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Dinh et al. (2002) suggested that hydrolysis of 2-AG, but not AEA, in 
intact neuronal cells is catalysed by MAG-lipase (also called 
monoglyceride lipase), a serine hydrolase that converts 2- and 1-
monoglycerides to fatty acid and glycerol (Karlsson et al., 1997).  

Inhibitors of MAG-lipase 
Before the discovery of the ability of MAG-lipase to degrade 2-AG, non-
specific inhibitors were shown to inhibit the inactivation of 2-AG 
(Sugiura et al., 1995, Goparaju et al., 1999b). Recently Saario et al. (2004) 
tested several FAAH inhibitors on the 2-AG hydrolysing activity in 
membrane preparations, and noticed that selective FAAH inhibitors 
such as URB597 had no effect, while unselective compounds such as 
PMSF did (Saario et al. 2004). In addition, Ghafouri et al. (2004) recently 
reported that certain analogues of 2-AG were able to inhibit MAG-
lipase. It is to be hoped that selective MAG-lipase inhibitors will be 
identified in due course. 

Other routes of degradation 

97, Kozak et al., 2000). All these enzymes 
are well known to metabolise arachidonic acid into biologically active 
meta
arachid  the possibility of biologically active 
endocannab
intere
AEA (P
guinea f guinea pig trachea 
amon
that 
secretio
 
The 
revie

rms olites from 
ygenation of arachidonic acid, while oxygenation of 2-AG gives 

Apart from FAAH and MAG-lipase, other routes of degradation for both 
AEA and 2-AG have been described for several oxygenating enzymes 
(reviewed by Kozak and Marnett, 2000), including the hepatic 
cytochrome P450 enzymes (CYP, Bornheim et al., 1993), LOX (Ueda et al., 
1995b), and COX-2 (Yu et al., 19

bolites. The structural similarities between AEA, 2-AG and 
onic acid make

inoid metabolites being produced through these pathways 
sting. Indeed, Ross et al. (2002) reported that a COX metabolite of 

GE2-ethanolamide) inhibited electrically evoked contractions in 
 pig vas deferens, caused contractions o

g other things. In addition, Rockwell and Kaminski (2004) reported 
in primary splenocytes a COX product of anandamide inhibits 

n of interleukin-2 (IL-2). 

products formed from the oxygenation of AEA and 2-AG, are 
wed by Kozak and Marnett (2002). Logically, oxygenation of AEA 

ethanolamide variants of the respective metabfo
ox
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glycerol esters of the same compounds. COX-2 oxygenation for example, 
produces PG-ethanolamides (prostamides) and PG-glycerol esters 
respectively. These metabolites are then subjected to further enzymatic 
modulation into ethanolamides and glycerol esters of prostacyclin and 
thromboxane.  

emond et al. 

radation are unable to completely replace the 
hydrolysation by FAAH. It does seem possible, though, that the 

e endocannabinoids differ depending on the 

Alzheimer’s disease (Pazos et al., 2004), 

On the physiological relevance of these pathways, Edg
(1998) reported that in platelets, where significant expression of COX-2 
or FAAH is lacking, AEA is indeed metabolised by lipoxygenase 
(Edgemond et al., 1998). More recently, Kim and Alger (2004) reported 
that the retrograde signalling exerted by endocannabinoids is 
terminated by COX-2 rather than FAAH in hippocampal pyramidal 
cells, and in FAAH knockouts the COX-2 pathway is active and 
produces prostamides (Weber et al., 2004). The levels of AEA in brain of 
FAAH-knockout mice are, however, known to be increased 15-fold, 
compared to wild-type (Cravatt et al., 2001), indicating that the 
alternative routes of deg

degrading pathways of th
cell type and what enzymes are expressed. This indicates that the 
metabolites formed from the endocannabinoids, and the activity they 
exert is highly dependent upon the tissue type. An inflammation-
induced increase in endocannabinoid synthesis may hence produce a 
different response depending on what tissue is inflamed.  
 

Therapeutic areas with possible endocannabinoid 
involvement 
As mentioned earlier, cannabis has been used as a therapeutic in a wide 
variety of disorders. The endocannabinoid system have in a much 
similar way been suggested to be involved in several different diseases, 
including stroke (Nagayama et al., 1999), schizophrenia (Leweke et al., 
1999), multiple sclerosis (Baker et al., 2000, 2001), Huntington’s disease 
Lastres-Becker et al. 2003), and (

and there is a great interest in finding new therapeutic targets for such 
conditions within this system. The focus of this thesis is on the field of 
inflammation where the endocannabinoid system is suggested to play a 
prominent role (see Berdyshev, 2000, Salzet et al., 2000, De Petrocellis et 
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al., 2000, Rice et al., 2002, Zurier, 2003, and Kraft and Kress, 2004, for 
recent reviews). A multitude of studies on the anti-inflammatory effects 
of cannabinoids and related compounds both in vitro (e.g. Nahas et al., 
1977, Klein et al., 1985, Specter et al., 1986, Lopes-Cepero et al., 1986) and 
in vivo (e.g. Patel et al., 1985, Blanchard et al., 1986, Cabral et al., 1986, 

96, Jeon et al., 
996, Ross et al., 2000, Chang et al., 2001), but the reports are often 

contradicting. The proliferation of B-cells has for example been reported 

inoid treatment, and nitric oxide levels have been 

Klein et al., 1987, Berdyshev et al., 1998, Jaggar et al, 1998) have been 
published. The effects have been shown on several occasions to be 
mediated by CB-receptors (e.g. Stefano et al., 1996, Richardson et al., 
1998, Conti et al., 2002, Lo Verme et al., 2005), and of the two subtypes, 
CB2-receptors are the most abundant on cells of the immune system (see 
above). CB1-receptors are also expressed in such cells, but even though 
the expression on macrophages (Klein et al., 1995) and T-cells (Daaka et 
al., 1996) is markedly increased when the cells are activated, it is still 
significantly lower than the expression of CB2-receptors (Daaka et al., 
1996). 
 
The emerging picture of the mechanisms behind the anti-inflammatory 
effects of cannabinoids is very complex. The reported effects after 
administration of exogenous cannabinoids include regulation of 
immune cell proliferation (e.g. Klein et al., 1985, López-Cepero et al., 
1986, Derocq et al., 1995), levels of cytokines (e.g. Blanchard et al., 1986, 
Cabral et al., 1986, Zhu et al., 1994), PGs (e.g. Bhattacharya, 1986, Hunter 
et al., 1991), and nitric oxide release (e.g. Stefano et al., 19
1

to be suppressed (Klein et al., 1985) as well as increased (Derocq et al., 
1995) by cannab
reported to increase (Stefano et al., 1996) as well as decrease (Jeon et al., 
1996). Kraft and Kress (2004) argues that almost all in vitro studies in cell 
lines are performed on cells expressing the CB B2-receptor to a wider 
extent than would be the case in vivo, and that the concentrations of the 
cannabinoids used in most studies are higher than what would be 
clinically relevant. They hypothesise that the contradicting results are 
due to high concentrations (> µM) of exogenous cannabinoids leading to 
suppressive effects on the immune response while lower concentrations 
(< nM) leads to stimulatory effects (Kraft and Kress, 2004). 
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Chang et al., (2001) tested the hypothesis that the COX-2 derived 
metabolites of AEA mediate the anti-inflammatory actions of AEA, but 
found no effect of exogenous PGE2-ethanolamide on nitric oxide or IL-6 
production, while AEA strongly inhibited both. Recently, however, 
Rockwell and Kaminski (2004) published a study where they conclude 
that AEA decreased the production of IL-2 in murine splenocytes in a 
non CB1/CB2-receptor mediated fashion, and that a COX-2 metabolite of 
AEA causes the effect. Rockwell and Kaminski (2004) also reported that 
the inhibition of IL-2 is partially suppressed by an antagonist on the 
peroxisome proliferator-activated receptor γ (PPARγ). PPARγ is 
involved in immunoregulation as is another subtype of the same 
receptor family, PPARα (reviewed by Clark, 2002). Both receptor 
subtypes are expressed on T-cells and PPARγ has previously been 
shown to inhibit IL-2 secretion (Clark et al., 2000) and decrease cytokine 
production in activated macrophages (Ricote et al., 1998). More recently 

PARα has been reported to mediate the anti-inflammatory effects of 

99, Iwamura 
 al., 2001, Clayton et al., 2002, Quartilho et al., 2003). Curiously enough, 

PEA itself lacks affinity for the CB2-receptor in vitro (Lambert et al., 1999, 

P
PEA on carrageenan-induced paw oedema and phorbol ester-induced 
ear oedema (Lo Verme et al., 2005). 
 
This introduction has mainly focused upon AEA, but the role of PEA 
should not be ignored, not the least since the levels of this compound 
also increase in vitro when FAAH is inhibited (Fegley et al., 2005). PEA 
has been shown on many occasions to possess anti-inflammatory (Kuehl 
et al., 1957, Aloe et al., 1993, Mazzari et al., 1996, Conti et al., 2002, Lo 
Verme et al., 2005) as well as anti-nociceptive characteristics (Mazzari et 
al., 1996, Calignano et al., 1998, Jaggar et al., 1998, Farquhar-Smith and 
Rice, 2001, Calignano et al., 2001, Conti et al., 2002). The anti-nociceptive 
effects are blocked by the CB2-receptor antagonist SR144528 (Calignano 
et al., 1998, Farquhar-Smith and Rice, 2001, Calignano et al., 2001, Conti 
et al., 2002), while the reports on the anti-inflammatory effect are 
contradictory. Reports where it is antagonised by SR144528 are 
published (Conti et al., 2002) but others report the opposite (Costa et al., 
2002, Lo Verme et al., 2005). Consistent with an anti-inflammatory effect 
being mediated through the CB2 receptor, selective CB2-receptor 
agonists such as HU-308, AM1241, GW405833 and JTE-907 have been 
reported to exert anti-inflammatory effects (Hanus et al., 19
et
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Jonsson et al., 2001). Several explanations for its in vivo actions have, 
however, been made where PEA is suggested to activate a ‘CB2-like’ 
receptor, sensitive to SR144528, or function as an entourage compound, 
enhancing the effect of an endogenous CB2-receptor agonist (see Rice et 
al., 2002). Such an agonist could possibly be AEA, since it is able to 
produce CB2-receptor mediated effects, at least after local administration 
(Sokal et al., 2003). The enhancement could be due to a reduced rate of 
the hydrolysis of AEA (Bisogno et al., 1997a, Jonsson et al., 2001), since 
PEA is also a substrate for FAAH (see above), and in addition is able to 
suppress FAAH expression (Di Marzo et al., 2001). Finally, as mentioned 
above, it was recently reported that the anti-inflammatory effect of PEA 
on carrageenan-induced paw oedema and phorbol ester-induced ear 
oedema was absent in mice lacking the PPARα-receptor (Lo Verme et al., 
2005), but since the CB2-antagonist SR144528 was unable to antagonise 
this anti-oedema effect, it seems unlikely that this mechanism is the only 
connection between PEA and the endocannabinoid system under 
inflammatory conditions.  
 
The connection between the cannabinoids and the immune system 
comprise not only the effects of cannabinoids on the inflammatory 
response, but the immune activation also affects the endocannabinoid 
system. Induction of inflammation has been shown to produce increased 
levels of the endocannabinoids in vitro (Di Marzo et al., 1996, Bisogno et 
al., 1997a, Varga et al., 1998, Pestonjamasp and Burstein, 1998, Di Marzo 
et al., 1999) as well as in vivo (Kondo et al., 1998, Varga et al., 1998, Di 
Marzo, 1999, Liu et al., 2003), but as mentioned earlier, the reports in vivo 
are contradicting, since other reports failed to show increased levels of 
endocannabinoids or NAEs (Beaulieu et al., 2000, De Petrocellis et al., 
2000, Matias et al., 2002). The effect of inflammation on the actions of the 
endocannabinoid system is not nearly as well investigated as the anti-
inflammatory effects of exogenous cannabinoids. 
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Aims of the thesis 
As outlined in the introduction, the endocannabinoid AEA and the 
related endogenous compound PEA both possess anti-inflammatory 
characteristics. Their production has been reported to increase under 
certain inflammatory conditions, suggesting that they may be potential 
endogenous regulators of inflammation. The levels of AEA and other 
endocannabinoids are under normal conditions very low and they are 
synthesised locally where needed. We hypothesise that inhibition of 
FAAH under inflammatory conditions would enhance the endogenous 
anti-inflammatory actions of the locally increased levels of AEA and 
PEA, without causing psychotropic side effects, since the production in 
the central nervous system would remain low.  
 
The general aim of this thesis is to investigate the role of FAAH in 
inflammation. More specifically, it aims at elucidating the pharmacology 
of FAAH under inflammatory conditions, but also towards establishing 
whether inhibition of FAAH can contribute to the anti-inflammatory 
effects of certain NSAIDs. 
 
The specific aims of the papers were: 
 

Paper I: To investigate how FAAH activity and sensitivity to inhibitors 
changes with the assay pH in homogenates. 
 

Paper II: To observe the FAAH activity and sensitivity to NSAIDs in 
intact cells in culture, while lowering either the extracellular or the 
intracellular pH.  
 

Paper III: To compare the in vivo anti-inflammatory effects of FAAH 
inhibitors with the NSAID indomethacin, in the carrageenan-induced 
hind paw inflammation model in the mouse, and to investigate whether 
CB-receptors are involved in these effects. 
 

Paper IV: To elucidate in the mouse the effect of lipopolysaccharide-
induced pulmonary inflammation on the levels of AEA, 2-AG, and PEA, 
and the activities of AEA and PEA synthesising and hydrolysing 
enzymes.
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Methodological considerations 

k, and the carrageenan-
duced inflammation, with analysis of paw volume, was performed at 

nd their assay in Paper I was performed by 
Romelda Omeir, New York, U.S.A., Jonas Nilsson and Britt 

lycidyl ether (BADGE) in 

rmed by Vincenzo Di Marzo and Marta Valenti, 

 

During the work of this thesis, several methods have been used, some 
more challenging than others, and I have chosen briefly to describe the 
most important methods that have been used. The remaining methods 
and details of their use can be found in the original papers.  
 
The experiments have been performed in several different laboratories: 
The LPS-induced inflammation and the subsequent analysis of 
neutrophil recruitment, where performed at the Swedish defence 
research agency in Umeå. The activity of the synthesising enzymes NAT 
and NAPE-PLD were analysed at the Danish university of 
pharmaceutical sciences, Copenhagen, Denmar
in
the university of Milan-Bicocca, Italy. All experiments in the thesis have 
been performed by me, with three exceptions: 

- The development of the COS-1 cells, transfected with mutant or 
wild type FAAH a

Jacobsson, Umeå, Sweden. 

- The analysis of oedema production after treatment with the 
PPARγ antagonist bisphenol A dig
Paper III was performed by Barbara Costa, Milan, Italy. 

- The analysis of AEA and PEA levels in BAL-fluid in Paper IV 
was perfo
Naples, Italy. 

 

FAAH assay 
The cornerstone of this thesis lies in the assay of FAAH activity 
(Figure 6). As mentioned in the introduction, FAAH is an intracellular 
enzyme, which rapidly hydrolyses AEA to arachidonic acid and 
ethanolamine. The basis of the assay has been the same throughout the  
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Paper II:

 
 
Figure 6. The assay for FAAH-activity. After incubating the source of the enzyme with 
[1-3H]-AEA at 37 ºC, the reaction is stopped on ice. The product is then separated from 
the substrate by addition of either chloroform:methanol or acidic charcoal. The asterisk 
indicates the position of the 3H. 

[3H] Anandamide 

Paper I: 
Brains from 
male rats Paper IV: 

Brain and lung 
from female mice 

FAAH 

Incubate at 37 ºC 

Stop the reaction on ice 
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entire work, even though it had to be slightly modified to fit the certain 
conditions of each study. The assay is based on the work by Omeir et al. 
(1995), where [1,2-14C]-AEA, radiolabelled in the ethanolamine part of 
the molecule was used as a substrate. The assay was later modified by 
Fowler et al. (1997) for use with the tritiated substrate [1-3H]-AEA (or [1-
3H]-PEA in Paper IV) used in this thesis.  
 
When [1-3H]-AEA is hydrolysed by the enzyme, water soluble, 
radiolabelled ethanolamine is produced and easily separated from the 
non-hydrolysed [1-3H]-AEA by addition of chloroform:methanol (1:1). 
When the phases are separated, the aqueous phase contains the 
hydrophilic ethanolamine, while the lipophilic AEA is found in the 
organic phase. Separating the two phases and analysing the aqueous 
phase in a liquid scintillation counter hence reveals the amount of 
ethanolamine produced by the action of the enzyme.  
 
In an alternative assay (Papers III and IV), differential adsorption of 
ethanolamine and AEA to charcoal in an acidic solution is used to 
separate the product from the substrate (Wilson et al., 2003, Boldrup et 
al., 2004). After incubating the substrate with the enzyme source, the 
acidic charcoal solution (charcoal:HCl, 1:4) is added, and the non-
hydrolysed AEA binds to the charcoal, while ethanolamine does not. 
Analysis of the aqueous phase by liquid scintillation spectroscopy 
allows quantification of the ethanolamine produced. 
 
For all enzyme assays, it is essential that initial rates are measured. This 
means optimizing incubation times, protein concentrations and 
substrate concentrations to fit the setting for each study. Even though 
these parameters are varied in Paper I-IV, the biggest difference lies in 
the source of enzyme used: 

Paper I: Homogenates of brain (minus cerebellum) from male Wistar 
and Sprague Dawley rats, 9 months old.  

 II:  Intact C6 rat glioma cells in culture.  

 III: Homogenates of brain, spinal cord and paw from male C57 
BL/6J mice, 9 weeks old. 
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 IV: Homogenates of lung and brain from female C57BL/6J Bom 
mice, 10–12 weeks old. 

 
In the assay on intact cells (Paper II), a slightly adjusted assay (described 
by Jonsson et al., 2001) was required. The cells were seeded out in 24 
well plates and grown overnight before they were incubated with the 
ubstrate. The reaction was stopped on ice by addition of methanol and 

 introduction, this 
 not necessarily the case. COX-2 and LOX-derived oxidation products 

omes to enzymes 
roducing water soluble metabolites of AEA, the use of FAAH specific 

; Saario et al., 2003), can be inhibited by AEA 
(Ghafouri et al., 2004), but does not metabolise it to any measureable 

homogenat uch slower (50-100 
pe mice, indicating that 
lysing AEA. 

preparatio of highly lipophilic substrates and 

s
the cells scraped from the wells and transferred to tubes, where the 
separation of the product from the substrate was performed using the 
chloroform:methanol assay described above. 
 
The assay for FAAH activity is a well characterised, routine method that 
provides reproducible results and is easy to perform. However, the 
assay makes the implicit assumption that FAAH is the only enzyme 
involved in the metabolism of AEA. As outlined in the
is
of AEA will not be separated from the substrate, since they are also 
lipophilic. They will, however, reduce the free concentration of AEA in 
the assay, but if COX-2 had depleted the available concentration of AEA, 
an increased rate of metabolism may have been expected. In brain 
homogenates, COX-2 seems to play a very small role in this assay 
system, since nimesulide, a potent COX-2-selective inhibitor (see e.g. 
Johnson et al., 1995), failed to affect the observed hydrolysis at all at 
either pH 6 or 8 (Fowler et al., 2003). When it c
p
inhibitors presents a tool for distinguishing between the activities of the 
enzymes. The acid amidase discovered by Ueda et al. (1999) for example, 
is not particularly sensitive to the serine protease inhibitor PMSF (Ueda 
et al., 1999). MAGL, the enzyme responsible for the metabolism of 2-AG 
in the brain (Dinh et al., 2002

extent (Dinh et al., 2002). Cravatt et al., (2001) found that brain 
es from mice lacking FAAH exhibited a m

fold) hydrolysation of AEA compared to wild ty
FAAH is the main enzyme in mouse brain hydro
 
The challenges of the FAAH assay rarely lie in the assay itself, but in the 

n of tissues and the use 
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drugs. For the two in vivo studies (Papers III and IV), one particular 
een the ex vivo measuremissue has b ent of FAAH inhibition. This is not a 

roblem for irreversible compounds like PMSF, but for reversible 

rs of FAAH in this thesis 

7 ºC and 
oroughly vortexed and sonicated before administration in the in vivo 

p
inhibitors the preparation of samples inevitably dilutes the inhibitor, 
making the FAAH activity no longer representative of the in vivo 
situation. 
 

Administration of drugs (solubility of lipids) 
The substances used as substrates or inhibito
are lipophilic, which inevitably raises the question as to the appropriate 
choice of solvent or vehicle. Throughout this thesis ethanol has been 
used as the main solvent, since many of the substances are readily 
dissolved therein. The final concentration of ethanol has been kept 
constant for each experiment, and control groups subjected to the 
ethanol containing vehicle was always included. The method used for 
dissolving the drugs of each study was: 
 

Paper I: Ibuprofen, dissolved in ethanol (final assay concentration 
12.5 %). 

 II: (R)-Ibuprofen and flurbiprofen, dissolved in ethanol (final 
assay concentration 6.25 %). 

 III: Indomethacin, nimesulide, URB597, PMSF, SR144528, AM251 
and BADGE, dissolved in ethanol and diluted in 
carboxymethylcellulose (1.5 % w/v in saline), preheated to  
37 ºC, vortexed and sonicated before intraperitoneal (i.p.) 
injection (final ethanol concentration in injection: 5 %). 

 IV: PMSF dissolved in ethanol, diluted in phosphate buffered 
saline, preheated to 37 ºC, vortexed and sonicated before i.p. 
injection (final ethanol concentration in injection: 5 %). 

 
Not all substances are readily dissolved even in ethanol, and in order to 
dissolve these substances, the solution was preheated to 3
th
experiments. For consistency, this procedure was used for all drugs 
administered, including the vehicle controls.  
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Independent regulation of intracellular and extracellular 
pH in intact C6 rat glioma cells  
In Paper II, the intracellular pH (pHi) of intact C6 glioma cells was 
measured through the method described by Shrode and Putnam (1994), 
using the pH sensitive fluorophore 2’,7’-bis(carboxyethyl)-5,6-carboxy 

uorescein (BCECF). The cell permeant, non-fluorescent acetoxymethyl 
ester form of BCECF (BCECF-AM) is added to the medium and is 

ses cleave the 

nd acidic pHe. 

buffer of pH 5.3, followed by deprivation of sodium ions by changing 

exchanger  a window of 10-15 minutes of 

 
The drawb
BCECF, th
time (accor log of 
the equ
pro e t
ionised. T

rocedure 

mmation (Paper III) and 

fl

readily taken up by the cells. Once inside the cell, estera
AM moiety of the molecule, trapping the BCECF within the cell. The 
fluorescence is then measured in a Fluostar Galaxy microplate reader 
and related to the pHi. 
 
To obtain an acidic exterior while keeping the pHi constant, we simply 
changed the assay buffer to one adjusted to the desired pH. The pHi was 
rather insensitive to this treatment, and did not fall to the acidic 
extracellular pH (pHe) over the 45 minutes monitored, giving us a 
setting with a relatively unchanged pHi a
 
For an acidic pHi and a neutral pHe, we exposed the cells to an NH4Cl 

the buffer to a sodium free assay buffer of pH 7.4. Depriving the cells of 
sodium ions impairs their ability to restore the pHi through the Na+/H+-

(Volk et al., 1998), and gives
substantially lowered pHi with a preserved neutral pHe. 

acks of this method mainly concern the characteristics of 
e fluorophore being rather unstable in aqueous solutions over 
ding to the manufacturer). In addition, since the pKa (-

ilibrium constant for ionization) of BCECF is around 7 it is less 
n o stay within the cell at the lower pH used here, since it is less 

hese drawbacks can be adjusted for by the calibration 
used in each experiment, though.  p

 

Inflammatory models 
In this thesis two different models of acute inflammation have been 
used: Carrageenan-induced hind paw infla
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lipopolysaccharide (LPS)-induced pulmonary inflammation (Paper IV). 
In both models, the experiments wer
permission from ethical commissions in

e performed on mice, with 
 Italy (Paper III) and Sweden 

ion have been mapped.  

lopment of an 

le and activate 

et al. 1987). The increased 
levels of nitric oxide seen in the early phase slowly decline 

 

(Paper IV) respectively. 
 

Carrageenan-induced hind paw inflammation in the mouse  
The sulphated polysaccharide carrageenan, originally derived from Irish 
sea moss, has been used as an inducer of inflammation in rodents since 
the 50’s (Benitz and Hall, 1959). The method is well characterised, and 
the expression of several indicators of inflammation during the different 
phases of the inflammat
 
The inflammatory response to an intraplantar (i.pl.), subcutaneous 
injection of λ-carrageenan can be divided into two phases:  
 

• The early, acute phase, developing up to 24 h after carrageenan 
injection, is characterised by the rapid deve
oedema and is essentially unrelated to the dose of carrageenan 
administered. During this phase polymorphonuclear neutrophils 
infiltrate the paw (Henriques et al., 1987), producing oxygen 
radicals, which can induce cytotoxicity and lipid peroxidation, 
leading to degradation of membrane lipids and disruption of cell 
membranes (Beckman et al., 1990, Radi et al., 1991, Rubbo et al., 
1994). Increased levels of nitric oxide are visib
COX-1 mediated PG production (Toriyabe et al., 2004). In Paper 
III of this thesis, only the early phase was measured. 

  
• The late phase, which develops after 24 h and peaks at 72 h after 

carrageenan injection, develops in a dose-dependent way, and is 
characterised by an accumulation of macrophages, eosinophils 
and lymphocytes, and an increasing number of circulating 
leukocytes and platelets (Henriques 

(Toriyabe et al., 2004).
 
With respect to the expression of COX-2 in the paw, the literature is 
rather inconsistent. Nantel et al. (1999) reported a maximal expression  
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1 h after carrageenan treatment, whereas Posadas et al. (2004) found that 
such expression was exclusive to the late phase (see also Toriyabe et al., 
2004). It should be said however that Nantel et al. (1999) only 
investigated the expression during the first 3 hours of oedema 

evelopment, and not during the late phase. 
 

bital 

d through decapitation, 
nd the brain, spinal cord and paw were dissected out, frozen in liquid 

The p
connec
paw o
marker
measur
taken, 
any po
the car
estimat
paw. T
measur ossibility of 

ind tests of drugs.  
 
The an
registe
also ex
1987). C
such an
point s were awake and moving. In theory, the 

ecreasing effect of the pentobarbital in combination with the increased 

d

Our study was performed in Italy on 9 weeks old, pentobar
anesthetised, male C57BL/6J mice, recieving a subcutaneous i.pl. 
injection of λ-carrageenan. The developing oedema was measured in a 
plethysmomether at 2 and 4 h after the injection of carrageenan and 
compared to the untreated, non-inflamed, contralateral hind paw. After 
the 4 h measurement the animals were euthanise
a
nitrogen, and kept at -80 ºC until transport to Sweden and subsequent 
assay for FAAH activity.  
 

 lethysmomether briefly consists of a fluid filled cylinder, 
ted to an apparatus which measures the volume increase as the 
f the mouse is dipped into it. Using the heel of the paw as a 
 when dipping the paw into the fluid, a simple, reproducable 
e of paw volume, and hence oedema, is obtained. Care must be 
however, to ensure that the paw does not touch the cylinder at 
int, since this affects the measurement. The oedema produced by 
rageenan injection is clearly visible to the eye and it is also easy to 
e the actual volume of the paw, when comparing it to the control 
his provides means of distinguishing between an inaccurate 
ement and a correct one, but also diminishes the p

bl

imals were anesthetised using pentobarbital, which prevents their 
ring any discomfort associated with the carrageenan injection, but 
hibits a certain anti-inflammatory effect per se (Bhattacharya et al., 

onsidering that controls and treated animals are all anesthetised, 
 effect plays a minor role in these experiments.  At the 2 h time 
everal of the animals 

d
circulation in the paw could affect the size of the oedema. This would 
mean that at the 2 h time point the oedema volume would display an 
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increased variance in comparison to the 4 h time point were all animals 
were awake. When analysing the data in this aspect, however, no such 
differencies were found. 
 

LPS-induced pulmonary inflammation in the mouse 

 2004). 

d was obtained. The BAL-fluid was the centrifuged 
nd the pellets were used to determine the number of neutrophils. The 

LPS is an essential structural component of the outer membrane of 
Gram-negative bacteria (reviewed by Caroff and Karibian, 2003). 
Presented to animals in small doses, it induces fever and a series of 
immunological and biochemical events that lead to the mobilisation of 
the host defence mechanisms. In larger doses LPS may cause endotoxic 
shock and death, and is hence classified as a bacterial endotoxin. In 
mice, LPS-induced endotoxic shock involves the production of 
endocannabinoids, exerting their effects via rimonabant-sensitive non-
CB1 receptors (Bátkai et al.,
 
In Paper IV, we exposed 10-12 weeks old, female C57BL/6JBom mice to 
aerosolised LPS in a nose-only exposure chamber. Such an exposure is 
well known to cause an acute pulmonary inflammation, characterised by 
oedema formation, production of pro-inflammatory cytokines and 
neutrophil recruitment (Ghofrani et al., 1996, Johnston et al., 1998, 
Kawabata et al., 2000). The control animals were exposed to aerosols of 
H2O through the same procedure. At 2, 6 or 16 h after the exposure, the 
animals were euthanised by cervical dislocation. A bronchoalveolar 
lavage (BAL) was performed by cannulating the trachea with 
polyethene tubing, through which repeated 1 ml aliquots of Hank’s 
balanced salt solution were introduced and withdrawn, until a total 
volume of 4 ml of flui
a
cell free BAL-fluid was kept at -80 ºC until it was analysed for levels of 
TNF-α, LDH (see below), AEA, 2-AG and PEA.  
 
The difficulties of the method include keeping the animals heads in an 
accurate position in the chamber, since they tend to turn their head 
away from the airflow. The collection of BAL-fluid also represents a 
difficulty because the entire aliquot introduced can never be withdrawn, 
leading to differences in the volume introduced in order to obtain the 
total 4 ml of BAL-fluid. The final concentration of BAL-components may 

 44



Methodological considerations 

hence display an individual variation, which can contribute to the data 
spread. However, the aim of the study was to identify large changes in 
endocannabinoid levels, which should be observable even when such 

ariations are taken into consideration.  
 

L-fluid, and 

ence is normalised. 

ata analysis and statistics 

v

Lung and brain tissues were collected after the BA
immediately frozen in liquid nitrogen and kept at -80 ºC until analysed 
for acivity of the enzymes NAT, NAPE-PLD, and FAAH. In view of the 
reports on increasing levels of NAEs post mortem (Schmid et al., 1995, 
Patel et al., 2005), there is a possibility that the activities of these enzymes 
will change during the collection of the BAL-fluid. The time frame, 
however, makes this course of events rather unlikely, since the time 
used for a BAL is considerably shorter than the time frames studied in 
these reports. In addition, since the control mice are subjected to the 
same treatment, any possible influ
 
The dose of LPS used in the model is important with respect to cell 
damage. Since the aim of the study was to investigate the effect of 
inflammation, and cell damage per se dramatically increases synthesis of 
NAEs (see Epps et al., 1979, Berdyshev et al., 2000, Hansen et al., 2001, 
Berger et al., 2004), it was important both to choose an LPS dose that did 
not produce cell damage, and to demonstrate the lack of such damage in 
the experiments. We hence used a relatively low dose of LPS (0.1 
mg/ml, 7 l/min for 15 min.) (Rylander and Snella, 1983, Rocksén et al., 
2003), and also analysed the BAL-fluid with a cytotoxicity detection kit 
for analysis of lactate dehydrogenase (LDH). LDH is a stable 
cytoplasmic enzyme, present in all cells, and if the plasma membrane is 
damaged LDH is released. Thus, the amount LDH in the surrounding 
medium is a simple measurement of cell damage.  
 

D
pI50 values [-log10(IC50 value)] (Paper I and II) were analysed using the 
built-in equation “sigmoid dose-response (variable slope)” of the 
GraphPad Prism computer programme (GraphPad Software Inc., San 
Diego, CA, U.S.A.). The data (expressed as % of control) were analysed 
using “top” and “bottom” values fixed at 100 and 0, respectively. This 
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method was used to minimize the impact of inter-experimental 
variations in enzyme specific activity. 
 
In Paper I, Km and Vmax values (or apparent Km and Vmax values for 
xperiments determining the mode of inhibition by (-)ibuprofen) for 

icance did not differ 
om the over all test, the only exceptions being in cases where the 

number of animals were very low, such as the comparison between 
reated animals at the two hour time 

e
FAAH activities were calculated using the Direct Linear Plot analysis 
(Eisenthal and Cornish-Bowden, 1974) using the Enzyme Kinetics v 1.4 
software package, Trinity Software, Campton, NH, U.S.A. Since this 
analysis is non-parametric, Km and Vmax values have been given as 
medians and ranges. For the experiments with (-)ibuprofen, the 
apparent Km and Vmax values calculated from the mean data at each 
inhibitor concentration were used in secondary replots to determine 
Ki(slope) and Ki(intercept) values. Significance testing was undertaken using 
the StatviewTM computer programme (SAS Institute Inc., Cary, NC, 
U.S.A.).  
 
In Paper III, statistical differences between groups were determined 
using one-way ANOVA measures with post-hoc Tukey’s multiple 
comparison test using the GraphPad Prism software. The study was 
undertaken on several different experimental days, with different 
groups, which were not randomised. For each experiment however, 
non-inflamed and carrageenan-exposed controls were included, as were 
control groups of the separate drugs when combination treatments were 
tested. The non-inflamed and carrageenan-exposed controls were also 
compared using one-way ANOVA measures with post-hoc Tukey’s 
multiple comparison test. There were no differences between the 
observed levels of oedema in response to the carrageenan from day to 
day. In addition, when groups from each experimental day were 
analysed per se, in most cases, the level of signif
fr

carrageenan controls and AM251 t
point, where a significant difference was seen in one experiment where 
the groups consisted of three animals each. 
  
In Paper IV, the statistical differences between the groups were 
determined using one-way ANOVA measures with post-hoc Bonferroni-
Dunn tests using the Statview computer programme. 
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Results and discussion 

., 1997a, Patricelli et al., 1998). Before this work was initiated, 
 was not known how FAAH reacts pharmacologically under such 

H optimum) and at pH 5.28 
e. an unfavourable environment for the enzyme). The FAAH inhibitors 

Influence of pH on FAAH activity and sensitivity to 
inhibitors (Paper I) 
Tissue acidosis is a common state during the development of 
inflammation, tumours, ischemia, pain, and hyper-algesia (Häbler, 1929, 
see Steen et al., 1992, Andersson et al., 1999, Voilley, 2004). The lowered 
pH (assuming, of course that the intracellular pH is also affected, see e.g. 
Andersson et al., 1999) is an environment strongly affecting the activity 
of several enzymes, and as mentioned earlier, the activity of FAAH is 
well known to be dependent upon the pH of its surroundings (Ueda et 
al., 1995a, Maurelli et al., 1995, Hillard et al., 1995, Omeir et al., 1995, 
Bisogno et al
it
circumstances and in Paper I the effect of an acidic pH on the sensitivity 
of FAAH towards well known inhibitors was hence investigated.  
 
Several studies have previously shown that FAAH exhibits an alkaline 
pH optimum around 9 (Ueda et al., 1995a, Maurelli et al., 1995, Hillard et 
al., 1995, Omeir et al., 1995, Bisogno et al., 1997a, Patricelli et al., 1998, 
Ueda et al., 1999). In Paper I, the same pH dependency was seen with rat 
brain homogenates as source of FAAH. The results also revealed that the 
decreased activity of the enzyme seen at the lower pH was derived from 
a change in Vmax rather than in Km, reflecting a decreased catalytic 
activity of the enzyme rather than changed affinity for the substrate. 
Consistent with this, subsequent studies have found that the potencies 
of a number of NAE analogues as inhibitors of FAAH do not change 
very much as the pH is varied (from pH 6-9; Vandevoorde et al., 2003; 
Fowler et al., 2004), unlike the situation for ibuprofen (see below).  
 
In order to determine the effect of pH upon inhibitor sensitivities, assays 
were conducted at pH 8.37 (i.e. close to the p
(i.
tested, produced rather contradicting results (Figure 7). For the AEA 
analogues oleoyl trifluoromethylketone (OTMK) and arachidonoyl 
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oride 
MSF) and both enantiomers of ibuprofen on the other hand, showed 

hould 
e 3.09 lower at pH 5.28 than at pH 8.37, i.e. that the relative 

nionised form of the inhibitor was active. It can therefore not be ruled 

 
 
 
 
 
 
 
 
 
Figure 7. Inhibition of AEA hydrolysis in rat brain homogenates by OTMK, AA-5HT, 
(-)ibuprofen (▼), (+)ibuprofen (■), and PMSF. Filled symbols and full lines show 
inhibition at pH 8.37, while empty symbols and dotted lines show the inhibition at pH 
5.28. Shown are means ± s.e.m., n = 3. 
 
serotonin (AA-5HT) the acidic pH caused a right shift in the dose 
response curves, indicating a decreased sensitivity of the enzyme 
towards the inhibitors at lower pH. Phenylmethylsulphonyl flu
(P
the complete opposite, with lower doses needed for inhibition at acidic 
pH. In the case of PMSF the shift may merely reflect the higher stability 
of the compound at acidic pH (James, 1978), but in the case of ibuprofen 
the situation is more intriguing. Since ibuprofen is an acidic NSAID  
(pKa ranging from 4.3-4.6, Avdeef et al., 1999) the unionised form 
predominates at lower pH. If it is hypothesised that only the unionised 
form of the compound inhibits FAAH, an increased potency would be 
expected with decreasing pH. The Henderson-Hasselbach equation  
[pH = pKa + log([A-]/[HA])] can be used to describe the relation 
between unionised (HA) and ionised (A-) forms of a weak acid or base at 
different pH values. Regardless of the pKa value for the compound in 
question, the equation predicts that the value of log([A-]/[HA]) s
b
concentration of unionised to ionised should be ~1200 fold higher at the 
lower pH. The mean pI50 values for (-)ibuprofen at these two pH values 
were 4.38 and 3.14, respectively (Table 1 of Paper 1). Thus, the increase 
in potency (17-fold) as the pH is reduced is less than would be predicted 
by the Henderson-Hasselbach equation if it was assumed that only the 
u
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out that the ionised form of ibuprofen also has some inhibitory activity, 
lbeit lower than for the unionised form. However, the data with OTMK 
nd AA-5HT would indicate that there may be a general reduction in 
ensitivity of the enzyme at this very low pH value, and that this will 
ontribute to the apparent discrepancy observed.  

 subsequent study (Fowler et al., 2003) showed that the potentiation 
een with ibuprofen at acidic pH, is also observed with other acidic 
SAIDs, such as flurbiprofen, indomethacin and niflumic acid, while 
eutral compounds, such as the COX-2 selective inhibitor celecoxib, 

n FAAH activity in intact cells 
Paper II) 

a
a
s
c
 
A
s
N
n
showed no such potentiation.  
  

The effect of altered pH o
(
It has been known for almost ten years that certain NSAIDs inhibit 
FAAH (Paria et al., 1996, Fowler et al., 1997), but since the concentrations 
needed are higher than those needed for inhibition of COX, it has been 
hard to make a case that FAAH inhibition contributes to any degree in 
their pharmacological mechanism of action. The findings described 
above, raise the possibility that FAAH inhibition may be involved. It is, 
however, a large step to take from a cell free assay system even to intact 
cells, not to mention the situation in vivo. In order to investigate the 
situation in intact cells, Paper II observed the effects of changes in pHi 
and pHe upon FAAH activity and sensitivity to inhibition, using C6 
glioma cells. The cell-line was chosen simply because methodologies 
whereby the pHe and pHi can be regulated independently in these cells 
have been reported in the literature (Shrode and Putnam, 1994). Since 
the rate of hydrolysis of AEA is dependent both upon its rate of cellular 
uptake and the activity of FAAH in the assay used, the cellular uptake of 
AEA was also studied, to establish the effect of pH on the availability of 
the substrate. With respect to the effects of pH upon the rates of AEA 
uptake and hydrolysis per se, rather small changes were seen. When pHe 
was decreased from pH 7.4 to 6.0, there was a tendency towards a 
modest decrease in the rate of both uptake and hydrolysis (Figure 2 and 
3 of Paper II) although this was not entirely consistent.  
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Whether the availability of substrate following uptake in this case 
determines the observed rate of hydrolysis or vice versa is not clear. As 
outlined in the introduction, the mechanism by which AEA crosses the 
cell membrane is not fully elucidated, but one theory is that the uptake 
is at least partly driven by a concentration gradient, in turn dependent 

pon the ability of FAAH to degrade AEA. If this is the case, a reduced 

The fact that FAAH is not affected to any greater extent by the pH  is 

rtant for its activity on several occasions. In Paper I, the 

ring the pHe and 
pHi remains to be investigated. 

u
FAAH activity would decrease the uptake, since AEA would quickly 
accumulate within the cell, increasing the concentration gradient against 
which it must travel. This would, however, mean that a reduced pHi 
would be of greater importance to the AEA uptake, an effect not seen in 
this study.  
 

i

surprising, since the pH in closest proximity to the enzyme has been 
proven impo
enzyme shows a large reduction in activity at pH 4-5, while a similar 
pHi in intact C6 cells leaves the enzyme activity unaffected. It should be 
remembered that the fluorophore BCECF reflects the pH in its own 
vicinity, and any selective partition of this compound into a subcellular 
compartment may thus give an artificially low pH value. The 
manufacturer states that this is unlikely to occur, though. Alternatively, 
it is possible that the microenvironment around FAAH, and hence its 
activity, is not affected by the changed pH to the same extent as the rest 
of the cell. Whatever the explanation, the data would suggest that the 
rate of hydrolysis of AEA by intact C6 cells is not particularly sensitive 
to the conditions used here to manipulate pHe and pHi. 
 
In contrast to the situation for the rate of AEA hydrolysis described 
above, the sensitivity of the hydrolysis to inhibition by NSAIDs is 
greatly affected by the pHe. A lowered pHe caused a ten-fold increase in 
the potency of both ibuprofen and flurbiprofen, while an acidic interior 
was without obvious effect (Figure 8). The simplest explanation for these 
data is that the unionised forms of ibuprofen and flurbiprofen are taken 
into the cells more readily than the ionised forms, leading to a larger 
cellular accumulation of both substances at acidic pHe, and hence more 
inhibitor available for inhibition of the enzyme. Whether the potency 
could be even further increased by simultaneously lowe
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Figure 8. The inhibitory potency of 
ibuprofen on FAAH activity at 
different pH

 
 
In order to make sure that the observed effects of the inhibitors were not 
merely reflecting an effect on the uptake of AEA, we treated the cells 
with PMSF before observing the effect of (-)ibuprofen on the uptake of 
AEA. When PMSF was not present, ibuprofen did indeed inhibit the 
uptake but in the presence of PMSF, ibuprofen was unable to reduce the 
uptake further, indicating that the effect of ibuprofen upon AEA uptake 
was primarily a reflection of the inhibition of FAAH activity. 
 
Of course it should not be forgotten that the experiments are undertaken 
upon a single cell line whose relevance to inflammatory processes is 
questionable. However, it is reasonable to assume that the physico-
chemical explanation of our data should hold true for other cells. 
Considering the report by Graf et al. (1975) on the a

e and pHi. A decreased 
pHe produces an increase in 
potency of the inhibitor, as seen by 
a higher pI50/lower IC50 value. The 
pHi values are estimates taken 
from Figure 1 in Paper II. Shown 
are means ± s.e.m. n = 3 – 4. ** = 
P < 0.01, *** = P < 0.001 towards  
pHe 7.4. 

 

ccumulation of 
NSAID at sites of inflammation, and the reduced pH seen both 
extracellularly (Häbler, 1929, see Steen et al., 1992) and intracellularly 
(Andersson et al., 1999), an interesting picture emerges. Not only do 
acidic NSAIDs accumulate at sites of inflammation, but their uptake into 
the cell as well as their inhibition of FAAH, are strongly enhanced. Since 
AEA (and the alternative FAAH substrate PEA) have anti-inflammatory 
properties (see introduction), a case can be made that in vivo 
investigations into the role of FAAH inhibition in the actions of acidic 
NSAIDs are warranted. 
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Anti-inflammatory effect of FAAH inhibition in vivo 

 2002, a report by Gühring et al. revea
ffect of spinally administered indomethaci
ain was reversed by blockade or genetic 

(Paper III) 
In led that the anti-nociceptive 

n in the formalin test of acute 
deletion of the CB

e
p B

dicating an endocannabinoid role in the 
SAID (Gühring et al., 2002). The authors 

tudy that flurbiprofen behaved in a simil
ince flurbiprofen and indomethacin are 

acidic NSAIDs so far tested with respect to inhibition of FAAH (Fowler 
et ., 2003), we were interested in determining whether the anti-

 indomethacin in the carrageenan model of 

eceiving a 

logical significance of these results. 

 

1-receptor, 
anti-nociceptive action of the 
also showed in a subsequent 
ar manner (Ates et al., 2003). 
the two most potent of the 

in
N
s
S

al
inflammatory effects of
inflammation also involved the endocannabinoid system, and whether 
compounds with primary actions upon FAAH were anti-inflammatory 
in this model. 
 
In the mouse, a subcutaneous i.pl. injection of carrageenan induced a 
robust inflammatory response, resulting in an oedema in the injected 
hind paw. The non-injected hind paw did not display any significant 
differences in oedema volume, compared to control mice r
saline-injection, indicating that the inflammation is a local response.  
 
The FAAH activity in paw, spinal cord and brain, was analysed ex vivo 
in homogenised tissue. This analysis revealed that the inflammation 
produced a significant decrease in enzymatic hydrolysis of AEA in paw 
and spinal cord (Figure 9). The activity in brain was in contrast slightly 
increased, but the statistical significance of this finding was lost when all 
treatment groups were included in the analysis (see Table 2 of Paper III). 
Carrageenan administration has been reported to increase oxidative 
stress (Wang et al., 2004) and cell damage (Beckman et al., 1990), events 
that have been reported to result in increased production of NAEs (see 
introduction) and in one case a decreased FAAH activity (Gubbellini et 
al., 2002). However, the considerable overlap between the test groups 
means that, statistical significance notwithstanding, care should be taken 
in interpreting the physio
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Paw Brain

 
 
 
 
 
 
Figure 9. The FAAH activity measured ex vivo after carrageenan-induced hind paw 
inflammation in the mouse. The FAAH activity is decreased in paw and spinal cord, but 
increased in brain, from carrageenan treated mice compared to saline treated controls. 
For all three regions, the difference between the two groups is statistically significant 
(p<0.01, two-tailed t-test). Shown are the enzyme activities for each animal and the 
group means.  
 
Pre-treatment of the mice with indomethacin dose-dependently 

hibited the ability of carrageenan to induce oedema. The selective 

 to 
duce oedema in FAAH knockout mice is decreased (but not 

  

in
FAAH inhibitor URB597 and non-selective compound PMSF inhibited 
the oedema formation by approximately 50 %, per se, at doses of  
0.3 mg/kg and 30 µg/kg respectively. This partial inhibition of oedema 
formation by the FAAH-inhibitors is in complete accordance with the 
finding by Lichtman et al. (2004b) that the ability of carrageenan
in
completely blocked) compared to wild-type mice. Although the doses of 
URB597 and PMSF were chosen on the basis of the literature, to give 
robust FAAH inhibition and to potentiate the effects of AEA in vivo 
(Compton and Martin, 1997, Quistad et al., 2002, Kathuria et al., 2003), 
dose-response data are required to determine whether or not the anti-
oedema effect of URB597 is maximal at the dose used. It should also be 
taken into consideration that URB597 has been reported to inhibit other 
serine hydrolases (Lichtman et al., 2004a). 
 
To establish whether the endocannabinoid system is involved in the 
anti-inflammatory actions of the drugs used, the animals were pre-
treated with CB-receptor antagonists. The anti-oedema effect exerted by 
indomethacin was completely reversed by the CB2-antagonist SR144528,
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* = P < 0.05, *** = P < 0.001 
towards treatment with the inhibitor 
per se. The statistics are from the 
entire data set of Table 1, Paper III. 

 
 

  

eroxisome proliferator activated receptors (PPARs), lipid-activated 
anscription factors, involved in the regulation of genes in lipid 

*** *

SR144528 (3 mg/kg)

 
 

 

 

as was the effect of URB597 (Figure 10). The CB

Figure 10. The oedema volume 4 h 
after carrageenan-induced hind paw 
inflammation in the mouse. The 
ability of indomethacin and URB597 
to inhibit oedema formation is 
blocked by pre-treatment with the 
CB2-antagonist SR144528.  

 

1-antagonist AM251, 
however, produced an anti-oedema effect per se (see Table 1 of Paper III), 
making interpretation of its actions upon the effects of indomethacin 
and URB597 difficult. Further experiments with other CB1-antagonists, 
would establish whether there is an endocannabinoid tonus or 
constitutively active CB1-receptors involved in the oedema formation. 
 
From the above, it is clear that both indomethacin and URB597 reduce 
oedema in an SR144528-sensitive manner. At the same time, the anti-
inflammatory action of indomethacin on the carrageenan-induced 
inflammation is irrefutably dependent upon the inhibition of COX 
(Portanova et al., 1996, Daher and Tonussi, 2003). Dissecting out the 
mechanisms of these effects is not easy, but a number of possibilities can 

e considered: b
 
1) The effect of SR144528 is not related to its ability to block CB2-
receptors. Although the dose was chosen on the basis of the current 
literature, it is possible that the drug has hitherto unrecognised actions 
that can explain its effects in the present study. One possible target is the 
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metabolism, glucose homeostasis, and inflammation (reviewed by 
amecq and Latruffe, 1999). In 1997
domethacin as an agonist on PPARγ, w
003) reported that indomethacin at low

ntagonist at the same receptor. To inv
R144528 to block the anti-inflammatory
nd URB597 is due to SR144528 being
PARγ, the animals were pre-treated with the PPARγ-antagonist 
isphenol A diglycidyl ether (BADGE). 
nti-inflammatory effect of indomethac
tatistically significant. The anti-inflamm
ffected at all, excluding a direct connection between FAAH inhibition 

and PPARγ activation, but of course not excluding other targets for 
SR144528. The anti-inflammatory effect of PEA on carrageenan-induced 
hind paw oedema has been reported to be mediated through PPARα, 
but this effect was not antagonised by SR144528, excluding such an 
ex s seen here. 

ic 
., 

flammatory (Veronesi et al., 1999, Trevisani et al., 2004, Hutter et al., 

, Lehmann et al. recognised 
hile Bishop-Bailey and Warner 
er doses rather behaved as an 

estigate whether the ability of 
 effects of both indomethacin 
 an unknown antagonist on 

V
in
(2
a
S
a
P
b The treatment did reduce the 

in but the reduction was not 
atory effect of URB597 was not 

a
s
a

planation to the result
 
2) The effect of indomethacin and URB597 is to increase the activity at 
TRPV1 receptors. AEA is a good activator of TRPV1 receptors, at least in 
vitro, in particular in the presence of the related NAE and FAAH 
substrate PEA (De Petrocellis et al., 2001; Smart et al., 2002). In this 
respect, a comparison can be made with the non-psychotrop
annabinoid cannabidiol, which inhibits both uptake (Rakhshan et alc

2000) and degradation (Watanabe et al., 1996) of AEA. In a recent study, 
Costa et al. (2004) reported that cannabidiol elicits anti-hyperalgesic 
effects on carrageenan-induced thermal hyperalgesia that can be blocked 
by a TRPV1 antagonist (Costa et al., 2004). The anti-oedema effect 
produced by the FAAH-inhibitors in our study could hence be due to 
the increased levels of AEA activating the TRPV1 receptor. TRPV-
activation, however, leads to pro-inflammatory events rather than anti-
in
2005), and mice lacking TRPV1 receptors showed no changed response 
to carrageenan-induced oedema formation (Davis et al., 2000). 
Experiments with TRPV1 antagonists are, however, required to entirely 
exclude such a pathway for the anti-inflammatory effects of 
indomethacin and URB597. 
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3) The effects of indomethacin and URB597 are CB2 receptor mediated, 
an explanation supported by the reports in the literature that CB2 
receptor selective agonists reduce the oedema formation, as well as the 
hyperalgesic response to carrageenan (Iwamura et al., 2001, Clayton et 
al., 2002, Quartilho et al., 2003). With respect to URB597, the selectivity of 
the compound would implicate FAAH inhibition as a primary 
mechanism, leading to increased levels of circulating NAEs, such as 
AEA and PEA with the ability to, directly or indirectly, activate CB2-
receptors. In a study on transgenic mice expressing FAAH in brain and 
spinal cord but lacking peripheral FAAH, Cravatt et al. (2004) showed 
that the decreased inflammatory responses, seen in the knockouts 
mentioned above, was low in the mice lacking only peripheral FAAH as 
well. The anti-inflammatory effect seen during lack of FAAH action, 
whether accomplished by genetic deletion or pharmacological 
inhibition, must hence be ascribed to a peripheral action.  
 
The mechanism(s) of indomethacin, on the other hand, remain an 
nigma. In their study in the formalin test of acute pain, Gühring et al. 

. 

e
(2002) suggested that indomethacin shifted arachidonic acid metabolism 
away from PG production towards endocannabinoid production, and 
considering the ability of indomethacin in vitro to inhibit FAAH, this is 
not unlikely. A working hypothesis is that the effects of indomethacin 
are highly dependent upon the inflammation model studied, but in the 
carrageenan model in the mouse, it appears that the anti-oedema effects 
of this compound require both a decreased PG production, through 
inhibition of COX (to tie in with the data of Portanova et al., 1996) and an 
increased endocannabinoid tone, through the inhibition of FAAH. 
Further studies are most definitely needed to test this hypothesis. As 
mentioned in the introduction, there are many reports on a connection 
between the endocannabinoid system and the PGs. Both inhibitory 
(Burstein and Raz, 1972, Rettori et al., 1990, Hinz et al., 2004) and 
stimulatory (Burstein et al., 1982, Bhattacharya, 1986, Hunter et al., 1991, 
Someya et al., 2002,) effects of cannabinoids upon PG synthesis have 
been reported. In addition, NSAIDs have also been reported to inhibit 
the effects of cannabinoids (Perez-Reyes et al., 1991, Ellis et al., 1995, 
Green et al., 2001), so the connections between the two systems seem 
complicated, to put it mildly
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The activity of the endocannabinoid system under 
inflammation. (Paper IV) 
The levels of the NAEs are known to increase after injury to cells, such 
as myocardial infarction (Epps et al., 1979) neurodegeneration (Hansen et 
al., 2001, Berger et al., 2004) or stress (Berdyshev et al., 2000), and it is 
assumed that increased production of NAEs is also a general response to 
inflammation. This assumption is based mainly on the study by Kondo 
et al. (1998) on the effect of cadmium on rat testis, where cadmium 
caused a robust increase in the production of NAEs. Other in vivo 
studies, however, report inconclusive results in the matter, some 
discovering similar increases as Kondo et al. in the production of AEA 
(Varga et al., 1998, Di Marzo, 1999, Liu et al., 2003), while others report 
no change in AEA production (Beaulieu et al., 2000, Matias et al., 2002). 
As described in the introduction, one of the factors known to stimulate 

roduction of AEA is increased levels of calcium, and in 1998, Hansen et 

 in the levels of AEA, 2-AG or PEA, or in 

p
al., hypothesised that the synthesis of NAEs is not stimulated by the 
small fluctuations in calcium levels seen under normal conditions, but 
by the strongly increased levels after cell injury (Hansen et al., 1998). One 
possible explanation for the inconclusive results of in vivo inflammatory 
studies is that the cell damage rather than the inflammation mobilises 
the endocannabinoid system, and the differences therefore reflect the 
degree of cell damage inflicted by the inflammatory stimulus. In Paper 
IV, we used the model of LPS-induced pulmonary inflammation with a 
relatively low dose of LPS, which induces inflammation without causing 
cell injury (Rylander and Snella, 1983, Rocksén et al., 2003), to investigate 
whether the levels of the endocannabinoids AEA and PEA are increased 
during inflammation alone. If such an increase is seen we also wanted to 
know whether it was due to the activity of FAAH being down-
regulated, or due to an increased activity of the synthetic enzymes NAT 
and NAPE-PLD.  
 
We found that LPS, as expected, induced a robust pulmonary 
inflammation, measured by the increase in neutrophil recruitment and 
TNF-α concentration in the BAL-fluid, without causing cell damage, as 
assessed by release of the cytoplasmic LDH. The LPS exposure did not 
cause any significant changes
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the activity of synthetic and hydrolysing enzymes. Two possible 
explanations of the data should b
 

e considered: 

ct on the neutrophil recruitment or the levels of TNF-
, even though the ex vivo tests of FAAH activity clearly indicated that 

PMSF treatment reflects a reduced rate of TNF-α metabolism.  

1) Increased levels of endocannabinoids are masked by increased rates 
of removal. While FAAH activity did not change, no information was 
gathered as to the presence of COX-2-derived AEA metabolites. LPS has 
been shown on many occasions to induce an upregulation of the 
expression of COX-2 in several different cell types, associated both to the 
lung and to the immune system (e.g. Lee et al., 1992, Habib et al., 1993, 
Hempel et al., 1994, Mitchell et al., 1994, Akarasereenont et al., 1995, 
Arias-Negrete et al., 1995, Ermert et al., 2000). It is hence possible that an 
excess AEA produced after LPS stimulation in this study is immediately 
converted to prostamides. However, PEA is not a substrate for COX-2, 
so an excess rate of NAE synthesis needed to produce the excess AEA 
would have resulted in an increased level of PEA. In any case, no 
evidence for an increased activity of the NAE synthesising enzymes was 
found. 
 
2) Inflammation per se in the absence of cell damage does not 
automatically lead to a large stimulation of NAE synthesis. This 
conclusion, which is consistent with the hypothesis of Hansen et al. 
(1998) seems to be the most reasonable conclusion to make, and is in line 
with the work of Beaulieu et al. (2000). Indeed, it would suggest that the 
original observation of Kondo et al. (1998), which led to the notion 
coupling inflammation with endocannabinoid synthesis, may be related 
to a cell toxic effect of cadmium rather than to its pro-inflammatory 
effects. 
 
The administration of the non-selective FAAH inhibitor PMSF to the 
animals one hour prior to the LPS exposure, did not produce any anti-
inflammatory effe
α
brain and lung FAAH was inhibited. A significant increase in TNF-α in 
the BAL-fluid was however seen, and when taking into account that 
PMSF is known to inhibit serine proteases (James, 1978), and that TNF-α 
under certain conditions is degraded by serine proteases (Fujiwara et al. 
2002), it is reasonable to speculate that the increased TNF-α seen after 
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The ex vivo tests of FAAH activity in homogenates of brain and lung, 
displayed an interesting feature concerning the inhibitory effects of 

MSF. Brain FAAH activity was completely inhibited by the pre-P
treatment with PMSF, while lung FAAH was only partially inhibited. 
One possible explanation to this would be that AEA here is degraded 
partly by the acid amidase expressed by the lung (Ueda et al., 2001). The 
acid amidase is indeed rather insensitive to inhibition by PMSF (Ueda et 
al., 1999), but it is also known to show optimal activity at pH 5 (Ueda et 
al., 1999). Since our samples lack AEA-hydrolysing activity at pH 5 
(Figure 2A in Paper IV), this enzyme is unlikely to be involved, but other 
AEA-hydrolysing enzymes can of course not be excluded. Another 
possibility is that the distribution of PMSF after an i.p. injection is tissue-
dependent, but in Paper III, we found complete inhibition of FAAH in 
all tissues examined (brain, spinal cord, and paw), making such an 
explanation unlikely.  
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Conclusions 
The work of this thesis was undertaken with the objective of elucidating 
the role of FAAH in inflammation, and to evaluate the potential of 
FAAH inhibition in anti-inflammatory therapeutics. Several conclusions 
can be drawn: 

- In cell free homogenates, FAAH activity is less sensitive to 
inhibition by OTMK and AA-5HT at acidic pH. In contrast, the 
enzyme was more sensitive to inhibition by the acidic NSAID 
ibuprofen, consistent with the hypothesis that the inhibition is 
produced mainly by the unionised form of ibuprofen.  

- In intact cells, FAAH inhibition by acidic NSAIDs is highly 
dependent upon extracellular but not intracellular pH, consistent 
with the hypothesis that the entry of acidic NSAIDs into the cell 
is facilitated by an acidic tissue pH. 

- The selective FAAH inhibitor URB597 and the non-selective 
compound PMSF exert anti-inflammatory effects in vivo, by 
inhibiting carrageenan-induced oedema formation. 

- The in vivo anti-inflammatory effect of indomethacin and 
URB597 on carrageenan-induced oedema formation is blocked 
by the CB2-receptor antagonist SR144528, suggesting a possible 
role of endocannabinoids in the anti-inflammatory process. 

- Inhalation of LPS induced an inflammation without 
accompanying cell damage, as assessed by monitoring release of 
LDH. This treatment did not lead to increased levels of the 
endocannabinoids, or altered activities of synthesising and 
hydrolysing enzymes.  
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General discussion 

e case of indomethacin, to be absent in CB1-receptor 
knockout mice (Gühring et al., 2002, Ates et al., 2003). This indicates that 
the e
of such
have th
thesis t
second the anti-
inflammatory effects of the FAAH inhibitors seen in Paper III, it is 
temp
oedem
 
First of inhibition of PG formation is 
still considered the main mechani
effect
describ
(Voille 7) and of 
cours
reme
In addi
hence 
develo ts of 
COX
partly
 
Many r
system
simultaneous inhibition of COX and FAAH by some NSAIDs. As 

entioned in the introduction, AEA and 2-AG are both metabolised by 
LOX. In addition, Δ9-THC has been reported to affect the 

production of PGE2 (Bhattacharya, 1986, Rettori et al., 1990, Hunter et al., 
1991), and both AEA and Δ9-THC increase the levels of arachidonic acid 
in an SR144528-sensitive manner (Shivachar et al., 1996). The potency 

As mentioned earlier, the anti-nociceptive effects of the NSAIDs 
indomethacin and flurbiprofen have been reported to be blocked by the 
CB1-receptor antagonist AM251 in the formalin test of inflammatory 
pain and, in th

ndocannabinoid system is involved in the anti-nociceptive actions 
 compounds. Even though it is well known that certain NSAIDs 
e ability to inhibit FAAH, we have not been able to prove in this 
hat the CB-receptor activation seen by Gühring and co-workers is 
ary to inhibition of FAAH. However, considering 

ting to speculate that FAAH inhibition contributes to the anti-
a actions of indomethacin.  

 all, it is important to point out that 
sm behind the anti-inflammatory 

s of the NSAIDs. Lately, however, other targets have been 
ed for certain NSAIDs, including acid-sensing ion channels 
y et al., 2001), PPARα and PPARγ (Lehmann et al., 199

e FAAH (Paria et al., 1996, Fowler et al., 1997). It must be 
mbered, though, that not all NSAIDs are potent FAAH-inhibitors. 

tion, not all NSAIDs with FAAH-inhibitory actions are acidic and 
potentiated at acidic pH. Nevertheless, in the context of 

ping new anti-inflammatory drugs without the side-effec
 inhibition, the fact that certain NSAIDs seem to exert their effects 

 through the endocannabinoid system, is an important aspect. 

eports indicate that the connection between the endocannabinoid 
 and the PG synthesis is much more complicated than the 

m
COX-2 and 
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and efficacy of several NSAIDs is decreased in the presence of Δ9-THC 
in the mouse p-phen eption (Anikwue et 
al., 2002), while the e essure is decreased 

he role of the endocannabinoid system 

ylquinone test for visceral nocic
ffect of Δ9-THC on intraocular pr

by indomethacin (Green et al., 2001).  
 
One possible connection between the two systems is that treatment with 
NSAIDs affects the downstream AEA metabolites. As mentioned in the 
introduction, COX-2 metabolism of AEA produces a range of 
biologically active prostamides, and if they are pro-inflammatory by 
nature, their decreased formation after NSAID administration could be 
part of the anti-inflammatory process. However, the report by Rockwell 
and Kaminski (2004) that the prostamides exert an inhibitory effect on 
the release of cytokines, would instead suggest an anti-inflammatory 
effect of the prostamides. Whatever the explanation, a connection 
between the endocannabinoid system and the PG synthesis is well 
supported by the literature. Such a connection needs to be thoroughly 

vestigated in order to establish tin
in inflammation, and hence the potential of FAAH inhibitors in anti-
inflammatory therapies. 
 
The results from Paper III clearly support the anti-inflammatory 
potential of FAAH inhibitors in certain inflammatory conditions. This 
notion is based on the assumption of locally increased levels of anti-
inflammatory substrates of FAAH during inflammation. The conclusion 
from Paper IV, that not all inflammatory stimuli are able to activate the 
endocannabinoid system, would suggest that FAAH inhibitors may not 
be useful in all types of inflammation. It is hence important to evaluate 
the response of the endocannabinoid system to different types of 
inflammatory stimuli, before it is possible to establish the conditions 

here a FAAH inhibitor may be of use. w
 
When considering FAAH as a therapeutic target to increase the levels of 
endogenous compounds with anti-inflammatory actions, it is of great 
importance to remember that this is by no means a selective event. As 
outlined in the introduction, conditions leading to increased synthesis of 
AEA and PEA often bring about increased synthesis of other NAEs as 
well. The NAEs all possess different biological activities, and since they 
are hydrolysed by FAAH, inhibition of this enzyme would enhance not 
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only the effects of AEA and PEA but also the effects of other NAEs. In 
addition, both AEA and PEA have been reported to exert effects on 
other receptor systems, apart from the CB-receptors. The physiological 
importance of these interactions, however, is not known, but they 
hould be considered as potential side-effects until further characterised. s

  
The main application for anti-inflammatory drugs today is to decrease 
an already established inflammation. Papers III and IV of this thesis, 
however, investigate only a preventive effect towards inflammation, 
since the FAAH inhibitors were administered prior to the inflammatory 
stimuli. A study on PEA showed that the compound was able to 
attenuate the carrageenan-induced hind paw inflammation in rats, when 
administered after the onset of inflammation (Costa et al., 2002). Such 
studies would be of great value also for FAAH-inhibitors. 
 
In conclusion, FAAH is definitely a potential target for novel anti-
inflammatory drugs, but more work is necessary before FAAH 
inhibitors can move from a promising idea to a clinical reality.  
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Populärvetenskaplig sammanfattning på 
svenska 

Av de antiinflammatoriska läkemedel som finns på marknaden idag är 
icke-steroida antiinflammatoriska läkemedel (Non-steroidal anti-

s förmåga att 
hibera syntesen av vissa inflammatoriska substanser, s.k. 

 COX-2. 
enerellt sett kan man säga att COX-1 finns ständigt aktivt i vår kropp 
ch sköter normala sysslor, medan COX-2 bara bildas vid inflammation. 

De flesta NSAID hämmar både COX-1 och COX-2 och orsakar därför, 
förutom den önskade antiinflammatoriska effekten, också störningar i 
de skyddande normala uppgifter som COX-1 är inblandat i. Sådana 
störningar leder till biverkningar och i ett försök att separera 
biverkningar från önskade effekter skapades substanser som hämmar 
enbart COX-2. Sådana substanser kallas för coxiber och har använts av 
patienter under några år. I slutet av september 2004 drogs ett av 
preparaten tillbaka av tillverkaren efter att en studie visat att risken för 
hjärtinfarkt och stroke fördubblats efter behandling med coxiber jämfört 
med placebo. Tyvärr verkar denna biverkning vara ett problem även 
med andra coxiber och sökandet efter nya sätt att separera den anti-
inflammatoriska effekten från biverkningar är nu intensivare än 
någonsin.  
 
För snart tio år sedan upptäcktes det att vissa NSAID, förutom att 
hämma COX, även påverkar andra steg i den inflammatoriska 
processen. Ett exempel är enzymet fettsyraamidohydrolas (FAAH), som 
bryter ner kroppsegna antiinflammatoriska substanser, som anandamid 

inflammatory drugs, NSAID) de allra vanligast förekommande. Den 
stora nackdelen med den här typen av läkemedel är deras benägenhet 
att orsaka biverkningar i form av skador på slemhinnor i mage och tarm 
och ökad blödningstendens. Under lång tid har därför forskning pågått 
för att försöka separera den antiinflammatoriska effekten från 
biverkningarna och utveckla mer specifika läkemedel.  
 
Verkningsmekanismen för NSAID tillskrevs tidigt dera
in
prostaglandiner. Det sker genom att NSAID hämmar det enzym som 
katalyserar produktionen av prostaglandiner. Enzymet kallas för 
cyklooxygenas (COX) och finns i två olika former COX-1 och
G
o
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och  
up a 
antiinflammatoriska egenskaper. Ur äggula isolerades PEA, som sedan 
dess har visat sig vara antiinflamm  

sedan i Kina och 
dien och liknande bruk finns beskrivet i många olika skrifter sedan 

an de negativa ruseffekterna men kan ändå dra nytta av de 
nti-inflammatoriska effekterna. 

 palmitoyletanolamid (PEA). PEA är en välkänd substans som
ptäcktes redan på 50-talet när äggulan från hönsägg visade sig h

atoriskt i en mängd olika modeller.
Vilken verkningsmekanismen är för PEAs antiinflammatoriska effekt är 
däremot fortfarande okänt. 
 
Anandamids historia är av betydligt senare slag. 1993 identifierades 
anandamid, som den första kroppsegna substansen med förmåga att 
aktivera samma receptorer som den huvudsakliga aktiva substansen i 
cannabis, Δ9-tetrahydrocannabinol (Δ9-THC). Cannabis användes för 
sina antiinflammatoriska egenskaper redan för 4700 år 
In
dess. Det stora problemet är att cannabis även producerar ruseffekter, 
vilket innebär att det är olagligt att använda cannabis i Sverige såväl 
som i de flesta andra länder. Utmaningen är därför att skilja de 
antiinflammatoriska effekterna från ruseffekterna. Δ9-THC och 
anandamid aktiverar i huvudsak två olika receptortyper i vår kropp. 
Båda är cannabinoid-receptorer men den ena finns främst i nervvävnad 
(CB1) och den andra i immunsystemet (CB2). Det finns belägg för att de 
anti-inflammatoriska effekterna kan förmedlas via CB2-receptorer, 
medan ruseffekterna förmedlas via CB1-receptorer.   
 
Anandamid och PEA finns normalt sett i kroppen i väldigt små 
mängder och bildas först när de verkligen behövs, som till exempel vid 
inflammation. De bildas snabbt, utövar sin effekt på närliggande 
receptorer och bryts sedan ner igen. Vår tanke är att förlänga deras 
antiinflammatoriska effekter genom att förhindra att de bryts ner så 
snabbt. Både anandamid och PEA bryts ner av enzymet FAAH och om 
enzymet kan hämmas så bibehålls de höga nivåerna av anandamid och 
PEA just vid inflammationshärden där de syntetiserats, medan nivåerna 
i resten av kroppen och även centrala nervsystemet hålls låga. På så sätt 
undviker m
a
 
Målsättningen med den här avhandlingen har varit att karaktärisera 
FAAHs roll i den inflammatoriska processen. Ju mer vi vet om vad som 
verkligen händer vid en inflammation, och vilken roll FAAH har, desto 
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lättare har vi att avgöra huruvida det är lämpligt att hämma enzymet. 
En mängd frågor kräver svar innan vi vet om så är fallet: Får vi 
verkligen en lokal ökning av anandamid och PEA genom att hämma 
FAAH? Leder det till antiinflammatoriska effekter? Vilka biverkningar 
kan vi förvänta oss? 
 
Arbetet med avhandlingen har visat att flera vanliga NSAID hämmar 

mmation och om  
AAH-hämmare verkligen är antiinflammatoriska. Vi fann att FAAHs 

nt läkemedel kan utvecklas. 

FAAH, och att sådan hämning förbättras när pH i vävnaden sjunker. Ett 
lågt vävnads-pH förekommer vid en mängd olika tillstånd och 
inflammation är bara ett exempel. Vi har också visat att när pH utanför 
cellen sjunker tar sig NSAID lättare in i cellen och ansamlas nära FAAH. 
Tillsammans med den förbättrade hämningen vid lågt pH innebär det 
förmodligen att lägre doser krävs för att hämma FAAH, så låga att de 
doser vi får i oss vid normal dosering av NSAID mycket väl kan hämma 
FAAH som en del av sin verkningsmekanism.  
 
Så långt är studierna utförda på homogenat och hela celler i odling men 
det är ett långt steg att dra några slutsatser från sådana studier om  
vad som händer i en hel organism, där organ samspelar och står  
under kontroll av nervsystem och hormoner. Vi utförde därför en  
rad försök i två olika inflammationsmodeller i möss, för att ta reda  
på om aktiviteten hos FAAH påverkas av infla
F
aktivitet inte påverkades av inflammationen, åtminstone inte i den 
inflammationsmodell vi valde. FAAH-hämning däremot gav verkligen 
antiinflammatoriska effekter, vilket förstås också NSAID gjorde. Bådas 
effekter kunde blockeras av en antagonist på de perifera CB2-
receptorerna, men vi kunde inte avgöra huruvida hämning av FAAH 
verkligen utgör en del av den antiinflammatoriska effekten hos vissa 
NSAID.  
 
Sammanfattningsvis kan man säga att FAAH-hämmare visar potential 
som framtida antiinflammatoriska läkemedel med ännu saknas en 
mängd pusselbitar innan ett såda
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