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Inhibitors of fatty acid amide hydrolase reduce carrageenan-
induced hind paw inflammation in pentobarbital-treated mice:

comparison with indomethacin and possible involvement of
cannabinoid receptors
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1 The in vivo effect of inhibitors of fatty acid amide hydrolase (FAAH) upon oedema volume and
FAAH activity was evaluated in the carrageenan induced hind paw inflammation model in the mouse.
Oedema was measured at two time points, 2 and 4 h, after intraplantar injection of carrageenan to
anaesthetised mice.

2 Intraperitoneal (i.p.) injections of the FAAH inhibitor URB597 (0.1, 0.3, 1 and 3mgkg™") 30 min
prior to carrageenan administration, dose-dependently reduced oedema formation. At the 4h time
point, the EDs, for URB597 was ~0.3mgkg~'. Indomethacin (5mgkg~'i.p.) completely prevented
the oedema response to carrageenan.

3 The antioedema effects of indomethacin and URB597 were blocked by 3mgkg~'i.p. of the CB,
receptor antagonist SR144528. The effect of URBS97 was not affected by pretreatment with the
peroxisome proliferator-activated receptor y antagonist bisphenol A diglycidyl ether (30 mgkg'i.p.)
or the TRPV1 antagonist capsazepine (10mg kg~'ip.), when oedema was assessed 4h after
carrageenan administration. The CB, receptor antagonists AM251 (3mgkg~' i.p.) and rimonabant
(0.5mgkg'i.p.) gave inconsistent effects upon the antioedema effect of URB597.

4 FAAH measurements were conducted ex vivo in the paws, spinal cords and brains of the mice. The
activities of FAAH in the paws and spinal cords of the inflamed vehicle-treated mice were significantly
lower than the corresponding activities in the noninflamed mice. PMSF treatment almost completely
inhibited the FAAH activity in all three tissues, as did the highest dose of URB597 (3 mgkg™") in
spinal cord samples, whereas no obvious changes were seen ex vivo for the other treatments.

5 In conclusion, the results show that in mice, treatment with indomethacin and URB597 produce
SR 144528-sensitive anti-inflammatory effects in the carrageenan model of acute inflammation.
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trimethyl bicyclo [2.2.1] heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide;
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Introduction

There is evidence to suggest that compounds affecting the
endogenous cannabinoid (‘endocannabinoid’) system may
have therapeutic usefulness in a number of areas, including
stroke, multiple sclerosis, pain and inflammation (see Pertwee,
2002; Rice et al., 2002; Croxford, 2003; Fowler, 2004 for recent
reviews). The endocannabinoids, of which the two most well
investigated are anandamide (arachidonoylethanolamide,
AEA) and 2-arachidonoyl glycerol, are synthesised on demand
(see Bisogno et al., 2005; Lambert & Fowler, 2005), and exert
most of their effects by actions upon cannabinoid CB, and CB,
receptors (Devane et al., 1988; Munro et al., 1993) and (for
AEA) the transient receptor potential vanilloid type 1
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receptors (TRPV1) (Zygmunt et al., 1999). The actions of
the endocannabinoids are terminated by their rapid removal
through uptake and intracellular degradation (see Bisogno
et al., 2005; Lambert & Fowler, 2005). Inhibition of
endocannabinoid metabolism is considered a promising
therapeutic target on its own, since it presumably would
increase the endocannabinoid level only at the location where
their synthesis has been stimulated, but also in combination
with exogenous AEA, prolonging its availability.

AEA is metabolised mainly by the enzyme fatty acid amide
hydrolase (FAAH), producing arachidonic acid and ethanol-
amine (Deutsch & Chin, 1993) and also by other enzymes,
including cyclooxygenase-2 (COX-2), producing prostaglan-
din-ethanolamides, also called prostamides (Yu et al., 1997).
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Although a number of compounds have been shown to inhibit
FAAH, including the serine protease inhibitor phenylmethyl-
sulphonyl fluoride (PMSF, Deutsch & Chin, 1993) and a
number of nonsteroidal anti-inflammatory drugs (NSAIDs)
including indomethacin and flurbiprofen (Paria et al., 1996;
Fowler et al., 2003), it is only in recent years that selective
compounds have been identified. Thus, for example, the
carbamate compound URB397 (3’-carbamoyl-biphenyl-3-yl-
cyclohexylcarbamate) shows good selectivity for FAAH vs
other targets such as CB receptors and monoacylglycerol
lipase, the main catabolic enzyme for 2-arachidonoyl glycerol
in the brain (Kathuria e al., 2003). These authors demon-
strated further that this compound produced potentially
important effects in a model of anxiety (the elevated plus
maze in the rat) as well as antinociceptive effects in the mouse
hotplate test (Kathuria ez al., 2003). URB597 also reduces, in a
manner blocked by a CB, (but not a CB,) receptor antagonist,
established inflammatory pain in the rat produced by prior
intraplantar (i.pl.) injection of Freund’s complete adjuvant
(Wilson et al., 2005). Other selective FAAH inhibitors have
been reported to produce analgesic effects (Lichtman et al.,
2004a) and to have potentially beneficial effects upon tumour
cell growth (Bifulco et al., 2004).

In two recent studies, it was reported that genetic deletion
of either all FAAH (Lichtman et al., 2004b) or only peripheral
FAAH (Cravatt et al., 2004) produced mice that were less
sensitive to the inflammatory effects of local administration of
carrageenan into the hind paw. Genetic ablation of FAAH
also produces protection against intestinal inflammation
(Massa et al., 2004). It would be useful to know whether such
effects can also be produced by pharmacological inhibition
of FAAH. In the present study, the abilities of URB597 and
PMSF to inhibit carrageenan-induced oedema have been
investigated and compared with indomethacin, a standard
NSAID known to produce robust effects in this model (see
e.g. Siqueira-Junior et al., 2003). In addition, CB receptor
antagonists have been used in an attempt to elucidate whether
the endocannabinoid system is involved in the anti-inflamma-
tory effects of these compounds. A report of some of the
present data was presented to the 2004 Meeting of the
International Cannabinoid Research Society in June of that
year (abstract published, Holt et al., 2004a).

Methods
Compounds

Radiolabelled arachidonoylethanolamide [ethanolamine 1-*H]
(PHJAEA, 60 Cimmol™') was obtained from American Radio-
labelled Chemicals, Inc. (St Louis, MO, U.S.A.), 1-carragee-
nan, BADGE (bisphenol A diglycidyl ether), capsazepine, and
PMSF from Sigma-Aldrich, indomethacin and URBS597 from
the Cayman Chemical Co., Ann Arbor, MI, U.S.A. and
AM251 (N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-1H-pyrazole-3-carboxamide) from Tocris
Cookson (Bristol, U.K.). SR144528 (N-[(1S)-endo-1,3,3-tri-
methyl bicyclo [2.2.1] heptan-2-yl]-5-(4-chloro-3-methylphenyl)-
1-(4-methyl-benzyl)-pyrazole-3-carboxamide) and rimonabant
(SR141716,  N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-di-
chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hydrochlo-
ride) was kindly supplied by Sanofi-Aventis, Montpellier, France.

Animals

Male C57BL/6J mice (9 weeks old, Harlan, Italy) were housed
under controlled temperature (22 + 1°C), humidity (60 +10%)
and light (12h/day) and allowed to acclimatise for at least 3
days before used in the experiments. Standard food and water
was available ad libitum. Animal care was in accordance with
Italian State regulations governing the care and treatment of
laboratory animals (Permission no. 94/2000A).

Induction and evaluation of inflammation

The animals were weighed and thereafter anaesthetised by
intraperitoneal (i.p.) injection of pentobarbital (60 mgkg™").
Acute inflammation was induced by i.pl. injection of 20 ul of
J-carrageenan (2% wv~! in saline) into the right hind paw.
Control animals received a corresponding i.pl. injection of
vehicle. The paw volume of the injected paw as well as the
contralateral paw was then measured by a plethysmometer
(Ugo Basile, Varese, Italy), before and 2 and 4h after the
carrageenan injection. At the 2h time point, most of the
animals had recovered from the anaesthesia, and at the 4h
time point all animals had recovered. The volume of the
contralateral paw was subtracted from the volume of the
injected paw, to obtain the oedema volume. The animals were
decapitated 4h after induction of inflammation and spinal
cord, brain, and the inflamed paw were removed, immediately
frozen in liquid nitrogen, and kept at —80°C.

Drug treatment

Indomethacin (2 or 5mgkg™"), URB597 (0.3 mgkg™"), PMSF
(30mgkg™"), BADGE (30mgkg™'), and capsazepine
(10mgkg™") were all administered i.p. (0.1ml 10g~! body
weight) 30min prior to carrageenan treatment, while the
CB-receptor antagonists SR144528 (3mgkg™") and AM251
(1 mgkg™") were administered i.p. 45 min prior to carrageenan
treatment. In an additional experiment, SR144528 (1 mgkg™")
and rimonabant (0.5mgkg™') were administered i.p. 40 min
prior to carrageenan. The rationale for the doses used is taken
up in detail in the discussion of this paper. All substances were
dissolved in ethanol and diluted with 1:20 ethanol: carboxy-
methylcellulose (1.5% wv~' in saline) except capsazepine
(dissolved in 1:1:8 ethanol: tween-80: saline) and rimonabant
(dissolved in 1:2:7 tween-80: DMSO: H,O). All solutions
were preheated, vortexed and sonicated before administration,
and in all cases control animals received corresponding i.p.
injections of vehicle.

FAAH activity assay

FAAH measurements were undertaken after transport of the
samples to Sweden. Tissues were thawed, weighed and
homogenised in 5ml Tris-HCl buffer gram wet weight™!
(50mM Tris-HCI, 1mM EDTA, 3mM MgCl,, pH 7.4). Paws
were centrifuged at 500 r.p.m. (Beckman GPR) for 5min, and
all homogenates were sonicated and stored at —80°C until
analysed. The FAAH activity of each sample was measured by
monitoring the release of [*H]ethanolamine after incubation of
homogenate with AEA labelled in this part of the molecule.
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Homogenised tissue (spinal cord: 15 ug protein assay ™' (second
series 4 ug protein assay~'), brain: 10 ug protein assay~', paw:
25 ug protein assay ', unless otherwise stated) in assay buffer
(116 mMm NaCl, 5.4mm KCl, 1.8mm CaCl,, 25mM HEPES,
1mM NaH,PO,, 0.8mM MgSO,, pH 7.0) was incubated at
37°C (brain and spinal cord, 4 min; paw, 15min), with 0.5 um
[PH]AEA in the presence of 10 mgml~' fatty acid-free bovine
serum albumin (total assay volume 100 ul), and the reaction
stopped by addition of 40 ul charcoal in 160 ul 0.5M HCI
(Boldrup et al., 2004). Protein contents per assay were chosen
on the basis of preliminary experiments using some of the
samples to establish optimal conditions. The samples were
vortexed and left to sediment for 30 min before centrifugation
at 2500r.p.m. (Beckman GPR) for 10min. Aliquots of the
supernatant were counted for tritium content by liquid
scintillation spectroscopy with quench correction.

Statistics

Statistical differences between groups were determined using
one-way ANOVA measures with post hoc Tukey’s multiple
comparison test using the GraphPad Prism software (Graph-
Pad software Inc., San Diego, CA, U.S.A.). The initial study
(summarised in Table 1) was undertaken on several different
experimental days, with different groups, which were not
randomised. However, there were no significant differences
between the observed levels of oedema in response to the
carrageenan from day to day (data not shown). In addition,
when groups from each experimental day were analysed per se,
in most cases, the level of significance was the same as shown
in Table 1, the only exceptions being in cases where the n
values were very low (such as comparison between the
carrageenan control and AM251 treated mice at the 2h time
point). Most importantly for the study, the significance values
for the comparisons vs SR144528 were the same for the
individual experimental days as when the total data from all
experimental days was used.

Table 1

Results
Antioedema effects of PMSF, URB597 and indomethacin

The volume of the carrageenan injected hind paw was
measured by a plethysmometer and compared to the volume
of untreated contralateral paw to obtain the oedema volume
(Table 1). A robust oedema response could be seen 2 and 4h
after the injection (compare the noninflamed (i.e. no carra-
geenan in either paw) and vehicle (i.e. carrageenan treated
ipsilateral paw) data in Table 1). Consistent with the literature
(see e.g. Siqueira-Junior et al., 2003 for mouse data)
prophylactic treatment with indomethacin (5mgkg™') com-
pletely inhibited the oedema produced by carrageenan. A
lower dose (2mgkg™") was also investigated and found to
reduce the oedema by about half (data not shown). PMSF
(30mgkg™") and URB597 (0.3mgkg™") both significantly
decreased the oedema. In an additional experiment, URB597
(0.1, 0.3, 1 and 3mgkg™") dose-dependently inhibited the
oedema formation (Figure la and b), the two highest
concentrations to a level that was not significantly different
(P>0.05) from the noninflamed control animals when
measured 4h after the exposure to carrageenan (Figure 1b).
In this additional experiment, only a small sample size was
used, which was possible due to the limited data spread with
this model. In consequence, we have elected to show the data
as a scattergram to allow the reader to see the individual data.

Pretreatment with the CB,-receptor antagonist AM251
(Imgkg™) reduced the oedema per se at both time points
(Table 1), thereby complicating interpretation of the data and
precluding determination as to whether the antioedema effect
of URB597 could be prevented by this compound. However,
the combination of rimonabant (0.5mgkg™") and 1 mgkg™'
URBS597 produced a reduction of oedema similar to that seen
with URBS597 alone (Figure la and b). The antioedema effect
produced by indomethacin, on the other hand, was signifi-
cantly reduced by AM251 treatment (Table 1). The CB,-
antagonist SR144528 (3mgkg™") lacked significant effect

Effect of PMSF, URB597 and indomethacin upon carrageenan paw oedema in the mouse

Treatment

Noninflamed control
Vehicle control

PMSF (30mgkg ')
URB597 (0.3mgke )
Indomethacin (5mgkg™")

AM251 (Imgkg™)
URB597 (0.3 mgkg ')+ AM251 (I mgkg ")
Indomethacin (5mgkg")+ AM251 (I mgkg™')

SR144528 3mgkg™")
URBS97 (0.3 mgkg ')+ SR144528 (3mgkg )
Indomethacin (Smgkg™')+ SR144528 (3mg kg™")

Oedema (ul)

2h 4h n
8 - 4** S 2%k** 27/25
11743 109+4 34/30
49 4 5k** 564 7*** 8/8
54 4 6** 55 Gk 13/13
13 4 7%+ 04 5¥** 11/6
88+ 6* T544%* 6/6
78 £ 8*** 77 +9* 6/6
83 4 5** 62+ 10%** 6/6
105+8 92+13 6/6
105+12 9248 6/6
10748 103+4 6/6

Means +s.e.m. of the carrageenan-induced oedema volume (ul for the treated paw minus corresponding volume of the contralateral paw).
The n values refer to the sample sizes for the 2 and 4 h time points, respectively. ***P<0.001, **P<0.01, *P<0.05 vs vehicle control,
Tukey’s multiple comparison following significant one-way ANOVA. The treatment groups AM251, URB597+AM251 and
indomethacin + AM251 were not significantly different from each other. Similarly, the treatment groups SR144528, URB597 + SR 144528
and indomethacin + SR 144528 were not significantly different from each other (P>0.05, Tukey’s test).
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per se (Table 1), but completely blocked the effect of both
URBS597 and indomethacin (Table 1). The blockade of
the effect of URBS597 was also seen with a higher dose of
the FAAH inhibitor (Imgkg™") and a lower dose of the
antagonist (I mgkg™") (Figure la and b).

In a second series of experiments, the effect of BADGE
(30mgkg™") on the carrageenan-induced oedema was mea-
sured after 2h (Figure 2a) and 4h (Figure 2b). BADGE
pretreatment was without effect per se, and did not signifi-
cantly alter the antioedema effect of URB597 or indomethacin
at the 4h time point. At the 2h time point, the effect of
URB597 alone had not reached significance (in contrast to the
data shown in Table 1 but consistent with the experiment
shown in Figure 1), but a significant antioedema effect was
seen for the combination of BADGE + URBS597.

The effect of the TRPVI-antagonist capsazepine
(10mgkg™") on the ability of URB597 (0.3 mgkg™") to inhibit
oedema formation was also investigated, but the oedema was
not significantly different from treatment with URB597
(0.3mgkg™") alone at either time point (P>0.05, data not
shown).

FAAH activity

In their paper, Kathuria et al. (2003) reported that URB597
inhibited rat brain FAAH with an ICs, value of 4.64+1.6nM,
corresponding to a plsy value of 8.34. However, data on the
in vitro potency of this compound towards mouse brain FAAH
were not presented. In consequence, we investigated the
potency of this compound towards FAAH in three of the
control mouse brain samples that were generated in this study.
In the absence of a preincubation between inhibitor and
enzyme, URB597 inhibited the hydrolysis of 0.5 um [PHJAEA
with plsy values of 7.654+0.05 and 7.87+0.05 being found at
assay buffer pH of 7 (Figure 3a) and 9 (Figure 3b),
respectively. Preincubation of the inhibitor and enzyme for
60 min prior to addition of substrate increased the inhibitory
potency of the compound to give pls, values of 8.31 +£0.72 and
8.68 +0.28 at assay buffer pH values of 7 and 9, respectively
(Figure 3). Parallel experiments conducted using rat brain
homogenates gave similar results, with pls, values of
7.76+0.07 and 7.78 +£0.06 (no preincubation) and 8.20+0.07
and 8.68+0.07 (60 min preincubation), being obtained at pH 7
and 9, respectively (data not shown).

FAAH activity was also measured ex vivo in membrane
preparations of brain, spinal cord, and paws of the carragee-
nan exposed animals (Table 2), where a significant difference
between the FAAH activities in the noninflamed and vehicle

>
Figure 1 Effect of different doses of URB597 (0.1, 0.3, 1 and 3
refer to the doses in mgkg™" i.p.) upon carrageenan-induced oedema
and its sensitivity to CB-receptor antagonists. The oedema was
measured 2 h (a) and 4 h (b) after the exposure to carrageenan, and
expressed as pl for the treated paw minus corresponding volume of
the contralateral paw. Ex vivo FAAH activity (c) was measured in
spinal cord (4 ug protein assay™') from the same animals. The values
for the individual animals are displayed in scattergrams and the
group means are indicated by a line. *P <0.05 vs the vehicle treated
controls. #*P<0.05 for the animals treated with URBS597
(Imgkg™")+SR144528 (1 mgkg~'i.p.) vs the animals treated with
Imgkg™' URB597. The dose of rimonabant used was
0.5mgkg"i.p.

control animals was seen (Table 2). The process of homo-
genisation naturally involves a considerable dilution of free
inhibitor, so that any noncovalent FAAH inhibition will be
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£ = and analysed at the same time, so that such differences in
Figure 2 Effect of BADGE (30mgkg'ip.), URB597 homogenisation efficiencies would not affect the intraexperi-

(0.3mgkg 'i.p.) and indomethacin (5mgkg~"i.p.) upon the oedema
response to carrageenan. BADGE was administered 15 min prior to
URBS597 or indomethacin and the carrageenan was injected into the
hind paw 30 min later. The oedema volume was measured after 2h
(a) and 4h (b) and expressed as ul for the treated paw minus
corresponding volume of the contralateral paw. The values for the
individual animals are displayed in scattergrams and the group
means are indicated by a line. *P<0.05 vs the animals treated with
BADGE alone. For the animals not treated with BADGE, #P <0.05
vs the vehicle treated controls. The oedemas in the presence of
BADGE were not significantly different from the corresponding
vehicle, URB597 and indomethacin oedemas (P> 0.05).

lost. Consistent with its action as an irreversible inhibitor,
PMSF treatment resulted in a complete loss of FAAH activity
measured ex vivo in all three tissues examined. In contrast,
none of the other treatments resulted in a decreased FAAH

mental variation and hence comparison of ex vivo treatment
effects.

Discussion

In the present study, the effect of FAAH inhibitors on the
ability of carrageenan to elicit an oedema in the mouse paw
has been investigated and compared with the effect of
indomethacin. In experiments of the type undertaken here, a
limited number of doses can be investigated, thereby rendering
it essential that the doses used are relevant, that is that
sufficient drug is given to produce a complete inhibition of the
target protein, but not at the cost of selectivity. Thus, for
example, the dose of 30mgkg™" of PMSF used here was
chosen since it has been reported to produce complete
inhibition of brain FAAH and a robust potentiation of the

British Journal of Pharmacology vol 146 (3)
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Table 2 Effect of FAAH inhibitors and NSAIDs upon FAAH activity ex vivo in the mouse

Treatment FAAH activity (pmol min~' mg protein™")

Brain Sp. cord Paw n
Noninflamed control 17548 80+ 3** 1.9440.14%** 25
Vehicle control 20246 57+4 1.174+0.09 30
PMSF (30mgkg™") 24 1F** 610.3%** -0.07+£0.03%** 8
URB397 (0.3mgkg™") 188+ 11 3716 0.8140.05 13
Indomethacin (S5mgkg™") 17117 44112 1.90+0.16* 6
AM251 (Imgkg™) 153+32 37415 1.3740.18 6
URB3597 (0.3mg kg™")+AM251 (Imgkg™) 172+8 45410 1.2140.08 6
Indomethacin (5mgkg~")+ AM251 (1 mgkg™") 183411 53+13 1.76+0.22 6
SR144528 3mgkg™") 200+6 58+12 1.0940.14 6
URBS597 (0.3mgkg ") +SR144528 (3mgkg™") 205+10 6616 0.9740.08 6
Indomethacin (5mgkg~")+ SR144528 3mgkg™") 192+9 79+6 0.91+0.16 6

Means+s.e.m. of the FAAH activity (pmol PHJAEA metabolised min~' mgprotein~') measured ex vivo in animals killed 4h after
carrageenan administration is shown. ***P<0.001, **P<0.01, *P<0.05 vs vehicle control, Tukey’s multiple comparison following

significant one-way ANOVA. Sp. Cord, spinal cord.

effects of AEA in vivo, whereas higher doses of this compound
produce effects per se that are not related to effects on the
endocannabinoid system (Compton & Martin, 1997; Quistad
et al., 2002). As expected, the dose of PMSF completely and
irreversibly inhibited FAAH activity in the brain (Table 2). In
a recent study we found that this dose of PMSF produces
complete inhibition of brain FAAH but only partial inhibition
of lung AEA hydrolysis (Holt et al., 2004b). The finding here
that complete inhibition was also seen in the spinal cord and
paw samples, would suggest that the partial inhibition in the
lung is unlikely to reflect tissue-dependent differences in PMSF
distribution.

The doses of URB597 were chosen to straddle 0.3mgkg™!
for which a pharmacological profile has been established
in rodents (increased levels of AEA and potentiation of the
effects of exogenous AEA on hypothermia) (Kathuria et al.,
2003; Fegley et al., 2005). In contrast to PMSF, the residual
inhibition seen ex vivo (upon homogenisation and assay, and
thereby dilution, of the samples) was not obvious for URB597
in the first experiment. However, 0.3mgkg ' appears to be a
threshold dose for this compound, since a degree of ex vivo
inhibition was seen at this dose in the small additional
experiment. Similarly, the ability of this dose of URB597 to
reduce oedema at the 2h time point was seen in the first, but
not the additional experiments, whereas a robust effect was
seen in all experiments at the 4h time point. Higher
concentrations (1 and 3mgkg™") of URB597 produced both
a clear ex vivo inhibition of FAAH and a robust effect on
oedema at both time points. It should be pointed out that
although the URB597 was obtained from the same supplier, a
different sample was used for the initial experiments than for
the subsequent experiments, and thus small differences in the
degree of solubility from experiment to experiment may affect
the observed results for threshold doses.

A report that uterine FAAH activity is reduced ex vivo
following administration of indomethacin (100 ug mouse™")
notwithstanding (Paria et al., 1996), the lack of observed
irreversible inhibition ex vivo was expected for indomethacin,
given that its inhibition of FAAH is presumably reversible.
The data with URB597, however, deserve some comment, in
view of the hypothesis that carbamate inhibitors of this type

exert their inhibition secondary to covalent attachment to
a key serine residue of FAAH (Basso et al., 2004), and in view
of the recent finding that 0.3mgkg™"' of URB597 produces a
reduced mouse brain FAAH activity when measured ex vivo
2h after i.p. administration (Fegley et al., 2005). In their
original paper, Kathuria et al. (2003) reported that this dose of
URBS597 gives a robust inhibition of rat brain FAAH
measured ex vivo for a least 6h after treatment. However,
inspection of their data (Figure 2b of Kathuria et al., 2003)
indicates that the inhibition of rat brain peaks at 1h after
treatment and then decreases thereafter. Indeed, in their
follow-up paper, Fegley et al. (2005) reported that rat brain
FAAH activity measured ex vivo had returned to normal by
24 h, which is rather quicker than would be expected for a
stable irreversibly inhibited enzyme. For comparison, the ¢,
for recovery of mouse brain FAAH following treatment with
octylsulphonyl fluoride is in the range 23 days (Quistad et al.,
2002). Although there is a risk of overinterpreting these results,
the time-dependency of the inhibition measured ex vivo is
consistent with the hypothesis that inhibition of FAAH by
URBS597 may be either covalent but instable, or alternatively
tight binding, but not covalent. Our finding here that the
inhibitor is as potent in the mouse as in the rat and also shows
time-dependent inhibition in vitro can simply be interpreted by
the suggestion that the inhibition in the mouse is also tight
binding, but that the ‘tightness’ of binding is lower (or
alternatively, that the stability of the covalent binding is
lower), thereby allowing a threshold for loss of inhibition at a
dose of 0.3mgkg~' when measured ex vivo after 4.5 h, but not
after 2 h. It may be possible to compare the different molecular
structures of mouse and rat FAAH in molecular modelling
studies of the type recently reported for URB597 by Mor et al.
(2004) to shed further light on this issue.

With respect to the CB receptor antagonists, ‘standard’
doses of AM251 (Imgkg™"), rimonabant (0.5mgkg™") and
SR144528 (1 and 3mgkg™") were used. AM251 is preferable to
rimonabant in view of the reports of putative non-CB,;
receptors that are rimonabant-selective but AM251-resistant
(Ford et al., 2002; Batkai et al., 2004), although non-CB,
receptor effects of AM251 have been reported in the literature
(Jin et al., 2004). SR144528 at a dose of 3mgkg™' i.p. blocks
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the ability of the CB, receptor agonist GW405833 (1-(2,3-
dichlorobenzoyl)-5-methoxy-2-methyl-(2-morpholin-4-yl) ethyl-
1H indole) to reduce carrageenan-induced oedema in the rat
paw (Clayton et al., 2002) and the antihyperalgesic effect of
WINSS5,212-2 in a model of carrageenan hyperalgesia in the
mouse (Kehl et al., 2003). In contrast, an oral dose of
SR144528 of 10mgkg™" (a dose producing an almost complete
block of binding of [PH]JCP-55,940 to mouse spleen CB,
receptors measured ex vivo, Rinaldi-Carmona et al., 1998)
was ineffective in preventing the LPS-induced increase in
plasma levels of TNF-¢, an effect mediated by CB, receptors
(Croci et al., 2003). Thus, it is reasonable to conclude that
effects seen with URB597 and PMSF at the doses used reflect
FAAH inhibition, that a blockade of effects by SR144528
would point to mediation via CB, receptors, but that blockade
by AM251 is not necessarily an indication of a CB, receptor-
mediated effect.

The main findings of the present study are discussed below.

FAAH activity is affected by the carrageenan treatment

In the spinal cord and the paw, but not in the brain samples,
the carrageenan treatment appeared to result in a reduction in
FAAH activity at the 4 h time point when the noninflamed and
inflamed controls were compared. The word ‘appeared’ is used
here, since although the result was highly significant, some of
the other treatments resulted in similar levels of FAAH
activity. Thus, for example, in the spinal cord, the combination
of SR144528 +indomethacin gave a similar ex vivo level of
FAAH activity as seen for the noninflamed controls. In
addition, in the small second experiment, the decrease was not
seen, and higher specific activities were found for the spinal
cords. Nonetheless, the large group sizes of the non-inflamed
and inflamed controls in the first experiment (25 and 30
animals, respectively) instil confidence in the finding. Rat paw
skin FAAH activity is not affected by formalin injection
(Beaulieu et al., 2001), and croton oil-induced inflammation of
the small intestine increases FAAH activity (Izzo et al., 2001)
while lipopolysaccharide induced pulmonary inflammation
does not affect lung FAAH activity (Holt et al., 2004b),
leading to the conclusion that inflammation per se does not
automatically lead to a consistently changed FAAH activity.
There is evidence, however, that carrageenan administration
results in an increased level of oxidative stress (Wang et al.,
2004). Such events would be expected to cause severe damage,
which has been shown in many systems to increasee the rate of
synthesis of AEA and other N-acyl-ethanolamines (see e.g.
Berger et al., 2004, for a recent example), and to decrease the
activity of FAAH (Gubellini ez al., 2002). If such mechanisms are
operative here, a reduced rate of hydrolysis of AEA (and of other
endogenous N-acylethanolamines), together with an increased
rate of synthesis of these agents following the carrageenan
injection, would result in higher circulating levels of AEA and
palmitoylethanolamide in the spinal cord and/or the paw.

FAAH inhibitors reduce carrageenan-induced
inflammation that in the case of URB597 is blocked
by SR144528 but not by capsazepine or rimonabant

Consistent with the finding that a dose of 3mgkg™'
URB597s.c. gave a greater effect than a dose of

0.3mgkg's.c. upon established Freund’s complete adjuvant-
induced hypersensitivity in the rat (Wilson et al., 2005), a clear
dose-response relationship was seen in the present study for
the antioedema effect of URB597 (Figure la and b), where a
dose of 1 mgkg~! decreased the oedema production to a level
undistinguishable from the noninflamed animals. Time course
data are, however, also required to determine the ‘window of
opportunity’ for administration of FAAH inhibitors after the
onset of the inflammation. Of course, the finding that the
FAAH inhibitors used produce effects in the carrageenan
model does not conclusively prove that it is their action upon
FAAH that is the key to their efficacy here. PMSF is far from
selective, and URB597 also has actions upon other serine
hydrolases (Lichtman et al., 2004a). Nevertheless, the finding
that pretreatment with URB597 and PMSF reduce the oedema
response to carrageenan is in accordance with recent data that
FAAH knockout mice are less sensitive to oedema produced
by carrageenan treatment (see below) and would be consistent
with an increased local concentration of AEA and/or other
potentially relevant endogenous compounds that are sub-
strates for FAAH, such as palmitoylethanolamide (Natarajan
et al., 1984), 2-arachidonoylglycerol (Di Marzo et al., 1998;
Goparaju et al., 1998) and arachidonoylglycine (Huang et al.,
2001).

On the basis of the data shown in Table 1 and Figure 1,
we conclude that the effect of URB597 can be blocked by
SR144528 but not by either rimonabant or capsazepine at
the doses used, while the effects of AM251 per se obfuscate
interpretation of the data with this antagonist. Whether or
not these effects of AM251 per se point to some sort of
endocannabinoid tone involved in the inflammatory response
requires further investigation. A note of caution should also be
made with respect to capsazepine — although it has been
reported to be very effective in the rat at the dose used (see e.g.
Costa et al., 2004), it is less efficaceous in the mouse (see e.g.
Di Marzo et al., 2000; Ikeda et al., 2001) and possibly higher
doses are required. With respect to the effects of SR144528,
there is good evidence in the literature that CB, receptors may
regulate oedema and hyperalgesia in response to carrageenan.
Thus, in the rat, both responses are reduced following
administration into the paw of the CB,-selective agonist
AMI1241 (Quartilho et al., 2003), and a similar antioedema
effect of the CB,-selective agonist JTE-907 (N-(benzo [1,3]di-
oxol-5-ylmethyl)-7-methoxy-2-oxo-8-pentyloxy-1,2-dihydro-
quinoline-3-carboxamide) has been reported in the mouse
(Iwamura et al., 2001). Furthermore, i.pl. administration
of AEA inhibits mechanically evoked responses of spinal
neurones in carrageenan-inflamed rat paws in a manner that is
blocked by SR144528 but not by rimonabant (Sokal et al.,
2003).

With respect to studies on genetically modified mice,
Lichtman et al. (2004b) measured the oedema after a 5-h
period, and found that the increase in paw diameter for the
FAAH~ mice was ~40% of that seen in the wild-type
animals. More recently, these authors have also investigated
mice lacking peripheral, but not central FAAH, and found
that their oedema response to carrageenan is also reduced
compared to heterozygote FAAH'/~ mice, and that the
reduction was to the level seen for FAAH ™/~ mice (Cravatt
et al., 2004). This may mean that the local component of
FAAH inhibition by URB597 and PMSF is sufficient to
produce the effect upon oedema. In the data reported in
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Lichtman er al. (2004b), the reduction in oedema in the
FAAH '~ mice was partially reversed by i.p. treatment with
3mgkg™' SR144528, in line with the present findings with
URB597. However, no such reversal was seen with this dose of
SR144528 in the FAAH '~ mice in their other report (Cravatt
et al., 2004). This variation in SR144528 sensitivity between
the two experimental series may reflect differences in relative
local amounts of palmitoylethanolamide and AEA produced
during the treatments, since the former exerts effects
upon inflammation via both SR144528-dependent (Conti
et al., 2002) and independent (Lo Verme et al., 2005)
mechanisms.

The inhibition of carrageenan-induced oedema
by indomethacin can be blocked by SRI144528

It is of course well established that the primary mechanism
of action of NSAIDs is the blockade of prostaglandin produc-
tion. Thus, for example, i.p. pretreatment of rats with a
neutralising monoclonal antibody against prostaglandin E,
(PGE,) reduces carrageenan induced oedema to the level seen
following indomethacin (30 mgkg™! p.o.) treatment (Portano-
va et al., 1996). Intrathecally given indomethacin can also
prevent the oedema in rats, an effect reversed by i.t.
administered PGE, (Daher & Tonussi, 2003). Wallace er al.
(1998) have argued that the antioedema effect of NSAIDs is
correlated to the abilities of the compounds to inhibit COX-1
rather than COX-2. In the mouse, the level of carrageenan-
induced oedema and its reduction by indomethacin (3mgkg™
p.o.) was similar in wild-type and COX-2 deficient mice
(Wallace et al., 1998). In our hands, the COX-2 selective
inhibitor nimesulide (which does not affect FAAH activity
in vitro, Fowler et al., 2003) was less efficacious than
indomethacin in the mouse model used here, doses of 2 and
10mgkg™' producing 25 and 42% reductions in the in-
flammation response to carrageenan at the 4h time point
(S. Holt & B. Costa, unpublished data), a result consistent
with the main role of COX-1 as suggested by Wallace et al.
(1998).

Against this background, the ability of SR144528 comple-
tely to block the antioedema effects of indomethacin are at
first sight somewhat surprising, particularly since no such
blockade was seen using rats (Conti et al., 2002). In that study,
SR144528 had no effect per se, whereas other studies have
shown both increased (Clayton et al., 2002) and decreased
(Iwamura et al., 2001) oedema following carrageenan admin-
istration to rodents. However, there are reports in the
literature that indomethacin may have effects upon the
endocannabinoid system. Thus, Giihring et al. (2002) reported
that the antinociceptive effect of spinally administered
indomethacin in the formalin test in the mouse was inhibited
with a CB,-antagonist, and that CB; knockout mice were
insensitive to indomethacin treatment (Giihring et al., 2002).
On the basis of these, and other experiments, the authors
suggested that the action of spinally administered indometha-
cin and flurbiprofen may be to increase the synthesis of
endocannabinoids secondary to a build up of spinal arachi-
donic acid (Giihring et al., 2002; Ates et al., 2003). It is possible
that in the carrageenan-model of oedema in the mouse (but not
the rat), the action of indomethacin requires both inhibition of
the production of COX-derived proinflammatory products

and an increase in the local levels of endocannabinoids, and
that blockade of either pathway may be sufficient to negate its
antioedema effects. However, much more work is required to
test this conjecture.

SR144528 as an antagonist at PPARy?

In addition to its inhibition of COX, indomethacin has been
reported to activate peroxisome proliferator-activated receptor
7y (PPARY) (at concentrations similar to those required to
inhibit FAAH in vitro), and it has been suggested that this
effect may contribute to the pharmacological actions of this
compound (Lehmann et al., 1997). However, the literature is
by no means clear for indomethacin, since an antagonist action
of this compound at PPARy has also been reported (Bishop-
Bailey & Warner, 2003). Be that as it may, the notion that
PPARy may be involved raises the possibility that the action of
SR 144528 to prevent the antioedema effects of indomethacin
and URB597 may reflect a hitherto unreported action of this
compound as a PPARy antagonist. In order to investigate this
notion further, we pretreated animals with BADGE at a dose
(30mgkg™! i.p.) previously reported completely to block the
effect of the PPARYy activator rosiglitazone upon carrageenan-
induced oedema in the rat (Cuzzocrea et al., 2004). It is clear
from the 4 h time point data that the combination of BADGE
and either indomethacin or URB597 still gives an inflamma-
tion, albeit lower than the level for indomethacin alone. This
does not conclusively prove or disprove the involvement of
PPARy in the actions of indomethacin, but the total lack of
effect against URB597 at the 4h time point would suggest
at the very least that the antagonism produced by SR144528
is not a hitherto unreported action of this compound at
PPARy.

A related question concerns PPARa, which is activated by
palmitoylethanolamide (Lo Verme et al., 2005), and which is
also known to play a role in inflammation (see e.g. Taylor
et al., 2002). FAAH inhibition by URB597 increases levels of
palmitoylethanolamide in the rat (Fegley et al., 2005), and
exogenously applied palmitoylethanolamide decreases carra-
geenan-induced paw oedema and phorbol ester-induced ear
oedema in wild type, but not in PPARo™~ mice (Lo Verme
et al., 2005). However, SR144528 (2mgkg™" i.p.) could not
antagonise the effect of palmitoylethanolamide in the ear
oedema model (Lo Verme et al., 2005), which would argue
against involvement of PPAR« in the effects seen here.

In conclusion, the present study has demonstrated that at
the doses used, the selective FAAH inhibitor URB597 and the
NSAID indomethacin reduce the oedema response to carra-
geenan in the mouse, and that these effects are blocked by
SR144528. While these data would suggest that the endocan-
nabinoid system may be involved in both these actions, further
data are necessary, in particular analysis of the endogenous
compounds involved, before such a conclusion can be
considered proven.
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