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Inhibition of fatty acid amide hydrolase produces analgesia
by multiple mechanisms
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1 The reversible fatty acid amide hydrolase (FAAH) inhibitor OL135 reverses mechanical allodynia
in the spinal nerve ligation (SNL) and mild thermal injury (MTI) models in the rat. The purpose of
this study was to investigate the role of the cannabinoid and opioid systems in mediating this analgesic
effect.

2 Elevated brain concentrations of anandamide (350 pmolg™' of tissue vs 60 pmolg™' in vehicle-
treated controls) were found in brains of rats given OL135 (20 mgkg™") i.p. 15min prior to 20 mgkg™'
i.p. anandamide.

3 Predosing rats with OL135 (2-60mgkg~" i.p.) 30 min before administration of an irreversible
FAAH inhibitor (URB597: 0.3mgkg™' intracardiac) was found to protect brain FAAH from
irreversible inactivation. The level of enzyme protection was correlated with the OL135 concentrations
in the same brains.

4 OL135 (100mgkg" i.p.) reduced by 50% of the maximum possible efficacy (MPE) mechanical
allodynia induced by MTT in FAAH*/* mice (von Frey filament measurement) 30 min after dosing,
but was without effect in FAAH™/~ mice.

5 OLI135 given i.p. resulted in a dose-responsive reversal of mechanical allodynia in both MTI and
SNL models in the rat with an EDs, between 6 and 9mgkg~'. The plasma concentration at the EDs,
in both models was 0.7 uM (240 ngml™").

6 In the rat SNL model, coadministration of the selective CB, receptor antagonist SR144528
(5mgkg™"i.p.), with 20mgkg~" OL135 blocked the OL135-induced reversal of mechanical allodynia,
but the selective CB; antagonist SR141716A (5mgkg~" i.p.) was without effect.

7 In the rat MTI model neither SR141716A or SR144528 (both at 5mgkg~'i.p.), or a combination
of both antagonists coadministered with OL135 (20 mg kg™") blocked reversal of mechanical allodynia
assessed 30 min after dosing.

8 In both the MTI model and SNL models in rats, naloxone (I mgkg~', i.p. 30 min after OL135)
reversed the analgesia (to 15% of control levels in the MTI model, to zero in the SNL) produced by
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Introduction

Pharmacologically active preparations of Cannabis sativa have
been recognised since ancient times as having potentially useful
therapeutic effects, including analgesia (reviewed in Calixto
et al., 2000). With the discovery and cloning of the
cannabinoid receptors CB; (Matsuda et al., 1990) and CB,
(Munro et al., 1993) and the identification of anandamide, the
first endogenous substance with agonist activity at both
receptors (Devane et al., 1992), a rationale for the analgesic
effects of cannabis was developed. CB; is expressed both in the
periphery (Ahluwalia e al., 2000; 2003) and in the central
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nervous system (CNS), where it is present in areas important
for the processing of nociceptive signalling (e.g. spinal cord,
periaqueductal grey, and thalamus; Tsou et al, 1998).
Inhibition of transmitter release by activation of presynaptic
CB, receptors provides a mechanism by which activation of
these receptors in sensory processing pathways could modulate
the transmission of nociceptive information (Elphick &
Egertova, 2001). CB, receptors were initially thought to be
confined to the periphery, where they are expressed on a wide
variety of immune cells. Although they do not appear to be
expressed generally on central neurons, they can be expressed
on microglia, a class of glial cells which have been implicated
in the control of nociceptive transmission in the spinal cord
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(Franklin & Stella, 2003; Zhang et al., 2003; Nunez et al., 2004;
Hua et al., 2005; Tsuda et al., 2005) and one specialised class of
neuron, the retinal ganglion cell, may also express this receptor
(Lu et al., 2000).

A major limitation on the potential utility of cannabinoid
agonists as therapeutic agents is the profile of side effects
resulting from the nonselective activation of central CB,
receptors, which includes dysphoria, dizziness, and effects on
motor coordination and memory (Carlini, 2004). In addition,
there is a significant abuse potential, which has hindered their
development as therapeutic agents (Gardner, 2005; Gourlay,
2005).

An alternative approach, which may avoid such side effects,
is to manipulate the endogenous cannabinoid system. It has
been shown that the neuronal synthesis of anandamide, which
itself has analgesic properties, is upregulated by elevated
calcium concentrations, such as would occur in active neural
pathways (Di Marzo et al., 1994; Cadas et al., 1996; Sugiura
et al., 1996). Anandamide has a short half-life, as it is rapidly
hydrolysed by the enzyme fatty acid amid hydrolase (FAAH;
Giang & Cravatt, 1997; Willoughby et al., 1997; Cravatt et al.,
2001), and resting concentrations in the CNS are very low.
Inhibition of the enzyme would be expected to prolong the
duration of action of endogenously released anandamide,
particularly in those pathways in which its synthesis was
upregulated as a result of activity, as would occur in
nociceptive pathways under conditions of chronic pain. Such
potentiation, acting preferentially on active pathways, might
be expected to have a reduced risk of psychotropic effects
compared with nonselective activation of cannabinoid recep-
tors by exogenously applied agonists.

FAAH knockout mice have been described (Cravatt er al.,
2001). They have elevated resting brain concentrations of
anandamide, and manifest an analgesic phenotype in several
commonly used models of pain. Furthermore, a potent and
selective inhibitor of FAAH, OL135, has been described, and
treatment of rats with this inhibitor results in an amelioration
of pain behaviours (Lichtman ef al., 2004a; Leung et al., 2005).
The exact mechanism by which FAAH inhibition exerts these
effects is not clear. FAAH metabolises at least two other fatty
acid amides, palmitoylethanolamine (PEA) and oleamide,
and PEA has both analgesic and anti-inflammatory effects
(Bisogno et al., 2002; Lambert et al., 2002). Anandamide itself
is a weak partial agonist at CB, receptors, has some affinity for
CB, receptors, and has lower but significant activity at other
receptors or channels which have been implicated in nocicep-
tive transmission, including TRPV1, SHT 2 and 3 receptors,
and voltage-gated calcium channels (Mackie et al., 1993; Fan,
1995; Gebremedhin et al., 1999; Barann et al., 2002; Di Marzo
et al., 2002; Roberts et al., 2002). We therefore sought to
investigate the downstream mechanisms by which FAAH
inhibition produces analgesic effects. We first confirmed using
two independent assays that OL135 effectively accesses the
CNS and inhibits FAAH, with a resultant increase in the levels
of brain anandamide. We also demonstrated that the effect of
OL135 is mediated exclusively through FAAH, as the
compound is ineffective in producing analgesia in FAAH
knockout mice. We also found that the downstream mechan-
isms differ in two different pain models, the mild thermal
injury (MTI) model of peripheral tissue damage, and the spinal
nerve ligation (SNL) neuropathic pain model. In the former,
blockade of neither of the two well-characterised cannabinoid

receptors was able to prevent the analgesia produced by
FAAH inhibition, whereas selective blockade of CB, receptors
did ameliorate the analgesia produced by FAAH inhibition in
the neuropathic model. However, in both models, a substantial
opioid involvement is indicated by the ability of naloxone to
reverse the analgesic effects of FAAH inhibition.

Methods

Compounds

Anandamide  (I1-*H-arachidonylethanolamine;  [PHJAEA)
was obtained from GE Healthcare, Piscataway, NJ, U.S.A.
(20Cimmol™"). The selective CB, receptor antagonist
SR141716A was purchased from Organix, Inc., Woburn,
MA, U.S.A. URB597 was obtained from Cayman Chemical,
Ann Arbor, MO, U.S.A. Anandamide standard and deuter-
ated-anandamide internal standard for liquid chromatography
mass spectroscopy (LCMS) experiments were provided by
Dr Richard Apodaca (Johnson & Johnson Pharmaceutical
Research & Development, L.L.C., San Diego, CA, U.S.A),
and OL135 and the selective CB, antagonist SR144528 were
also synthesized at Johnson & Johnson Pharmaceutical
Research & Development, L.L.C. All other reagents were
obtained from the Sigma Chemical Company unless otherwise
indicated.

Anandamide was dissolved in Tocrisolve (Tocris Inc.,
Ellisville, MI, U.S.A.). OL135 was dissolved at 10mgml~"' in
1:1:18 ethanol: alkamuls-620: 5% dextrose. SR141716A and
SR 144528 were dissolved at 2.5mgml~'in 1:1:2:16 pharma-
solve: Tween 80:peanut oil:20% intralipid. URB597 was
dissolved at 0.3mgkg™" in 5% Pharmasolve dissolved in 20%
HP-beta-cyclodextran in water. All compounds were adminis-
tered i.p. in a volume of 2mlkg™' in rat and 10mlkg™"' in
mouse, except for URB597, which was administered through
the left ventricle in a volume of 1 mlkg™'.

Animals

Male Sprague-Dawley rats were purchased from Harlan
Industries (San Diego, CA, U.S.A.) and maintained on a 12-
h reverse light/dark cycle in a climate-controlled room. Rats
weighed between 250 and 350 g prior to MTI and between 110
and 130 g prior to SNL. Male C57Bl/6 mice were purchased
from Jackson Laboratories (West Sacramento, CA, U.S.A.)
and FAAH '~ mice on a C57Bl/6 genetic background (Cravatt
et al.,2001) were bred in-house. Mice were housed in a climate-
controlled room under a normal light cycle with free access
to food and water. Mice weighed between 20 and 30g prior
to testing. All animal procedures were carried out under
protocols approved by the Institutional Animal Care and Use
Committee.

Anandamide and OL135 determination in rat tissue
samples

Male 250 g Sprague—Dawley rats were used in all experiments.
Rats received i.p. injections of OLI135 (20mgkg™"). After
15min, they were injected i.p. with anandamide (10, 20, or
50mgkg~") or vehicle, and after a further 30 min they were
killed by CO, asphyxiation. Brains were removed immediately
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after breathing effort ceased and placed on dry ice covered
with foil, then stored at —80°C. In some cases, 2 cm sections of
spinal cord were collected at the same time, bisected along the
saggital midline, and similarly rapidly frozen. Subsequently,
tissue samples were thawed in 2ml distilled H,O per gram of
tissue and homogenised on ice.

OL135 and/or anandamide were extracted in acetonitrile
and measured by liquid chromatography/mass spectroscopy
(LCMYS). Separate samples of each tissue homogenate were
assayed for OL135 or for anandamide using similar methods.

For OL135 measurements, dimethyl sulphoxide (DMSO)
(containing OL135 standard, as appropriate) was added to
S50 ul of brain homogenate, which was then extracted with
150 ul of acetonitrile. The components were mixed, centrifuged
for 5min at 20,800 x g and 100 ul of the supernatant fraction
was transferred to an high performance liquid chromato-
graphy (HPLC) vial. After diluting the supernatant 1:4 with
10mM ammonium acetate (pH 7.4), the vial was capped,
mixed and 5 ul was injected into an Ace C4 2 x 50 mm column
(Advanced Chromatography Technologies, Aberdeen, Scot-
land) running a 10 mM ammonium acetate pH 7 mobile phase
with an acetonitrile gradient. The column eluent flowed into an
ABI/Sciex 4000 triple quadripole mass spectrometer (Applied
Biosystems, Foster City, CA, U.S.A.). Daughter ions were
quantitated by comparison with a standard curve by linear
regression using the mass spectrometer’s software. OL135
levels could be determined between 30 nM and 10 uM using this
method. The same analytical methods were used to determine
the concentration of OL135 in plasma samples.

Anandamide was similarly measured, in this case by adding
anandamide standard (as indicated) and deuterated-ananda-
mide internal standard dissolved in DMSO to 350 ul of each
homogenate, which was then extracted with two volumes of
acetonitrile. After agitation, the samples were centrifuged for
Smin at 20,800 x g at 4°C. The supernatant was transferred
to a brown glass HPLC vial. The sample in the HPLC vial
was diluted 1:1 with 10mM ammonium acetate pH 7, then
0.5ml was injected into the LCMS for quantitation. Liquid
chromatography mass spectrometry was performed on a
Finnigan LCQ Deca using a 2.1 x 150 mm Ace 5 C18 column
(Advanced Chromatography Technologies, Aberdeen, Scot-
land) running a 10 mM ammonium acetate pH 7 mobile phase
with an acetonitrile gradient. Quantitation of the daughter
ions was accomplished by selective reaction monitoring.
Anandamide counts for each sample were divided by
deuterated-anandamide counts and compared against an
identically prepared standard curve by linear regression
(GraphPad Prism; San Diego, CA, U.S.A.). All samples
measured fell within the range of the standard curve (6.7 to
2000 pmol g~ tissue), the lowest standard of which yielded
a minimum signal : noise ratio of 10: 1. Student’s 7T-tests were
used to determine statistical significance for data sets with two
treatment groups, while significant differences in experiments
with more than two groups were determined using an analysis
of variance (ANOVA) with the Dunnett’s or Newman—Keul’s
post-test, as appropriate (GraphPad Prism; San Diego, CA,
U.S.A)).

In vivo enzyme protection assay

In order to measure directly the levels of inhibition produced in
vivo by a centrally active FAAH inhibitor, we devised an assay

in which we measured protection of enzyme active sites against
inactivation by an irreversible FAAH inhibitor (URB597;
3’carbamoyl-biphenyl-3-yl cyclohexylcarbamate; Mor et al.,
2004) by prior occupation with OL135. We first defined the
minimum dose and time of exposure in vivo to the irreversible
probe compound required to produce the maximum attainable
levels of enzyme inhibition in the subsequent in vitro enzyme
assay. The probe compound was applied by intracardiac
injection to allow rapid distribution to the brain via the
circulation, and this was followed by perfusion with 60 ml of
ice-cold phosphate-buffered saline (PBS) given within 30s of
the probe compound to wash it out of the preparation. Under
these conditions, we found that without pretreatment with
reversible compound, about 80% of the brain FAAH activity
could be reproducibly inhibited by a 0.3 mgkg™" dose of probe
compound (data not shown). This level of inhibition was
attained within 20-30s of probe dosing (data not shown).
Higher doses did not increase further the level of inhibition,
and lower doses produced a lower inhibition. In all subsequent
experiments, the probe compound was used under these
conditions (0.3mgkg™, followed by 60ml PBS intracardiac
within 20-30s).

Male Sprague—Dawley rats (300 £ 25 g) were assigned to one
of five groups (n=_8—10 per group). Rats were initially given
doses of vehicle (n=4-5 per group) or OL135 (n=4-5 per
group) between 2 and 60 mgkg ' i.p. After 30 min, under deep
isoflurane/oxygen anesthesia, they were divided into two
subgroups and given an intracardiac (left ventricle) injection
of either vehicle or the irreversible probe compound (URB597)
at 0.3mgml™', rapidly (30s) followed by an intracardiac
perfusion with PBS (60ml) to remove the excess probe
compound. Brains were removed and rapidly frozen for
subsequent ex vivo FAAH activity assay. The ex vivo FAAH
activity assay was performed on frozen brain samples, which
were thawed in 6ml PBS per brain and homogenised.
Homogenised samples were further diluted in FAAH assay
buffer (125 mM Tris-hydroxymethyl methylamine, 1 mM ethyl-
enediamine tetra-acetic acid (EDTA), 0.2% glycerol, 0.02%
Triton X-100, 0.4mM Hepes, pH 8) and used for in vitro
FAAH determination by the method of Wilson er al. (2003).
The total reaction volume of 100 ul consisted of 50 ul of brain
homogenate, 40ul of 250nM [PHJAEA for a final tracer
concentration of 100nM, and as appropriate 10 ul of either
FAAH inhibitor Cay 10400 to set blank values (Cayman
Chemical Co., Ann Arbor, MI, U.S.A.) or 10ul of buffer.
After 60min at room temperature, 60ul of the reaction
mixture was filtered rapidly through activated charcoal, and
the unbound labelled ethanolamine eluates were collected
directly into a 96-well plate loaded with liquid scintillant and
counted on a Hewlett-Packard TopCount.

The resulting data were processed to yield a figure for
percent protection as follows: 100 x ((OL135 + probe)—(probe
alone) + (control-OL135  only))/control, where  probe
alone =animals dosed intracardiac with URB597 only;
OL135+ probe =animals dosed with OL135 followed by
URBS597; OL135 =animals dosed only with OL135 without
subsequent URBS597; control refers to animals dosed with
vehicle only.

The statistical significance of differences in FAAH protec-
tion between treatment groups was determined using an
analysis of variance (one-way ANOVA) followed by a
Newman—Keul’s post-test (GraphPad Prism).
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Von Frey filament test for mechanical allodynia

Both of the pain models used in this work (MTI and SNL)
result in a mechanical allodynia in the hind paw of the affected
side. Mechanical (tactile) allodynia was assessed by recording
the pressure at which the subject withdrew the affected paw
from graded stimuli. Von Frey filaments ranging from 0.41 to
15.8 g were used to test rats and filaments ranging from 0.1 to
4.1 g were used to test mice. Von Frey filaments were applied
perpendicularly to the plantar surface of the paw through wire-
mesh observation cages. A median paw withdrawal threshold
(PWT) was determined using an adaptation of the Dixon up—
down method, as described previously (Chaplan et al., 1994).

Mild thermal injury

A first-degree burn injury (erythema without blistering) was
produced under brief isoflurane/oxygen anesthesia. In the rat,
the plantar surface of the left hind paw was placed on water-
dampened 56°C hotplate for 20s and steady contact was
maintained by applying an 84 g weight to the dorsum (Nozaki-
Taguchi & Yaksh, 1998). In the mouse, the duration of contact
was calibrated to 10s to avoid blistering, and contact was
maintained using a 12g weight. Animals were allowed to
recover. Tactile allodynia developed within 30 min of the burn
injury and persisted for at least 3 h.

Spinal nerve ligation model

Surgery for SNL was performed as previously described (Kim
& Chung, 1992). Briefly, rats were anesthetised with isoflur-
ane/oxygen. The left lumbar spinal nerves L5 and L6 were
isolated and tightly ligated with 6-0 silk suture distal to the
dorsal root ganglion and prior to their entrance into the sciatic
nerve, as described by Kim & Chung (1992). An additional
step, gentle rubbing of the L4 spinal nerve, was added to
promote the severity of the allodynia (Lee et al., 2002). The
incisions were closed and the rats were allowed to recover for 2
weeks under conditions described above. Rats were included
in the study only if they did not exhibit motor dysfunction

(e.g., paw dragging).
Drug treatments for pain testing

Immediately after the baseline measurement in either model,
test compounds were administered i.p. and the measurement
was repeated usually at 0.5h intervals after administration,
usually for a duration of 2h. All compounds were adminis-
tered i.p. in a volume of 2mlkg™! in rat and 10mlkg™! in
mouse.

Data treatment and statistics

Since the von Frey filament set was calibrated on a logarithmic
scale by the vendor (Stoelting, Wood Dale, IL, U.S.A.) and
our selection of nine filaments was also based on near equal
logarithmic intervals, data were plotted using a logarithmic
scale. Data were expressed as mean+standard error of the
mean (s.e.m.). Time course data were analysed using two-way
ANOVA (group and time) followed by Bonferroni’s multiple
comparisons. Other data were analysed using one-way
ANOVA followed by Bonferroni’s post-tests. The significance

threshold was set at 0.05. All analyses were performed using
GraphPad Prism.

Results
Central activity of OLI35

OL135 is an alpha keto heterocyclic compound which
reversibly and selectively inhibits FAAH with an ICs, of
approximately 5nM at the rat enzyme (Lichtman et al., 2004a
and unpublished observations). It is devoid of activity at CBy,
CB,, and mu and delta opioid receptors, and has a low activity
at kappa opioid receptors (about 35% inhibition at 10 uM;
unpublished observations). We used three approaches to
demonstrate that OL135 was able to access the CNS and
produce effective inhibition of FAAH in vivo. First, we used a
selective and sensitive LCMS method to measure the amount
of anandamide present in the brain. In preliminary experi-
ments, we observed low resting concentrations of anandamide
in the brains and spinal cords of SNL treated rats of
25pmolg™" of tissue. These were slightly but significantly
elevated 40 min after dosing the rats with OL135 (20 mgkg™'
i.p.: Figure la, brain; Figure 1b, spinal cord). To assess the
robustness of this anandamide protection in the face of
globally elevated anandamide concentrations, we used an
experimental paradigm in which rats were initially dosed with
the FAAH inhibitor or vehicle, and after 15 min were further
dosed with anandamide (20mgkg™ i.p.). At 30min after
anandamide treatment, only low levels (~60pmolg™" tissue)
were observed in the brains of rats pretreated with vehicle
(Figure 2). Pretreatment with 20mgkg™' OL135 produced a
significant increase in brain anandamide levels to approxi-
mately 350 pmol g~! tissue 30 min after dosing, indicating that
inhibition of the enzyme resulted in a protection of exogen-
ously supplied anandamide against degradation. Lower doses
of OL135 were ineffective (Figure 2).

Second, we devised an assay in which we measured
protection of enzyme active sites against inactivation by an
irreversible FAAH inhibitor (URB597) by prior occupation
with OL135. The probe compound URBS597 is a rapidly
binding irreversible brain penetrant FAAH inhibitor with an
1Csy of 4.6nM (Mor et al., 2004; Fegley et al., 2005). This
compound was administered by intracardiac injection to
ensure rapid access to the brain via blood circulation.
Preliminary experiments were performed to select the lowest
dose and time of exposure to this compound that resulted in
the highest achievable levels of FAAH inactivation in the
subsequent in vitro enzyme assay. These experiments indicated
that a dose of 0.3mgkg™! of URB597 given by intracardiac
injection 30 s before rapid perfusion with PBS was sufficient to
give the maximum level of inhibition that were obtainable
(which was approximately 80% of uninhibited control levels).
We then used this as the standard condition for administering
URBS597 in subsequent experiments in which rats were initially
given varying doses of OL135 i.p. 30 min before application of
the probe compound.

Significant levels of enzyme protection were given by
2mgkg~' OL135, and there appeared to be a dose-dependent
response to increasing levels of OL135 up to 60mgkg™
(Figure 3). OL135 dosed at 20mgkg™', which was used as
the standard in vivo dose for the efficacy studies in rats
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Figure 1 OLI135 treatment increases endogenous anandamide in
rats with SNL neuropathic lesions. Rats with a previously induced
SNL neuropathic lesion on the ipsilateral (IL; left) side were dosed
with 20mgkg~' OL135 i.p. and 40 min later brains (a) or lumbar
spinal cord segments (b) were collected for assay of anandamide
levels. OL135 treatment produces a small but significant enhance-
ment in anandamide levels in brain and in lumbar spinal cord
segments. No statistically significant difference was observed
between spinal cord anandamide levels contra and ipsilateral to
the SNL ligation. n=6 per group.
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Figure 2 OLI135 treatment inhibits degradation of exogenously
administered anandamide. Rats were dosed initially with OL135
(varying doses i.p.) and subsequently with 20mgkg~' anandamide.
After 30 min, brains were collected and assayed for anandamide.
Significantly elevated levels of anandamide were found after
20mgkg~' OL135, but not at lower doses. n= 6 per group.
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Figure 3 OLI135 protects FAAH enzyme activity against an
irreversible probe inhibitor in vivo. (a) Rats were injected i.p. with
vehicle or OL135 at varying doses. After 30 min, they were deeply
anaesthetised and received an intracardiac injection of URB597, an
irreversible probe compound (1 mgkg™') or its vehicle. Excess probe
was washed out by a rapid (30s) intracardiac infusion of 60 ml cold
PBS. Brains were removed and assayed for FAAH activity. FAAH
activities of control rats were expressed as 100% and those treated
with probe alone as 0%. One-way ANOVA with Neumann-Keul
multiple comparisons (n =4-5 per group). *P<0.05 vs 0-20mgkg~'
OL135+URB597; **P<0.01 vs 60 and 0-6mgkg™' OLI135+
URB3597; ***P<0.001 vs 0, 2, 20 and 60 mg kg~ OL135+ URB597.
(b) Values for OL135 concentrations determined in the same brain
samples as used for the FAAH protection assay shown in (a) were
correlated with the level of FAAH protection observed (r=0.89
using Prism curve fitting software).

described below, gave approximately 80% protection of the
control activities found in untreated brains (Figure 3). Our
third approach was to measure directly the concentrations of
OL135 within the brain after dosing with OL135. The data
shown in Figure 3b show the concentrations of OL135
determined within the same brains as those used for the
enzyme protection experiments. It can be seen that an i.p. dose
of 60mgkg~" OL135 resulted in concentrations of just under
1 uM in the brain about 30 min after dosing. As expected, the
brain concentration varied according to dose, and was well
correlated (r=0.89) with the level of enzyme protection
observed. Together with the direct determination of OL135
levels in the CNS after dosing, the anandamide and FAAH
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enzyme protection studies established that OL135 is indeed
able to access the CNS and inhibit FAAH. When sufficiently
high levels of FAAH inhibition are achieved, this is then
seen as an increase in anandamide concentration within the
tissue.

OL135 mediates analgesia by FAAH inhibition alone

In wild-type C57/Bl6 mice, OL135 given at 100mgkg™" i.p.
produced a significant reversal of the mechanical allodynia
resulting from mild thermal injury (Figure 4a). The effect was
maximal at 30 min after dosing. In contrast, the compound at
this dose was completely ineffective when given to congenic
FAAH ™/~ mice (Figure 4a). These FAAH™/~ mice did not
differ significantly at any time point from C57Bl/6 mice in
their response to a reference analgesic, ibuprofen, indicating
that they are not generally unresponsive to analgesics
(Figure 4b). These findings indicate that the analgesic effect
of OL135 is indeed mediated exclusively by inhibition of
FAAH.
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Figure 4 OL135 analgesia is dependent upon the presence of
FAAH. (a) FAAH knockout mice or C57Bl/6 wild-type mice were
subjected to a mild thermal injury. When mechanical allodynia was
fully established, OL135 (100mgkg~"' ip) was administered and
mechanical allodynia was assessed at various time points, by
measuring the median paw withdrawal threshold (PWT) in grams
(g) using calibrated von Frey filaments. In the wild-type mice,
OL135 produced a significant reversal of mechanical allodynia at
30 min post dosing, but the effect was absent in the knockout mice
(two-way ANOVA with Bonferroni’s post-tests, ***P<0.001,
df=1, F=27.25). (b) FAAH knockout mice were similarly
responsive to 100mgkg™" i.p. of ibuprofen, a reference analgesic
not dependent upon FAAH.

FAAH inhibition evokes analgesia through different
mechanisms in two different pain models

Rats were subjected to mild thermal injury and given
20mgkg" i.p. OL135, a dose at which about 80% of the
maximal achievable levels of brain FAAH inhibition is
observed, and at which significant protection of exogenously
dosed anandamide is seen (Figures 2 and 3). OL135
substantially reversed the mechanical hyperalgesia to a degree
comparable with that seen with 1 mgkg~' morphine (~8 g von
Frey threshold (OLI135) vs 10g (morphine) at 30min;
Figure S5a. The maximum effect was seen at 30min post
dosing, and was still significantly different from controls at
60 min. In the SNL model of neuropathic pain, animals with
a well-developed mechanical allodynia also responded to

20mgkg~' OLI35, with a similar maximum efficacy at
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Figure 5 OL135 reverses mechanical allodynia in two rat models of

pain. (a) Rats were subjected to a mild thermal injury as described,
and allodynia was measured using von Frey hairs. OL135 treatment
(20mgkg™" i.p.) resulted in a reduction of the allodynia that is
comparable to 1 mgkg™' morphine which was maximal at 30 min
post treatment and still significant at 60min post treatment
compared with the vehicle (two-way ANOVA with Bonferroni’s
post-tests, ***P<0.001, df=2, F=30.97). (b) Rats with a fully
developed SNL neuropathic lesion were dosed with either morphine
(Bmgkg™' i.p.) or OLI35 (20mgkg ' i.p.). OL135 reversed the
mechanical allodynia with an efficacy similar to that of morphine,
and maximal effect at 30 min, which was still significant at 60 min
compared to vehicle (two-way ANOVA with Bonferroni’s post-tests,
*¥** P<0.001, df =2, F=31.04).
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30 min, and a significant difference from controls at 60 min.
The efficacy of OL135 at 30 min (~8g von Frey threshold)
was close to that given by 3mgkg™' morphine (~10g von
Frey threshold) and the duration of action of both compounds
was similar (Figure 5b). This level and duration of efficacy was
similar to that which we observed in this model using
500mgkg~" p.o. gabapentin (data not shown), which is a
widely prescribed analgesic with some efficacy in human
neuropathic pain (Wiffen ez al., 2005).

In both models, the behavioral response was dose related
when von Frey thresholds were plotted against dose
(EDsy=8.9mgkg™" for MTI and 5.3 mgkg™" for SNL; Figure
6a and b). The plasma concentration (C,) of OLI135 was
determined in the same experiments, and plotting the C, vs the
maximum possible efficacy (MPE) yielded essentially over-
lapping plots for the two models, with a C, at the EDs, of
0.7 uM (240 ngml~'; Figure 6¢).

We then sought to investigate the involvement of CB, and
CB, receptors in the mediation of these analgesic effects
by attempting to block the analgesia by the use of selective
receptor antagonists. SR141716A, a potent and selective CB;
receptor antagonist, applied at 5mgkg~' i.p. 30min before
OL135, failed to attenuate the analgesic effect of FAAH
inhibition in either model (Figure 7). This dose of SR141716A
was shown previously by us to reverse analgesia produced in
the MTI model by the nonspecific CB,, agonist WIN55,212-2
(not shown). In contrast, the selective CB, receptor antagonist
SR144528 (5mgkg™"), while failing to affect the analgesia
produced by OL135 in the MTI model, almost completely
reversed it in the SNL model (Figure 7). It is possible that a
joint activation of both of the well-defined cannabinoid
receptors might occur in the MTI model, and that inhibition
of either of these alone would fail to reverse the analgesia
because of compensation through the alternate receptor. We
tested this possibility by giving both antagonists simulta-
neously to rats which had also been dosed with 20mgkg™" of
OL135. In the SNL model, the virtually complete reversal of
OL135-mediated analgesia by the CB, antagonist was not
affected by the additional inhibition of the CB; receptor. The
simultaneous inhibition of both CB,; and CB, receptors in the
MTI model failed to reverse OLI135-mediated analgesia
(Figure 7).

Involvement of opioid mechanisms

We investigated the possible involvement of opioid mechan-
isms in mediating the analgesia in the two models by
attempting to reverse it using the nonselective opioid
antagonist naloxone. In control experiments, 3mgkg™" mor-
phine i.p. completely reversed the tactile allodynia produced
by MTI, and this effect was itself completely reversed by a
subsequent dose of naloxone (1mgkg™'; data not shown).
In both the MTI and the SNL models, this dose of naloxone
completely reversed the analgesia mediated by OLI135
(Figure 8), indicating that in both models, an opioid
mechanism is evoked by FAAH inhibition.

Discussion

Anandamide and other endogenous fatty acid amides such as
PEA have been shown to have analgesic properties in several
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Figure 6 OL135 reverses mechanical allodynia in a dose-dependent
manner. (a) Rats subjected to MTI were given 2, 5, 10, 20, and
50mgkg™ OL135 and their allodynic thresholds at 30 min were
analysed by nonlinear regression. (b) Rats subjected to SNL were
dosed with 2, 5, 10, 20, and 50 mgkg~' OL135 and their allodynic
thresholds at 30 min were analysed by nonlinear regression. (c) The
plasma concentration of OL135 at 30 min achieved by doses of 2, 5,
10, 20, and 50 mg kg ' were determined in cohort rats and correlated
with efficacy in the MTI and SNL models. For comparison
between the two models, the median PWTs were normalised to
generate a percent maximum possible efficacy (MPE) value using
the following transformation: %MPE = (PWT(/)—PWT(baseline))/
[PWT(pre)—PWT(baseline)), where PWT(1) =PWT at time ¢ post-
treatment, PWT(baseline) = PWT at baseline, and PWT(pre) =PWT
of naive rats prior to initiation of pain model; r=0.97 for MTI and
0.86 for SNL.
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Figure 7 FAAH inhibition produces analgesia by different me-
chanisms in different pain models. Rats were subjected either to a
mild thermal injury or an SNL neuropathic lesion. When the tactile
allodynia was fully developed, they were dosed with OL135
(20mgkg™") and either SR141716A (CB, antagonist), SR144528
(CB, antagonist), a combination of SR141716A and SR144528, or a
vehicle. Neither antagonist nor a combination thereof was able to
reverse significantly the antiallodynic effect of OL135 in the MTI
model. The CB, antagonist, but not the CB, antagonist, almost
completely reversed the effect of OL135 in the neuropathic rats (one-
way ANOVA with Bonferroni’s post-tests, ***P<0.001, df=3,
F=17.31).
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Figure 8 FAAH inhibition produces analgesia by an opioid-
dependent mechanism in both MTI and spinal nerve ligation
models. Rats were subjected to a mild thermal injury or spinal
nerve ligation. When the tactile allodynia was fully developed, they
were given OL135 (20mgkg™') and after 10 min, either saline or
naloxone (1 mgkg™"). Allodynia was measured using von Frey hairs
30min after administration of naloxone. Naloxone completely
abolished the antiallodynic effect of OL135 in the MTI (one-way
ANOVA with Bonferroni’s post-tests, ***P<0.001, df=3,
F=14.87) and in the SNL models (one-way ANOVA with
Bonferroni’s post-tests, **P<0.01, df =3, F=7.831). For compara-
tive purposes, administration of either naloxone or vehicle in the
absence of OL135 did not produce elevated tactile thresholds.

different animal models of pain. Since hydrolysis by FAAH is
the major mechanism terminating the actions of anandamide,
and since it can also hydrolyse PEA, inhibition of the enzyme

would be expected to enhance the analgesic properties of such
endogenous molecules, as they would accumulate to higher
levels in the absence of hydrolysis. This was confirmed in the
FAAH knockout mice produced by Cravatt et al. (2001).
These mice have enhanced levels of anandamide and exhibit a
hypoalgesic phenotype in several pain models, including the
formalin test, carrageenan thermal hyperalgesia, and thermal
nociception measured by hot plate and tail immersion assays.
A reversible inhibitor of FAAH, OLI135, has also been
reported to raise the levels of CNS anandamide and produce
analgesia in several rodent pain models (Lichtman et al.,
2004a).

We confirmed by three different means that OL135 was able
to access the CNS and elevate levels of brain anandamide. In
the first approach, we observed that 20mgkg™" OL135 (i.p.)
produced a slight but significant elevation in the concentration
of anandamide in both the brain and spinal cord when this was
assessed 40 min later (Figure 1). Larger signals were obtained
when systemic anandamide (20mgkg~' i.p.) was given in
conjunction with OL135 (Figure 2). These experiments thus
confirmed that enzyme inhibition protected the exogenously
applied substrate within the CNS. Second, by analogy with
in vivo receptor-binding radioactive assays, we reasoned that
occupation of enzyme inhibitor binding sites by a reversible
inhibitor under equilibrium conditions would protect the
occupied sites against their irreversible binding (with conse-
quent permanent inhibition of activity) to a subsequently
applied irreversible inhibitor. Using the protocol described in
the Methods section, we achieved a dose-responsive protection
of enzyme activity in a dose range between 2 and 60 mgkg™'
(Figure 3). These data indicated that the compound was not
only accessing the CNS but was also active at the molecular
target. Within this series of experiments, we also determined
directly the concentration of OL135 within the brain after
different doses, and this constitutes our third type of evidence
for the central activity of the compound. There was a good
correlation (r=0.89) between brain concentration of OL135
and the levels of inhibition achieved (Figure 3b). It is
noteworthy that we observed significant levels of FAAH
protection in the enzyme protection assay at lower doses of
OL135 (2 and 6mgkg™"; Figure 3) which were not reflected
in a comparable protection of anandamide (Figure 2). Only
when the dose reached 20 mgkg™~! was significant anandamide
protection observed, a dose at which 80% of the maximum
possible enzyme protection was achieved, indicating that 80%
of the enzyme-binding sites were occupied by OL135 during
the in vivo exposure. It therefore appears that under normal
conditions, there is an excess of FAAH activity available, and
inhibition at levels lower than 80% leaves sufficient residual
activity to degrade fully the added anandamide.

We used FAAH knockout mice to confirm that the effects of
OL135 are indeed dependent upon the expression of FAAH,
which is thus identified as the authentic molecular target.
In FAAH/~ mice, the compound was without effect at
100mgkg~" i.p., a dose which produced a significant level of
analgesia in normal congenic mice (Figure 4a). The knockout
mice did display analgesia in the same assay in response to
ibuprofen, a reference analgesic working through an unrelated
mechanism (Figure 4b). The relatively high dose of OL135
used in mice requires comment, especially in view of the fact
that OL135 has been reported to be active at doses of
10mgkg™" in hot plate and formalin assays (Lichtman et al.,
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2004a). The mouse MTI model, as presently developed,
appears to be a particularly stringent test that, in general,
requires higher doses of most classes of compound for
significant antiallodynic activity when compared with other
models. In addition to this general comment, it is also possible
that the differences in the doses required may reflect the
different mechanisms in play in these acute nociceptive tests
when compared with the mechanical allodynia measured in
our studies. This probably includes a differential contribution
of C and Ap fibers in the two types of models. It is well
established that C fibres mediate thermal nociception, and it
has also been shown that C fibre activity is likely to be a more
significant component of the second phase of the formalin
assay than Ap fibre activity (Puig and Sorkin, 1996), whereas
Ap fibres make a more prominent contribution than C fibres
to the tactile sensation involved in mechanical allodynia
(Ossipov et al., 1999).

In the rat, OL135 produced a substantial degree of analgesia
in both the mild thermal injury and the SNL models. At
20mgkg~" i.p., the reversal of mechanical allodynia was
maximal at 30 min after dosing, and remained significant at
60 min after dosing (Figure 5). At this dose, central FAAH was
inhibited by about 80% as measured by the enzyme protection
assay. In both behavioural models, the effect was dose
responsive with an EDs, in the range of 5-9mgkg™' (Figure
6a and b). These data (Figure 6) indicate that in both models
the 20mgkg~'dose shown in the time course experiments
in Figure 5, and used as a standard for the mechanistic
experiments with cannabinoid receptor antagonists and
naloxone, achieves close to the maximum efficacy possible,
and increasing the dose to 60mgkg~' did not produce a
commensurate increase in efficacy.

When plotted against the plasma concentrations, the
efficacy data for both models was identical, and suggested
that at the EDsy, the plasma concentration was 0.7 uM, or
240ngml~' (Figure 6¢). The requirement to reach such high
plasma concentrations in order to achieve efficacy explains
the relatively high doses of OL135 required. The apparent
discrepancy between this plasma concentration and the ICs, of
the compound at the rat receptor (2.1 nM; Lichtman et al.,
2004a) is readily explained by the very high plasma binding
exhibited by OL135 (>99% in human, rat, and monkey: our
unpublished observations).

Anandamide is a weak partial agonist at CB, receptors.
These receptors are expressed in the nociceptive processing
pathway, including sensory neurons, spinal cord, thalamus,
and periaqueductal gray. Activation of CB, can mediate
profound antinociceptive and antihyperalgesic effects, as has
been established by a substantial body of literature (Edsall
et al., 1996; Richardson et al., 1998; Martin et al., 1999; Drew
et al., 2000; Monhemius et al., 2001; Kelly & Chapman, 2001).
Cravatt et al. (2001) provided direct evidence for the
involvement of the CB, receptor in mediating the analgesic
effects of genetic ablation of FAAH in the tail immersion assay
of thermal nociception. This was confirmed by Lichtman et al.
(2004a), who also showed that CB, receptor mediated the
effects of OL135-mediated FAAH inhibition in the formalin
test. In contrast to these data, we found that the CB, receptor
was not involved in mediating the analgesia exhibited by
OL135 treatment in either the MTI or the SNL assays of
mechanical allodynia. This is discussed further below, but we
note here that since different mechanisms downstream of

FAAH block (by either genetic or pharmacological means) are
involved in these different behavioural models, we would not
necessarily expect that they would display the same level of
sensitivity to the FAAH blockade.

CB,, the second well-characterised cannabinoid receptor,
has also recently been shown to have a potential role in
mediating the analgesic effects of endocannabinoids (Malan
et al., 2001; 2002). The CB, receptor is up regulated in the
lumbar spinal cord of rats with experimental neuropathic pain,
but not inflammatory pain states (Zhang et al., 2003), and
several recent papers have focused on the role of CB, receptors
in neuropathic pain states (Ibrahim et al., 2003; Scott et al.,
2004; Ibrahim et al., 2005). Thus, AM 1241 was used to
demonstrate that CB, activation inhibits tactile and thermal
hyperalgesia in the L5/L6 SNL model in rats and mice
(Ibrahim et al., 2003). The compound was equally effective
when applied to L5/L6 nerve-ligated mice lacking the CB,
receptor, indicating that this receptor is not necessary for the
manifestation of the AM 1241-induced antihyperalgesia. These
authors recently proposed that the relevant receptors are
expressed on non-neuronal peripheral cells, and that their
activation caused release of opioid peptides which mediate
the analgesia through mu opioid receptors expressed on the
sensory neuron (Ibrahim et al., 2005).

The CB, receptor has also been implicated as a mediator of
analgesia in non-neuropathic models. Hohmann et al. (2004)
showed that selective activation of CB, receptors by the
systemic administration of the selective agonist AM 1241
attenuated the thermal and mechanical hyperalgesia evoked by
intradermal capsaicin. Intraplantar injections into the capsai-
cin-treated paw were also effective, implying a peripheral locus
for the CB, receptor target in this case. Lichtman ez al. (2004b)
presented evidence suggesting a role for CB, receptors in
mediating the analgesia in the carrageenan model in FAAH ™/~
mice. These data were supported by the effect of pharmaco-
logical inhibition of FAAH using the irreversible selective
inhibitor URB597 in the carrageenan paw model in rats (Holt
et al., 2005).

In our hands, CB, receptor blockade reversed the
analgesia produced by OL135 in the SNL model of neuro-
pathic pain (Figure 7), implying that the effects of endocanna-
binoids are mediated at least in part through this receptor
in this model. In contrast, CB; receptor block was without
effect on OL135-mediated analgesia in the SNL model.
These data are clearly congruent with the published studies
discussed above which implicate the CB, receptor as a
significant component in the neuropathic models. The
involvement of an opioid mechanism evoked by CB, activa-
tion, as suggested by Ibrahim ez al. (2005), is supported by
the complete reversal of the OLI35-mediated analgesia
by naloxone (Figure 8).

Neither CB; nor CB, receptor antagonists were able to
reverse the analgesic effects of OL135 in the rat MTI model.
However, the analgesia produced by FAAH inhibition
was once again fully reversed by naloxone (Figure 8). Thus,
although neither CB; nor CB, receptors appear to be
responsible for mediating OL135-induced analgesia in this
model, an opioid mechanism does appear to be involved. It
is unlikely that a direct interaction with opioid receptors by
the compound itself is responsible for eliciting the opioid
component of the mechanism, since OL135 is devoid of
activity at mu and delta receptors, and at high concentrations,
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it acts as a weak inhibitor of the kappa opioid receptor (35%
inhibition at 10 uM; our unpublished data).

Since neither a CB, receptor antagonist, nor a combination
of CB, and CB, antagonists could reverse OL135-mediated
analgesia in the MTI model, it would appear that in this
model, either anandamide or another fatty acid amide is acting
through a non-CB receptor mechanism which nevertheless
involves an opioid component.

Anandamide is a potent ligand at the TRPV1 ion channel,
and has some activity, either direct or indirect, at other
molecular targets potentially relevant to nociceptive transmis-
sion and its modulation, including 5-HT receptors, voltage-
gated calcium channels, and the NMDA receptor (Mackie
et al., 1993; Fan, 1995; Twitchell et al., 1997, Hampson et al.,
1998; Gebremedhin ez al., 1999; Barann et al., 2002; Di Marzo
et al., 2002; Roberts et al., 2002; Guo & Ikeda, 2004). It is also
possible that the relevant fatty acid amide is not anandamide.
PEA is one likely candidate, based on its documented
antihyperalgesic and anti-inflammatory actions (Calignano
et al., 1998; Jaggar et al., 1998; Lambert et al., 2002). The
molecular target of PEA was undefined until recently, when it
was shown to mediate its anti-inflammatory actions through
activation of peroxisome proliferator activator receptor
(PPAR) alpha (Verme et al., 2005). However, a direct
modulation of nociceptive signalling is not one of the known
functions of PPAR receptors.

In the studies of Calignano et al. (1998, 2001), the
antinociceptive activity of PEA was shown to be unaffected
by blockade of CB, receptors, but attenuated by a selective
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