PAIN

www elsevier.com/locate/pain

Pain 109 (2004) 319-327

Mice lacking fatty acid amide hydrolase exhibit a cannabinoid
receptor-mediated phenotypic hypoalgesia

Aron H. Lichtman®*, Christopher C. Shelton®, Tushar Advani®, Benjamin F. Cravatt®

“Department of Pharmacology and Toxicology, Medical College of Virginia Campus, Virginia Commonwealth University, Richmond, VA 23298, USA
“The Skaggs Institute for Chemical Biology and Departments of Cell Biology and Chemistry,
The Scripps Research Institute, 10550 N. Torrey Pines Rd, La Jolla, CA 92037, USA

Received 9 June 2003; received in revised form 1 December 2003; accepted 26 January 2004

Abstract

Although the N-arachidonoyl ethanolamine (anandamide) binds to cannabinoid receptors and has been implicated in the suppression of
pain, its rapid catabolism in vivo by fatty acid amide hydrolase (FAAH) has presented a challenge in investigating the physiological functions
of this endogenous cannabinoid. In order to test whether anandamide and other non-cannabinoid fatty amides modulate nociception, we
compared FAAH (4/+) and (—/—) mice in the tail immersion, hot plate, and formalin tests, as well as for thermal hyperalgesia in the
carrageenan and the chronic constriction injury (CCI) models. FAAH (—/—) mice exhibited a CB; receptor-mediated phenotypic
hypoalgesia in thermal nociceptive tests. These mice also exhibited CB, receptor-mediated hypoalgesia in both phases of the formalin test
accompanied with a phenotypic anti-edema effect, which was not blocked by either CB; or CB, antagonists. Additionally, FAAH (—/—)
mice displayed thermal anti-hyperalgesic and anti-inflammatory effects in the carrageenan model that were mediated, in part, by CB,, but not
CB, receptors. In contrast, no genotype differences in pain behavior were evident following CCI, which was instead found to obliterate the
phenotypic hypoalgesia displayed by FAAH (—/—) mice in the tail immersion and hot plate tests, suggesting that nerve injury may promote
adaptive changes in these animals. Collectively, these findings demonstrate a cannabinoid receptor-mediated analgesic phenotype in FAAH
(—/—) mice. In more general terms, these findings suggest that selective inhibitors of FAAH might represent a viable pharmacological
approach for the clinical treatment of pain disorders.
© 2004 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction 1999), feeding (Di Marzo et al., 2001), cognition
(Lichtman, 2000; Terranova et al., 1996), and drug
The endogenous cannabinoid (‘endocannabinoid’) sys- dependence (Ledent et al, 1999). In particular, the
tem consists of two cannabinoid receptor subtypes, CB analgesic effects of exogenously administered cannabi-
receptors present largely in the central nervous system noids, coupled with the expression of CB; receptors and
(CNS) as well as the peripheral CB, receptor, and several endogenous cannabinoids ligands in nociceptive circuits,
postulated endogenous ligands, including N-arachidonoyl suggest that pharmacological modulators of the endocan-
ethanolamine (anandamide; Devane et al., 1992), nabinoid system may be useful for the treatment of pain
2-arachidonoyl glycerol (2-AG; Mechoulam et al., 1995; disorders (Hohmann, 2002; Rice et al., 2002; Walker and
Sugiura et al., 1995), noladin ether (Hanus et al., 2001), Huang, 2002).

and O-arachidonoyl ethanolamine (virodhamine; Porter
et al.,, 2002). The endocannabinoid system has been
proposed to serve several important physiological func-

Anandamide, the most characterized endocannabinoid to
date, is a member of a large class of endogenous fatty acid
8 ) ) ) I 3 ] amides (FAAs) that are metabolized by a common enzyme,
tions, including Fhe modulation of nociception (Calignano fatty acid amide hydrolase (FAAH; Cravatt et al., 1996,
et al, 1998; Richardson et al., 1998b; Walker et al., 2001). With the exception of anandamide, most FAAs do
S not bind CB receptors, but rather, appear to serve as neural
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systems in vivo (Calignano et al., 1998; Cravatt et al., 1995;
Lichtman et al., 2002; Rodriguez de Fonseca et al., 2001).
Due to rapid catabolism in the brain, anandamide and
related FAAs produce only weak and transient pharmaco-
logical effects in vivo (Smith et al., 1994). Accordingly,
efforts to understand the role that anandamide and the
endocannabinoid system play in the regulation of pain
behavior have produced mixed results (Calignano et al.,
1998; Farquhar-Smith and Rice, 2001; Jaggar et al., 1998;
Lichtman et al., 1996; Richardson et al., 1998a,c; Smith
et al., 1998). Still, the observation that a subcutaneous
injection of formalin elevates the levels of endogenous
anandamide in the periaqueductal gray is consistent with the
notion that this endocannabinoid tonically modulates
nociception (Walker et al., 1999). The availability of
FAAH (—/—) mice, which exhibit a profound reduction
in hydrolysis activity for anandamide and other FAAs,
accompanied by at least a 10-fold increase in endogenous
brain levels of these lipids (Cravatt et al., 2001), provides a
powerful model to investigate the function of FAA signaling
pathways. When treated with exogenous anandamide,
FAAH (—/—) mice exhibit a full spectrum of CB;-
dependent behavioral responses, including hypomotility,
analgesia, catalepsy, and hypothermia. Moreover, FAAH
(—/—) mice displayed a phenotypic anti-nociception
compared to wild type controls in tail immersion, hot
plate, and formalin tests. Notably, the CB; receptor
antagonist, SR 141716 prevented the analgesic responses
of FAAH (—/—) mice in the hot plate test, indicating that
CB, receptor pathways are required for the expression of
this phenotype. More recently, mice treated with irrevers-
ible FAAH inhibitors also exhibited significant CB;
receptor-dependent hypoalgesia in the mouse hot plate test
(Kathuria et al., 2003).

The purpose of the present study was to characterize
the behavioral responses of FAAH (—/—) mice in a
broader series of nociceptive models of acute and chronic
nociception. In addition to the tail immersion (Ledent
et al., 1999), hot plate (Fride and Mechoulam, 1993), and
formalin tests (Calignano et al., 1998; Guhring et al.,
2001; Moss and Johnson, 1980), exogenous administration
of cannabinoids has been shown to produce analgesia in a
wide range of other nociceptive tests. For example,
cannabinoids have reliable anti-hyperalgesic and anti-
inflammatory effects in the extensively used carrageenan
model of inflammatory nociception (Clayton et al., 2002;
Richardson et al., 1998c; Sofia et al., 1973) and block
hyperalgesic effects to thermal or mechanical stimulation
following chronic constriction injury (CCI) of the sciatic
nerve (Fox et al., 2001; Herzberg et al., 1997; Mao et al.,
2000), a neuropathic model of nociception. The second
objective of the present study was to elucidate molecular
mechanisms of action underlying the anti-nociceptive
phenotype of FAAH (—/—) mice through the use of
selective CB; and CB, receptor antagonists.

2. Methods

2.1. Subjects

Male and female FAAH (4/+), (+/—), and (—/—) mice
used in this study were sixth generation offspring back-
crossed onto a C57BL/6 background (Cravatt et al., 2001).
All mice were derived from FAAH (+4/—) breeding pairs
and were born in the Virginia Commonwealth University
vivarium from breeding pairs. Subjects weighed between 20
and 30g, and were housed six animals per cage in a
temperature-controlled (20-22 °C) facility. The Insti-
tutional Animal Care and Use Committee at Virginia
Commonwealth University approved all experiments.
Mice were given unlimited access to food and water and
were maintained on a 12/12-h light/dark cycle.

2.2. Drugs

SR 141716 and SR 144528, selective receptor antagon-
ists for the CB; and CB, receptor, respectively (Rinaldi--
Carmona et al., 1994, 1998), were provided by the National
Institute on Drug Abuse (Bethesda, MD). The vehicle
consisted of a mixture of 1:1:18 ethanol:alkamuls-620
(Rhone-Poulenc, Princeton, NJ):saline. The dose of each
antagonist was 3 mg/kg and was given through the i.p. route
administration in a volume of 10 nl/g body weight. We have
previously found that this dose of SR 141716 effectively
blocked the pharmacological effects of CB; receptor
agonists (Lichtman and Martin, 1996, 1997). This dose of
SR 144528 displaced specific cannabinoid binding to mouse
spleen homogenates, but not to mouse whole brain
(Rinaldi-Carmona et al., 1998), as well as prevented the
anti-edema and anti-hyperalgesic effects of cannabinoids in
the rat carrageenan model (Conti et al., 2002). Both drugs
were administered 30 min prior to the tail immersion and
hot plate tests as well as 30 min prior to intraplantar
injections of formalin or carrageenan.

2.3. Manipulations

2.3.1. Induction of inflammation

Inflammation was induced by giving an intraplantar
injection of 0.3% M\-carrageenan (Sigma, St Louis) in a
20 pl volume into the right hind paw using a 30-gauge
needle. In a preliminary time course study, we found that the
hyperalgesic and inflammatory responses following 0.3%
carrageenan administration peak at approximately 5 h and
return to normal within 24 h (data not shown). Therefore,
the 5 h time point was used for these studies. The diameter
of each paw was measured both prior to and 5 h following
carrageenan using electronic digital calipers (Traceable
Calipers, Friendswood, TX) and expressed to the
nearest = 0.01 mm. Similarly, sensitivity to a thermal
stimulus was evaluated using a plantar stimulator
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(see Section 2.4.3) both prior to and 5h following
carrageenan (Hargreaves et al., 1988).

2.3.2. Chronic constriction injury

Subjects were administered atropine (0.1 mg/kg, i.p.)
10 min prior to pentobarbital (40 mg/kg, i.p.). Bupivacaine
(0.2 ml, 0.25%) was given immediately prior to incision. As
previously described, an incision was made in the skin
above the joint of leg bone to body, and the sciatic nerve was
isolated following separation of the muscle (Malmberg and
Basbaum, 1998; Malmberg et al., 1997). A suture was then
placed around the nerve and a knot was tied three times. The
surrounding muscle and skin were then sutured. Subjects
were evaluated for thermal hypersensitivity using a plantar
stimulator beginning 1-2 weeks later.

2.4. Behavioral assessments

2.4.1. Thermal nociception assays

Subjects were assessed for basal responses in the tail
immersion and hot plate assays. In the tail immersion test,
each mouse was hand-held, with approximately 1 cm of the
tip of the tail immersed into a water bath maintained at 50.0,
52.0, 54.0, 56.0, or 58.0 °C and the latency for the animal to
withdraw its tail was scored (Cravatt et al., 2001). A cutoff
time of 10 s was employed for tests in which the water
temperature was at least 52 °C and a 20 s cutoff was used for
the 50 °C test, as response latencies were substantially
elevated using this mild stimulus. In the hot plate test, each
mouse was placed on a hot plate that was maintained at 50.0,
52.0, 54.0, 56.0, or 58.0 °C, and the latency to jump or lick/
shake a hind paw within a 60 s observation period was
scored (Cravatt et al., 2001). The same subjects were
evaluated in each test using the same temperature stimulus,
with the tail withdrawal latency always evaluated first. A
period of at least 48 h was used between baseline test days.

2.4.2. Formalin nociception assay

Naive subjects were given an intraplantar injection into
the right hind paw containing 20 pl of a 2.5% formalin
solution (Cravatt et al., 2001). The total amount of time
spent licking or lifting the afflicted paw was recorded for
both the early phase (i.e. 0—5 min) and the late phase (i.e.
10—25 min). Peak pain behavior was observed during each
respective time period in wild type mice.

2.4.3. Thermal hypersensitivity

Mice in the CCI and carrageenan models were evaluated
for thermal hypersensitivity as described by Hargreaves
et al. (1988). Subjects were placed in transparent lucite
cubicles (24.6 X 7.5 X 7.5 cm®), which allowed minimal
movement, for an approximately 30 min acclimation period.
Sensitivity to noxious heat was assessed using a plantar
stimulator, which was positioned under a glass substrate,
directly beneath the hind paws. The time from the initiation
of the radiant heat until paw withdrawal was measured

automatically [paw withdrawal latency (PWL)] to the
nearest 0.1 s. A maximal cutoff of 20 s was used to prevent
tissue damage. Each paw was tested three times, and the
mean withdrawal latency was calculated.

2.5. Data analysis

Analysis of variance (ANOV A) was used to analyze the
effect of genotype in each nociceptive assay. Scheffe’s test
was used for post-hoc analysis and r-tests were used for
planned comparisons. Differences were considered signifi-
cant at the P < 0.05 level.

3. Results

3.1. FAAH (—/— ) mice exhibit a CB; receptor-mediated
phenotypic hypoalgesia in acute nociceptive models

As shown in Fig. 1a, FAAH (—/—) mice exhibited a
moderate phenotypic hypoalgesia in the tail immersion test,
F(2,4) = 6.4, P <0.01. Specifically, the FAAH (—/—)
mice had significantly elevated response latencies compared
to FAAH (4/—) and (4/+) mice at 54, 56, and 58 °C, but
not at 50 and 52 °C. SR 141716 completely prevented the
elevated response latencies in the tail immersion test using a
water stimulus of 56 °C, F(2,27)=17.4, P <0.001
(Fig. 1b), indicating a CB; receptor mechanism of action.
FAAH (—/—) mice also exhibited a moderate phenotypic
hypoalgesic response in the hot plate test, F(2,4) = 4.2,
P < 0.05 (Fig. 1c). Similar to the tail immersion data, the
FAAH (—/—) mice had significantly elevated response
latencies compared to FAAH (4/—) and (4/+) mice at 54,
56, and 58 °C. Again, SR 141716 completely prevented the
elevated response latencies in the hot plate test when set at
56 °C, F(2,27) = 11.7, P < 0.001 (Fig. 1d).

In contrast to the tail immersion and hot plate tests,
which evaluate phasic nociceptive responses to a thermal
stimulus, the formalin test reflects a chemical noxious
stimulus that elicits two phases of nociceptive responses, an
immediate phasic component and a delayed tonic nocicep-
tive response related to inflammation. FAAH (—/—) mice
exhibited significantly less pain-related behavior than
FAAH (4/—) and (4/+) mice in both the early and late
phases of the formalin test, F(2,15) =45, P < 0.001
(Fig. 2a), and late phase, F(2,15)=19, P < 0.001
(Fig. 2b). The effects of pre-treatment of SR 141716 and
SR 144528 on pain-related behavior during each respective
phase are shown in Fig. 2c and d. Two-way ANOVA
revealed a significant genotype by drug interaction for both
the early phase, F(2,30) = 15, P < 0.001, and late phase,
F(2,30) =8, P <0.001. As shown in Fig. 2c and d, the
anti-nociception exhibited in each respective phase was
completely blocked by SR 141716, but was unaffected by
SR 144528, again indicating a CB; receptor mechanism of
action. In response to formalin treatment, FAAH (—/—)
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Fig. 1. Reduced thermal pain responses in FAAH (—/—) mice. FAAH (—/—) mice exhibited prolonged response latencies in the tail immersion (A) and hot
plate (C) tests relative to FAAH (4/4) and (4/—) mice. *P < 0.05, **P < 0.01, ***P < 0.001, for FAAH (—/—) mice versus FAAH (+/+) or (+/—) mice
at each respective temperature (planned comparisons). This phenotypic thermal hypoalgesia of FAAH (—/—) mice was mediated by a CB; receptor-dependent
mechanism of action in the tail immersion (B) and hot plate (D) tests, set at 56 °C. **P < 0.01, for FAAH (—/—) mice treated with vehicle or SR 144528
versus FAAH (+4/+) vehicle-treated mice; ##p < (0.001 for FAAH (—/—) mice treated with vehicle or SR 144528 versus FAAH (—/—) SR 141716-treated
mice (Scheffe post hoc test); n = 6—10 mice/group. Results shown as mean * SE.

mice were also found to show significantly smaller increases
in paw diameter (i.e. 0.32 * 0.04 mm, mean * SE) com-
pared with the FAAH (4/+) mice (i.e. 0.73 = 0.07 mm,
mean * SE), #(15) = 4.8, P < 0.001. However, this anti-
edema phenotype did not appear to be mediated via
cannabinoid receptor mechanism of action, as the mean *=
SE differences in paw diameter of FAAH (—/—) mice
treated with vehicle (i.e. 0.35 = 0.06 mm), 3 mg/kg SR
141716 (i.e. 0.41 = 0.07 mm), and 3 mg/kg SR 144528 (i.e.
0.33 £ 0.03 mm) failed to differ significantly from each
other (P = 0.68).

3.2. Evaluation of FAAH (—/— ) mice for thermal
hyperalgesia in carrageenan and CCI models

In contrast to the nociceptive tests employed in the above
experiments that evaluated decreases in responsivity to
noxious stimuli, FAAH (—/—) mice were also evaluated in
two models that induce a state of increased sensitivity to
noxious stimuli (i.e. hyperalgesia), the carrageenan and CCI
models. In the former assay, an intraplantar injection of
carrageenan induces a time-dependent edema and hyper-
algesia. Prior to carrageenan, FAAH (—/—) and (4/4)

mice had virtually identical paw withdrawal latencies in the
plantar stimulator test (mean = SE; 10.5 * 0.6 and
10.3 = 0.3 s, respectively) and paw diameters (mean * SE;
2.1 = 0.02 and 2.1 = 0.02 mm, respectively). When eval-
uvated 5h following carrageenan, separate ANOVAs
revealed significant effects in the ipsilateral paw for both
hyperalgesia in the plantar stimulator test, F(3,39) = 6.4,
P =0.001 (Fig. 3a), and edema, F(3,39) = 6.4, P = 0.001
(Fig. 3b). FAAH (—/—) mice exhibited significantly less
hyperalgesia and inflammation than the FAAH (4-/4-) mice.
In fact, the vehicle-treated FAAH (—/—) mice failed to
exhibit hyperalgesia, as there was no significant difference
between their pre-injection and 5h post-injection paw
withdrawal latencies, #(11) = 1.98, P = 0.07 (paired ¢-test).
SR 141716 failed to attenuate the anti-hyperalgesic and
anti-inflammatory phenotypes.In contrast, SR 144528
partially attenuated both of these effects (~50%), as pain
behavior and paw diameter did not differ significantly
between SR 144528-treated FAAH (—/—) mice and
vehicle-treated FAAH (4-/4-) mice. Conversely, no signifi-
cant differences were found between the genotypes for
either withdrawal latency (P = 0.96) or paw diameter (P =
0.86) in the contralateral paw.
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Fig. 2. FAAH (—/—) mice exhibited a phenotypic anti-nociception during both phase 1 (0—5 min) (A) and phase 2 (10—25 min) (B) of the formalin test.
##kp < 0.001 for FAAH (—/—) versus FAAH (+/—) and (4/4) mice (Scheffe post-hoc comparison). The CB, receptor antagonist SR 141716, but not the
CB, antagonist SR 144528 normalized pain responses in FAAH (—/—) mice in both phases of the formalin test (C and D), **P < 0.01 and ***P < 0.001 for
vehicle- or SR 144528-treated FAAH (—/—) mice versus SR141716-treated FAAH (—/— ) mice; P < 0.01 and "*P < 0.001 for FAAH (—/— ) mice versus
respective FAAH (4-/+) mice (Scheffe post-hoc test); n = 6 mice/group. Results shown as mean * SE.

The withdrawal latencies of FAAH (—/—) and (+/4)
mice in the plantar stimulator test following CCI of the
sciatic nerve are presented in Fig. 4. A significant main
effect of surgery collapsed across genotype was found,
F(1,13) =59, P < 0.001, indicating that the withdrawal
latencies for the ipsilateral paw were shorter than those for
the contralateral paw (Fig. 4a). However, there was no
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significant main effect of genotype and no significant
genotype by paw interaction, indicating that both FAAH
(4+/4) and (—/—) mice exhibited an equivalent degree of
hyperalgesia in the ipsilateral paw. Given that the pheno-
typic hypoalgesia of the FAAH (—/—) mice in the tail
immersion and hot plate tests is dependent on the intensity
of the radiant heat stimulus (see Fig. 1a and c), it is plausible
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Fig. 3. FAAH (—/—) mice exhibited anti-hyperalgesic (A) and anti-inflammatory effects (B) in the carrageenan model. Subjects were given an intraplantar
injection of N-carrageenan into a hind paw and tested 5 h later. *P < 0.05 and **P < 0.01 for each group vs. vehicle-treated FAAH (+/+) mice (Scheffe post-

hoc test); n = 9—12 mice/group. Results shown as mean * SE.
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Fig. 4. FAAH (+/+) and (—/—) mice exhibit similar hyperalgesic responses to either a low (A) or high (B) intensity of noxious heat applied to the plantar
surface of the rear paws following ligation of the sciatic nerve (CCI model). **P < 0.01, ***P < 0.001, for ipsilateral paw versus contralateral paw within
each genotype (planned comparisons); n = 8 mice/group. Results shown as mean = SE.

that a more intense thermal stimulus in the plantar test might
better reveal genotype differences than the mild thermal
stimulus used. In order to evaluate this possibility, we tested
the CCI mice in the plantar stimulator test after increasing
the intensity of the radiant heat stimulus (Fig. 4b). Again,
only a significant main effect of paw was found,
F(1,9) =172, P <0.001, indicating that FAAH (—/—)
and (+/4) mice exhibit a similar hypersensitive response to
a mild and more intense thermal stimulus in the CCI model.

One possibility for the lack of genotype differences is
that adaptive changes following CCI of the sciatic nerve in
the FAAH (—/—) mice could have normalized their
responses to noxious stimuli. In order to evaluate this
possibility, FAAH (—/—) and (+/4) CCI mice used in the
plantar stimulator experiments were evaluated in the tail
immersion and hot plate tests. The data in Table 1 depict the
response latencies of both groups using a 56 °C thermal
stimulus in each test. Strikingly, FAAH (—/—) mice that
had received a unilateral sciatic nerve ligation, no longer
exhibited a phenotypic hypoalgesic response in either the
tail immersion test or hot plate test. These data suggest that
adaptive changes may have occurred in FAAH (—/—) mice
following CCI that ameliorate their phenotypic hypoalgesia
compared to FAAH (+/+4) mice.

Table 1

4. Discussion

In the present investigation, FAAH (—/—) mice were
found to display decreased pain behavior compared with
FAAH (4/+) and (4/—) mice in a variety of nociceptive
assays, including the tail immersion, hot plate, and formalin
tests, as well as decreases in thermal hypersensitivity in the
carrageenan model. Additionally, FAAH (—/—) mice
exhibited significantly reduced inflammatory responses
compared with wild type mice in both the formalin and
carrageenan models. These phenotypes are associated with
greatly elevated levels of FAAs in the spinal cords and
brains of FAAH (—/—) mice (Clement et al., 2003; Cravatt
etal., 2001). SR 141716 completely blocked the phenotypic
decrease in pain behavior in the hot plate, tail immersion,
and formalin tests, indicating the involvement of CB;
receptors. In contrast, SR 144528 failed to attenuate the
hypoalgesia of FAAH (—/—) mice in thermal and formalin
nociceptive tests, arguing against CB, receptor involve-
ment in these phenotypes. Collectively, these findings, in
conjunction with the greatly elevated endogenous brain
levels of anandamide in FAAH (—/—) mice, indicate that
much of the reduced pain behavior of these animals is
likely mediated by an enhanced, CNS-based endocannabi-
noid tone.

The phenotypic analgesic responses of FAAH (—/—) mice in the tail immersion and hotplate tests are obliterated following chronic constriction injury (CCI) of

the sciatic nerve

Group Tail withdrawal latency (s) Hot plate latency (s)

FAAH (+/+) FAAH (—/—) FAAH (+/+) FAAH (—/—-)
Non operated mice® 2.6 £0.2 4.0 £ 0.2%%* 10.6 £ 0.8 16.7 £ 0.8%%%*
CCI 23 %02 22+%02 105+ 1.3 109 = 0.7

The radiant heat stimulus was set to 56 °C in both tests. Values represent mean = SE. n = 6—8 per group.***P < 0.001 for non-operated FAAH (—/—)
mice versus non-operated FAAH (4/4) mice or CCI FAAH (—/—) mice (planned comparisons).

# Data taken from Fig. la and c for each respective test.
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Conversely, the anti-hyperalgesic and anti-inflammatory
responses of FAAH (—/—) mice in the carrageenan model
were unaffected by SR 141716, but were significantly
attenuated by SR 144528 (see Fig. 3a and b), suggesting the
partial involvement of CB, receptors. It is noteworthy that
FAAH (—/—) mice possess increased brain levels of non-
cannabinoid- binding FAAs, including N-palmitoyl etha-
nolamine (PEA) (Clement et al., 2003), any of which could
contribute to this phenotype. Of consequence, PEA has been
well described to have anti-inflammatory actions (Conti
et al., 2002; Mazzari et al., 1996). Thus it is plausible that
elevated levels of other FAAs in addition to anandamide
may contribute to the anti-inflammatory and anti-hyper-
algesic phenotype observed in FAAH (—/—) mice.

The phenotypic hypoalgesic responses to radiant heat
appear to be dependent upon the intensity of the thermal
stimulus. As we previously reported (Cravatt et al., 2001),
significant differences were found between the genotypes in
both the tail immersion and hot plate tests when the thermal
stimulus was at least 54 °C, but did not occur when lower
temperatures were used. Consistent with this interpretation
is that both genotypes exhibited nearly identical baseline
withdrawal responses in the plantar stimulator assay, which
employed a comparatively mild heat stimulus as reflected
by relatively long withdrawal latencies.

In contrast to their behavior in the other nociceptive
assays, both FAAH (+/+4) and (—/—) mice exhibited an
equivalent degree of thermal hyperalgesia in the CCI model,
regardless of whether a low or high intensity of noxious heat
was used. There are several explanations that may account
for the lack of genotype differences in this model. First,
deletion of FAAH might not effectively alleviate pathologi-
cal states in which the organism is hypersensitive to noxious
stimuli. This explanation can be ruled out because FAAH
(—/—) mice exhibited a decrease in thermal hyperalgesia in
the carrageenan model. Second, it is possible that deletion of
FAAH leads to a quicker recovery from the hyperalgesic
state than in wild type mice. However, the thermal
hyperalgesia of the CCI mice used in the present study
persisted for at least 3 months (data not shown). Third, the
elevated levels of anandamide and/or other FAAs in FAAH
(—/—) mice may have been insufficient to block thermal
hyperalgesia in this neuropathic pain model. Fourth,
adaptive changes may accompany deletion of FAAH during
development in the transgenic animals and these changes
specifically may alter the response to nerve injury. This
possibility is consistent with the observations that an FAAH
inhibitor reduced mechanical hyperalgesia in the Chung
model of neuropathic nociception (Sit and Xie, 2003). On
the other hand, the apparent disparity between the results of
Sit and Xie and the present study may also reflect species
differences or the different stimuli evaluated (i.e. mechan-
ical versus thermal). Thus, it will be important to evaluate
whether FAAH inhibitors also reduce thermal hyperalgesia
in the Chung model, as well as evaluate FAAH (—/—) mice
for mechanical hyperalgesia following CCI. A fifth

possibility is that nerve ligation may lead to adaptive
changes in the nociceptive circuits of FAAH (—/—) mice
that reduce the influence of endogenous FAAs over pain
behavior. The observation that FAAH (—/—) mice, which
had received a unilateral sciatic nerve ligation, no longer
exhibited a phenotypic hypoalgesia in either the tail
immersion or hot plate test (see Table 1) is consistent with
the last possibility. In addition, it has also been demon-
strated that exogenous cannabinoids have anti-hyperalgesic
effects in a chronic malignant pain model (Kehl et al., 2003).
Accordingly, it will be of interest to characterize the
responses of FAAH (—/—) mice, as well as mice treated
with FAAH inhibitors in models of both malignant and non-
malignant chronic nociception. The possible mechanism(s)
that may account for these functional changes in nerve
injury-afflicted FAAH (—/—) mice, including molecular
adaptations in the endocannabinoid system, will be a subject
of future studies.

The fact that FAAH (—/—) mice exhibit decreases in
pain behavior in a variety of acute nociceptive assays is
quite remarkable considering that endogenous levels of
anandamide and other FAAs are constitutively elevated in
these animals. These results indicate that CB; receptor-
mediated responses in FAAH (—/—) mice do not undergo
tolerance throughout ontogeny, a finding that is also
supported by other data. For example, both the binding
affinity of [3H]CP55,940 to the CB; receptor and CB,
receptor density were nearly identical in FAAH (—/—) and
(4+/4) mouse brains (Lichtman et al., 2002). Moreover,
both genotypes exhibited similar hypomotility, anti-noci-
ception, and hypothermia A°-THC dose—response profiles,
indicating that CB; receptor pathways in FAAH (—/—) and
(+/4+) mice were functionally equivalent (Cravatt et al.,
2001).

The magnitude of the genotype differences is much
greater in the carrageenan and formalin models than in the
tail immersion and hot plate tests. It is particularly striking
that carrageenan failed to elicit thermal hyperalgesia in the
FAAH (—/—) mice, as reflected by a lack of statistical
significance between their pre- and post-injection paw
withdrawal latencies in the plantar stimulator test. The
hypoalgesic and anti-hyperalgesic phenotypes of FAAH
(—/—) mice in the formalin and carrageenan assays were
comparable in magnitude to the effects following exogenous
cannabinoid administration (Kehl et al., 2003; Moss and
Johnson, 1980), but without the disruptive effects on motor
behavior. Moreover, FAAH (—/—) mice exhibited a similar
magnitude of anti-edema effects following intraplantar
injection of formalin or carrageenan as that following
20 mg/kg A°-THC in the rat carrageenan model (Sofia et al.,
1973). On the other hand, the elevated latencies of FAAH
(—/—) mice in the hot plate and tail immersion tests were
markedly less in magnitude than the analgesic effects of
exogenously administered A’-THC in these assays (Martin,
1985; Sofia et al., 1973). This pattern of results is consistent
with the observation that the tail-flick test is considerably
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less sensitive to the analgesic effects of exogenously
administered cannabinoids than the formalin test (Guhring
etal., 2001). Consequently, it is likely that the concentration
of endogenous anandamide at the CB receptor in the FAAH
(—/—) mice was insufficient to achieve maximal analgesia
in the tail immersion and hot plate tests. The formalin and
carrageenan assays have been argued to be more reflective
of clinical pain than the tail withdrawal and hot plate tests
(Le Bars et al., 2001). The observations that FAAH (—/—)
mice exhibit normal motility and thermoregulation (Cravatt
et al., 2001), two behavioral systems that are dramatically
affected by exogenously administered CB; agonists,
suggests that selective inhibitors of FAAH may have
potential promise to treat inflammatory pain disorders
without side-effects that are generally associated with CB;
agonists.

In conclusion, the present study demonstrates that FAAH
(—/—) mice exhibit a CB, receptor-mediated hypoalgesic
phenotype in a variety of acute nociceptive assays
accompanied by elevated levels of anandamide in both the
spinal cord and brain. Though the anti-inflammatory
phenotype of these animals does not involve CB; receptors,
there does appear to be a CB, receptor component, for
carrageenan. Collectively, these findings suggest that
inhibitors of FAAH may augment both central CB; and
peripheral CB, endocannabinoid tone and thereby may offer
a unique strategy for the treatment of inflammatory and non-
inflammatory pain disorders.
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