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1 | INTRODUCTION

Chronic pain affects more than 20% of American adults, and its man-
agement remains unsatisfactory (Dahlhamer et al., 2018). Despite
contrasting clinical evidence, persistent painful conditions continue to

Francesca Palese! |

Pablo GuamanTipan! | Faizy Ahmed'® |

Background and Purpose: Fatty acid amide hydrolase (FAAH) is an intracellular ser-
ine amidase that terminates the signalling of various lipid messengers involved in pain
regulation, including anandamide and palmitoylethanolamide. Here, we investigated
the effects of pharmacological or genetic FAAH removal on tolerance to the anti-
nociceptive effects of morphine.

Experimental Approach: We induced tolerance in male and female mice by adminis-
tering twice-daily morphine for 7 days while monitoring nociceptive thresholds by
the tail immersion test. The globally active FAAH inhibitor URB597 (1 and 3 mg-kg™2,
i.p.) or the peripherally restricted FAAH inhibitor URB937 (3 mg-kg™2, i.p.) were
administered daily 30 min prior to morphine, alone or in combination with the canna-
binoid CB; receptor antagonist AM251 (3 mg-kg™?, i.p.), the CB, receptor antagonist
AM630 (3 mg-kg™?, i.p.), or the PPAR-o antagonist GW6471 (4 mg-kg™2, i.p.). Spinal
levels of FAAH-regulated lipids were quantified by LC/MS-MS. Gene transcription
was assessed by RT-gPCR.

Key Results: URB597 prevented and reversed morphine tolerance in both male and
female mice. This effect was mimicked by genetic FAAH deletion, but not by
URB937. Treatment with AM630 suppressed, whereas treatment with AM251 or
GWé6471, attenuated the effects of URB597. Anandamide mobilization was
enhanced in the spinal cord of morphine-tolerant mice. mRNA levels of the
anandamide-producing enzyme N-acyl-phosphatidylethanolamine PLD (NAPE-PLD)
and the palmitoylethanolamide receptor PPAR-a, but not those for CB, , CB; recep-
tors or FAAH, were elevated in spinal cord

Conclusion and Implications: FAAH-regulated lipid signalling in the CNS modulated

opiate tolerance, suggesting FAAH as a potential target for opiate-sparing medications.

be widely treated with opiate drugs (Choi, 2016; Fields, 2011). Indeed,
in 2017 alone, more than 56 million Americans were prescribed an
opiate analgesic, in many cases to treat chronic pain (Centers for Dis-
ease Control and Prevention, 2018). The pervasive overuse of pre-
scription opiates is considered to be a major contributing factor in the

Abbreviations: AEA, arachidonoylethanolamide, anandamide; ASTM, American Standard Test Sieve Series; Ct, cycle threshold; DSM-5, Diagnostic and Statistical Manual of Mental Disorders, 5th
edition; ESI, electrospray ionization; FAAH, fatty acid amide hydrolase; LOD, limit of detection; LOQ, limit of quantification; m/z, mass to charge ratio
NAPE-PLD, N-acylphosphatidylethanolamine PLD; NMDA, N-methyl-p-aspartate; OEA, oleoylethanolamide; OUD, opioid use disorders; PEA, palmitoylethanolamide; PEG400, polyethylene

glycol 400; RT-qPCR, real-time polymerase chain reaction.
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epidemic of opioid use disorder (OUD) and opiate-related overdose
deaths that is currently gripping the United States (Volkow &
Collins, 2017).

Tolerance to the analgesic effects of the opiates is one of the
diagnostic criteria for OUD (DSM-5) and a major challenge in the
clinical use of these drugs (American Psychiatric Association, 2013;
Corder et al., 2017; Inturrisi, 2002). To overcome it, physicians tend
to increase doses or switch to more potent opiates (Hayhurst &
Durieux, 2016; Morgan & Christie, 2011), thus heightening the risk
of OUD, overdosing, and diversion (Volkow & Collins, 2017). The
molecular mechanisms underlying opiate tolerance are still only par-
tially understood but are thought to require profound changes in the
G-protein coupling of p-type opioid receptors along with intracellular
and transcellular compensatory processes in the peripheral system
and CNS (Corder et al., 2017; Maduna et al., 2018). Untangling these
interactions is complex but essential to uncover control points of opi-
ate tolerance, which might be targeted by therapy.

Fatty acid amide hydrolase (FAAH), a member of the amidase family
of enzymes (McKinney & Cravatt, 2005), catalyses the intracellular
breakdown of several structurally and functionally distinct classes of
bioactive fatty acyl amides, including endogenous agonists at G protein-
coupled cannabinoid receptors, such as anandamide (Devane
et al., 1992), at the nuclear PPAR-a, such as oleoylethanolamide (OEA)
and palmitoylethanolamide (PEA) (Fu et al., 2003; LoVerme, La Rana,
Russo, Calignano, & Piomelli, 2005), and at TRPV1 channels, such as
OEA (Ahern, 2003; LoVerme et al., 2006). Studies in animal models have
shown that small molecules FAAH inhibitors attenuate pain-related
behaviours (Russo et al., 2007; Woodhams, Chapman, Finn, Hohmann, &
Neugebauer, 2017) and augment the antinociceptive actions of
morphine (Slivicki et al., 2018; Wilkerson et al., 2017), pointing to FAAH
as a potential therapeutic target for opiate-sparing medications.

These findings, along with the known functional links between
the endogenous opioid and endocannabinoid signalling systems
(Roques, Fournie-Zaluski, & Wurm, 2012), prompted us to examine
whether FAAH blockade might influence the development of mor-
phine tolerance. Using male and female mice, we found that central,
but not peripheral, FAAH inhibition counters the induction and
reverses established morphine tolerance through a mechanism that
involves at least three distinct receptor systems—CB, and CB4 recep-

tors and PPAR-a—recruited by FAAH-regulated lipid signals.

2 | METHODS

21 | Animals

All animal care and experimental procedures complied with the Guide
for the Care and Use of Laboratory Animals as promulgated by the
U.S. National Institutes of Health and were approved by the Animal
Care and use Committee of the University of California, Irvine. Animal
studies are reported in compliance with the ARRIVE guidelines
(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and with the
recommendations made by the British Journal of Pharmacology.

What is already known

e Endocannabinoids and endogenous opioids cooperate in
the control of pain processing.

e FAAH inhibitors augment the antinociceptive effects of

opioids.

What this study adds
e Inhibition of FAAH activity in the CNS prevents and

reverses tolerance to morphine-induced antinociception.

What is the clinical significance
o FAAH may provide a therapeutic target for the treatment

of morphine tolerance.

We used male and female CD1 mice weighing 25-30 g (Harlan
Laboratories, Indianapolis, USA) and FAAH-null (FAAH™'") mice
(25-30 g), which had been backcrossed to C57BL/6J mice for more
than 10 generations (Cravatt et al., 2001). The animals were randomly
assigned to treatment groups and housed in standard ventilated clear
plastic cages (three to five per cage) with conventional wood chips
bedding in the animal facility of the University of California, Irvine.
They were maintained in a pathogen free-environment on 12-hr
light/dark cycle at controlled temperature (22°C) and humidity
(50-60%). Food and water were available ad libitum. Before the start
of the experiments, animals were handled for three consecutive days
(about 3 min per animal per day), and behavioural testing was con-
ducted during the light phase of the light/dark cycle. Efforts were
made to minimize the number of animals used and their discomfort.

2.2 | Drugadministration

Morphine sulfate was dissolved in distilled water and injected
s.c. (15 and 30 mg-kg™; 10 ml-kg™1) 45 min prior to testing. AM251
(3 mg-kg™?; Chambers, Koopmans, Pittman, & Sharkey, 2006), AM630
(3 mgkg™; Ibrahim et al., 2005), GW6471 (4 mgkg™; Donvito,
Wilkerson, Damaj, & Lichtman, 2016), URB597 (1 and 3 mg-kg‘l;
Piomelli et al., 2006), and URB937 (3 mg-kg™1; Sasso et al., 2012) were
dissolved in a mixture of PEG400:Tween80:distilled water (5:5:90,
v/v/v; 10 mI-kg’l) and injected i.p.. AM251, AM630, and GW6471
were given 15 min prior to URB597 and URB937, which were given
30 min prior to morphine. Animals were immediately returned into

their home cages after treatment.

2.3 | Behavioural testing

Tolerance to the antinociceptive effect of morphine was induced as
described (Contet, Filliol, Matifas, & Kieffer, 2008; de Guglielmo


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1401
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https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=593
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=oleoylethanolamide&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
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et al., 2014; Heinzen & Pollack, 2004; Mamiya et al., 2001). Morphine
was administered twice daily at 9:00 and 17:00 for 7 days at the fol-
lowing doses: Day 1 = 15 mg-kg™%; Days 2-6 = 30 mg-kg™%; Day
7 = 15 mg-kg™2. A reduced dose of morphine was used on Days 1 and
7 so that the effects of the drug before and after tolerance develop-
ment could be directly compared. In some experiments, mice were
treated with URB597 or URB937 (i.p.) 30 min prior to morphine.
Nociceptive responses were monitored on alternate days using the
tail immersion test, 30 min following the second morphine injection
(17:00). The mice were restrained in a soft tissue pocket, the distal
half of the tail was dipped into a water bath set at 54°C, and the with-
drawal latency was measured. Cut-off time was set at 10 s. Two tail-
withdrawal measures (separated by 30 s) were recorded and averaged.
At the end of some experiments, the entire spinal cord was collected,
after anaesthesia with isoflurane, as described earlier (Richner, Jager,
Siupka, & Vaegter, 2017) for analyses. All data analyses were per-
formed under blinded conditions.

24 | Lipid extractions

Anandamide, PEA, and OEA were extracted from frozen spinal cord
tissue using a modified Bligh and Dyer method (Astarita &
Piomelli, 2009). Frozen spinal cords were weighed and homogenized
in methanol (1 ml) containing the following internal standards: [?H.4]-
(20 pmol), [®H4-PEA (200 pmol), and [*H,]-
oleoylethanolamide (OEA; 200 pmol). Chloroform (2 ml) was added,

anandamide

and the organic phases were washed with water (1 ml). The
homogenized mixtures were centrifuged, and the organic phases were
collected. After evaporating the solvent under N,, residues were
dissolved in chloroform (1 ml) and loaded onto small glass columns
packed with Silica Gel G (60-A 230-400 Mesh ASTM; Whatman,
Clifton, NJ). Analytes were eluted with chloroform/methanol
(9:1, 2 ml), dried under N,, and reconstituted in chloroform/methanol
(1:9, 80 pl) for LC/MS-MS analysis.

25 | LC/MS-MS analysis

We used a 1260 series binary pump LC system coupled to a 6460C
triple quadrupole MS (Agilent Technologies, Inc., Santa Clara, CA)
equipped with an electrospray ionization (ESI) interface. Analytes were
separated using an XDB C18 column (50 x 2.1 mm i.d. 1.8-pm,
Zorbax), eluted with a mobile phase consisting of solvent A (0.25%
acetic acid and 5-mM ammonium acetate in water) and solvent B
(0.25% acetic acid and 5-mM ammonium acetate in methanol) at a
flow rate of 0.2 ml-min~%. Column temperature was kept at 40°C. MS
detection was in the positive electrospray mode, and the capillary
voltage was set at 3.5 kV. N, was used as drying gas at a flow rate of
10 L'-min~! and a temperature of 300°C. Lipid were identified using
the mass to charge (m/z) ratios of precursor and product ions and
quantified by isotope dilution. The ion mass transitions used were as
follows: anandamide (m/z 348.3/62.0), [?H,l-anandamide (m/z

352.3 > 62.0), PEA (m/z 300.3 > 62.0) and [?H4]-PEA (m/z 304.3 >
62.0), OEA (m/z 326.3 > 62.0), and [?H,4]-OEA (m/z 330.3 > 62.0).
Data analyses were performed using Agilent MassHunter Workstation
Software Quantitative Analysis (Agilent MassHunter Quantitative
Analysis software, RRID:SCR_015040). The limit of detection (LOD)
and the limit of quantification (LOQ) were anandamide (LOD = 2.5
fmol-ml~%; LOQ = 5 fmol-mI~*), PEA (LOD = 5 fmol-ml~%; LOQ = 10
fmol-ml~?), and OEA (LOD = 5 fmol-mlI~%; LOQ = 10 fmol-ml~2).

2.6 | Molecular studies

Frozen spinal cords were homogenized in 2-ml ice-cold TRIzol™
reagent (Invitrogen Life Technologies, Carlsbad, CA) according to sup-
plier's instructions. DNAse was added to samples for total RNA clean-
up using the PureLink RNA mini-kit (Invitrogen Life Technologies).
RNA concentration and purity were determined using a SpectraMax
M5 spectrophotometer (Molecular Devices, LLC., San Jose, CA, USA).
For cDNA synthesis, 2 pg of purified RNA was reverse transcribed
using superscript VILO cDNA synthesis kit in a total volume of 20 l
for 2 hr at 45°C according to the manufacturer's instruction
(Invitrogen Life Technologies), and the final concentration of cDNA
was 100 ng-pl~%. First-strand cDNA was amplified using the iQ SYBR
Green Super Mix (Invitrogen Life Technologies). Primer sequences for
the targeted genes were as follows Faah: 5'-GCCTCAAGG
AATGCTTCAGC- 3’ (forward) and 5-TGCCCTCATTCAGGCTCAAG-
3’ (reverse); Napepld: 5'-CAGCGGCGTTCCAGGTTCC-3' (forward)
and 5'-GCTCCGATGGGAATGGCCGC-3' (reverse); Ppara: 5'-AGCT
GGTGTAGCAAGTGT-3' (forward) and 5-TCTGCTTTCAGTTTT
GCTTT-3' (reverse); Cnry: 5'-TGAAGTCGATCTTAGACGGCC-3' (for-
ward) and 5'-GTGGTGATGGTACGGAAGGTA-3' (reverse) and Cnr,:
5-CAGGACAGGCTTCACAAGAC-3' (forward) and 5-GACAGGC
TTTGGCTGCTTCTAC-3' (reverse). Quantitative PCR was performed
in a 96-well PCR plate and run at 95°C for 10 min, followed by
40 cycles, each consisting of 15 s at 95°C and 1 min at 60°C, using
Stratagene Mx3000P (Stratagene Mx3000P™ gPCR system, Agilent).
Two publicly available software programs NormFinder (NormFinder,
RRID:SCR_003387) and BestKeeper (BestKeeper, RRID:SCR_003380)
were used to determine the expression stability and the geometric
mean of three different housekeeping genes (Gapdh, Actb, and Hprt).
ACt values were calculated by subtracting the Ct value of the geomet-
ric mean of these housekeeping genes from the Ct value for the gene
of interest. The relative quantity of genes of interest was calculated

by the expression, 2 44¢t,

2.7 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). All the data were analysed by
Levene's test and met the assumption of homogeneity of variances
(P > .1). The effect of URB597 on the development and established
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morphine tolerance was analysed separately in male and female by
two-way repeated measures ANOVA with treatment as the between-
subject factor and time (days) as the within-subject factor. The effects
of URB597, URB937, AM251, AM630, GW6471, or their combina-
tions were analysed by two-way repeated measures ANOVA with
treatments as the between-subject factor and time (days) as the
within-subject factor. Differences in the development of morphine
tolerance in FAAH™'~ mice and wild-type (WT) controls were
assessed by mixed-factorial ANOVA with strains (FAAH™~ and WT)
and treatment (morphine or distilled water) as the between-subject
factors and time (days) as the within-subject factor. Changes in lipid
amides and gene expression levels were compared using unpaired
Student's t test and one-way ANOVA. Where appropriate, a
Bonferroni's multiple comparison test was performed. Statistical sig-
nificance was set at ‘P < .05. Analyses were performed with either
GraphPad Prism version 6.0 (GraphPad Prism, RRID:SCR_002798) or
the Statistical Package for Social Science program SPSS® (SPSS, RRID:
SCR_002865). No data were transformed or excluded.

28 | Chemicals

Morphine sulfate, AM251, AM630, and GW6471 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). URB597 and URB937 were
synthesized at Pharmaron (Tianjin, China) using published synthetic
methods (Mor et al., 2004; Moreno-Sanz et al., 2013). Purity was
>99%, as assessed by LC/MS-MS (Vozella et al., 2019). [?H,]-ananda-
mide, [?H4]-PEA, and [?H,]-OEA were obtained from Tocris
(Minneapolis, MN, USA).

2.9 | Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entities in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander, Christopoulos, et al, 2019; Alexander, Cidlowski
et al., 2019; Alexander, Fabbro, et al., 2019; Alexander, Mathie
et al,, 2019).

3 | RESULTS
3.1 | Effects of global FAAH inhibition on the
induction of morphine tolerance

To investigate the effects of FAAH blockade on the development of
morphine tolerance, we treated six groups of male CD1 mice (nh = 8
per group) with morphine (15 or 30 mg-kg™?, s.c., see Section 2), the
globally active FAAH inhibitor URB597 (1 and 3 mg-kg™?, i.p.), a com-
bination of the two (URB597 given 30 min prior to morphine), or their

respective vehicles. Previous work has shown that the doses of
URB597 selected for this experiment fully inhibit FAAH activity and
enhance anandamide-mediated signalling in mouse brain (Fegley
et al., 2005; Wei et al., 2015). As illustrated in Figure 1, morphine pro-
duced significant antinociception on Test Days 1 and 3. This effect
progressively decreased on the following days, when it became statis-
tically undetectable. At both the 1 and 3 mg-kg™! doses, URB597
prevented the development of morphine tolerance without altering
nociceptive thresholds (Figure 1a,b).

To determine whether sexual dimorphisms might exist in the
response to URB597, we repeated the experiments in four groups of
female CD1 mice (n = 8 per group). Statistical analyses revealed a sig-
nificant antinociceptive effect of morphine from Test Days 1 to
5, which disappeared on the following days (Figure 1c). As observed
in male mice (Figure 1a), co-administration of URB597 (3 mg-kg™%, i.p.)
prevented the induction of morphine tolerance in female mice with-

out changing nociceptive thresholds (Figure 1c,d).

3.2 | Effects of global FAAH deletion on the
induction of morphine tolerance

To further test the role of FAAH in morphine tolerance, we treated

/= mice and two groups of WT C57BL6/J mice

two groups of FAAH™
(n = 7 per group), both male, with morphine or saline. Statistical ana-
lyses demonstrated a significant antinociceptive effect of morphine in
both mouse lines on Test Days 1 and 3 (Figure 2a). The effect tapered
off in WT animals on Days 5 and 7, but strikingly persisted in
FAAH™'~ animals (Figure 2a,b). FAAH deletion did not change base-

line nociceptive responding in the absence of morphine (Figure 2a,b).

3.3 | Effects of peripheral FAAH inhibition on the
induction of morphine tolerance

To assess whether URB597 attenuates morphine tolerance by inhibiting
central or peripheral FAAH activity, we treated four groups of mice
(n = 7-8 per group) with morphine alone or in combination with the
peripherally restricted FAAH inhibitor URB937. The compound was
administered 30 min prior to morphine at a dose (3 mg-kg™?, i.p.) that is
known to inhibit FAAH activity exclusively outside the brain and spinal
cord (Clapper et al., 2010; Moreno-Sanz et al., 2013). Significant mor-
phine tolerance was observed on Test Days 5 and 7, irrespective of
whether the mice were treated with the opiate alone or in combination
with URB937 (Figure 3ab). URB937 did not affect nociceptive

responding when administered alone (Figure 3a).
3.4 | Effects of global FAAH inhibition on
established morphine tolerance

We also evaluated whether FAAH inhibition might reverse established
tolerance to morphine antinociception. Three groups of male mice
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daily with vehicle or morphine (15 or 30 mg-kg™?, s.c.; see Section 2).

Upon repeated exposure, the antinociceptive effects of morphine dis-

appeared (Test Day 7, Figure 4) but was reinstated on Day 8 following

a single administration of URB597 (1 or 3 mg-kg™%, i.p.) in both male

(Figure 4a) and female (Figure 4b) animals.

FIGURE 1 Effects of the global
FAAH inhibitor URB597 on the
development of morphine tolerance.
Male and female mice were treated daily
with vehicle, URB597 ((1) and

(3) mg-kg™2, i.p., 30 min prior to
morphine), morphine (15 or 30 mg-kg™,
s.c.), or their combination. Nociceptive
thresholds were measured on alternate
days using the tail immersion test.

(a [male], c [female]) Time course of the
effects of the global FAAH inhibitor
URB597, morphine, and their
combination. (b [male], d [female])
Changes in nociceptive thresholds on
Test Days 1 (right) and 7 (left). Results
shown are the means + SEM (n = 8 per
group). *P < .05, significantly different
from vehicle-treated animals

FIGURE 2 Effects of genetic FAAH
deletion on the development of
morphine tolerance. FAAH—/— and wild
type (WT) mice were divided into four
groups and treated with morphine (15 or
30 mg-kg™?, s.c.) or vehicle. (a) Time
course of the effects of morphine or
vehicle. (b) Changes in nociceptive
thresholds on Test Days 1 (right) and

7 (left). Results shown are the means +
SEM (n = 7 per group). *P < .05,
significantly different from vehicle-
treated mice. #P < .05, significantly
different from WT mice

Effect of morphine tolerance on gene

Next, we asked whether morphine tolerance might be accompanied

by transcriptional changes in genes implicated in the metabolism and

function of anandamide and other fatty acid ethanolamides
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(Piomelli & Sasso, 2014). In addition to FAAH (encoded in mice by the
Faah gene), we measured mRNA levels of Napepld, which encodes for
the FAE-producing enzyme N-acylphosphatidylethanolamine PLD
(NAPE-PLD; Kaczocha, Glaser, Chae, Brown, & Deutsch, 2010;
Maccarrone, 2017; Tsuboi, Uyama, Okamoto, & Ueda, 2018; Ueda,
Tsuboi, & Uyama, 2013) and genes encoding for CB; (Cnr;), CB,
(Cnr,), and PPAR-a (Ppara). Two groups of mice (n = 7-8 per group)
were rendered tolerant to morphine (Figure 5a). The entire spinal
cords of five mice from each of these groups were collected, and RNA
extracts were subjected to RT-qPCR analysis. As shown in Figure 5b,
mRNA levels of Napepld and Ppara were significantly elevated in
morphine-tolerant mice relative to vehicle-treated controls. By con-
trast, no significant changes were observed in the levels of Faah, Cnry,

or Cnr, (Figure 5b).

3.6 | Effect of morphine tolerance on levels of
fatty acid ethanolamides in spinal cord

The observed increase in NAPE-PLD transcription (Figure 6éb) sug-
gests that morphine tolerance might be accompanied by enhanced
production of fatty acid ethanolamides in the spinal cord. To investi-
gate this possibility, we measured fatty acid ethanolamide content in
morphine-tolerant mice treated with URB597 or its vehicle. We
found that the levels of anandamide (Figure 6éa), PEA (Figure 6b), and
OEA (Figure 6c) were unchanged in morphine-tolerant mice, com-
pared to mice treated only with URB597 (3 mg-kg™, i.p.). Notably,
however, one-way ANOVA revealed an increase in anandamide con-
tent in spinal cord of mice treated with both morphine and URB597
(Figure 6a). No such effect was observed for PEA (Figure 6b) or OEA



BRITISH
3030 PHARMACOLOGICAL
SOCIETY

FOTIO ET AL.

FIGURE 5 Levels of mRNA from

10- :__ * 2.0 O VEH . genes related to fatty acid ethanolamides
@ 9 “"'i\\ . & VEH W MOR — in morphine-tolerant mice. (a) Time
& & N - MOR § F15{ * course of the development of morphine
g (75: %\\ £%5 tolerance in CD1 mice. (b) Transcriptional
g 5] ‘\\i % 51.0_ changes in Napepld, Faah, Ppara, Cnr1,
g 4 = 5 and Cnr2 were evaluated in the spinal
g 34 B\\E/_E//Q % 30‘5_ cord of the mice shown in (a). Results
= ?’ ' shown are the means + SEM (n = 5 per
= 14 . I .
. ‘ ‘ ‘ ‘ Time (days) 0.0- ‘ group). P <.05, S|gn|f|c'ant|y different
0o 1 2 3 4 5 6 7 Napepld Faah Cnr,  Cnr, Ppara from vehicle-treated animals
?
15 mgkg™’ 30 mg'kg™" 15 mg-kg~' Morphine
(s.c)
* * * FIGURE 6 Levels of fatty acid
(a) — b) ——m € —— o eve yaad
* ethanolamides in spinal cord of morphine-
* 400, *, * 150, ——  —
5 tolerant mice. Spinal cord levels of
—~ 350 — anandamide (a), PEA (b), and OEA (c) in
) o l . . .
o 4 2 300 7 120 morphine-tolerant mice treated with URB597
2 # 7] 2 (3 mg-kg™L, i.p.) or vehicle. Results shown are
-:..2 3 T To) 250 Tm 90 the means + SEM (n = 5 per group). *P < .05,
o = e significantly different from vehicle-treated
= 2 200 . L .
[¢] g_ g_ 60 animals. #P < .05, significantly different from
E 2 < 150 < URB597-treated mice
- w
g & 100 O 3
< 1
50
o/ UL o 0 —
VEH + - + - VEH + - + - VEH + - 4 -
- - 4+
URB597 - + - +  URBS97 - + - + URBSY
VEH + + - - VEH + + - - VEH + - -
MOR - - + + MOR - - + + MOR = = =+ =

(Figure 6c). The results suggest that morphine tolerance may be
associated with accelerated anandamide mobilization (i.e., increased
production and/or reduced degradation), which is unmasked by
FAAH inhibition.

37 |
PPAR-a

Effects of antagonists of CB4 receptors or

We asked whether activation of CB4 receptors or PPAR-«, by FAAH-
regulated lipid messengers might contribute to the effects of
URB597. We treated eight groups of mice (n = 7 per group) with mor-
phine, URB597 (3 mg-kg™2, i.p.), AM251 (3 mg-kg™?, i.p.), their combi-
nation (AM251 was given 15 min before URB597), or the respective
vehicles. AM251 is a highly potent CB1 receptor antagonist/inverse
agonist (ICso = 8 nM; Lan et al., 1999), and the dose selected for this
experiment fully counters the CB4-mediated effects of URB597 in
mice and rats (Danandeh et al, 2018; Fegley et al., 2005; Wei
et al., 2015). As previously shown, co-administration of URB597
prevented the development of morphine tolerance (Figure 7a,b). This

effect was attenuated but not completely reversed by AM251

(Figure 7a,b), which per se did not influence nociceptive responding or
tolerance induction (Figure 7a).

In a subsequent experiment, we treated eight groups of mice
(h = 7 per group) with morphine, URB597 (3 mgkg™, ip.),
GW6471 (4 mgkg™?, ip.), their combination (GW6471 was given
15 min before URB597) or their respective vehicles. The PPAR-a
antagonist GW6471 (ICso = 0.24 pM; Xu et al, 2002) was previ-
ously shown to block PPAR-a-mediated responses at doses of
2 mgkg™! or greater (Donvito et al., 2016). GW6471 caused a sig-
nificant decrease in the nociceptive response to morphine on Test

Day 3 (Figure 8a). Additionally, as seen with CB; receptor block-
ade, GW6471 partly reinstated morphine tolerance in the presence
of URB597 (Figure 8a,b) without influencing nociceptive thresholds
when administered alone or in combination with the FAAH inhibi-

tor (Figure 8a).

3.8 | Effect of CB, receptor antagonist

Finally, we asked whether the effects of URB597 might involve CB,
receptor activation. We treated eight groups of mice (n = 8 per group)
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FIGURE 8

Effects of the PPAR-« antagonist GW6471. (a) Time course of the effects of URB597 (3 mg-kg™2, i.p.), GW6471 (4 mg-kg™?, i.p.),

morphine, and their combination in the tail immersion test. (b) Changes in nociceptive thresholds on Test Days 1 (right) and 7 (left). Results shown
are the means + SEM (n = 8 per group). *P < .05, significantly different from vehicle-treated animals

with morphine, URB597 (3 mgkg™?, i.p.), AM630 (3 mgkg™?, ip.),
their combination (AM630 was given 15 min before URB597), or the
respective vehicles. AM630 is a highly potent CB, receptor
antagonist/inverse agonist (ICso = 1.9 uM) and has 70- to 165-fold
selectivity for CB, over CB, receptors (Hosohata et al., 1997). The
dose of AM630 selected for this experiment fully antagonizes CB,
receptor-mediated responses in mice (lbrahim et al., 2005). AM630
did not per se alter the antinociceptive trajectory of morphine
(Figure 9a) but completely blocked the effects of URB597 (Figure 9a,
b). AM630 did not change nociceptive responding when administered
alone or in combination with URB597 (Figure 9a,b).

4 | DISCUSSION

The main finding of the present study is that the CNS-penetrant
FAAH inhibitor URB597 prevented and reversed tolerance to the
antinociceptive effects of morphine in mice of both sexes. This effect
is reproduced by genetic FAAH deletion but not by administration of
the peripherally restricted FAAH inhibitor URB937. We interpret
these findings as suggesting that FAAH-regulated lipid messengers,
such as anandamide or PEA, counter morphine tolerance via a cen-
trally mediated mechanism. In addition, we found that selective antag-

onists of CB, or CB; receptors, and of PPAR-« fully suppress (CB,) or
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attenuate (CB; and PPAR-a) the effects of URB597. Of note, the
development of morphine tolerance was accompanied by enhanced
mobilization of anandamide and heightened transcription of NAPE-
PLD, a membrane-associated phospholipase involved in the formation
of anandamide and other FAEs (Hussain, Uyama, Tsuboi, &
Ueda, 2017; Magotti et al., 2015), in spinal cord tissue. The results
support a role for central FAAH-regulated lipid signalling in the modu-
lation of opiate tolerance and identify FAAH as a potential target for
opiate-sparing medications.

Intracellular FAAH activity controls the availability of several
structurally and functionally distinct classes of lipid-derived messen-
gers. These include endogenous agonists at G protein-coupled canna-
binoid receptors (anandamide; Devane et al., 1992), nuclear PPAR-a
receptors (OEA and PEA; Fu et al, 2003; LoVerme et al., 2005),
TRPV1 channels (OEA; LoVerme et al., 2006) and unidentified
receptor(s) involved in skin wound healing (N-acyl-taurines; Sasso
et al., 2016). This multiplicity of physiological functions is reflected in
the rich pharmacology of FAAH inhibitors. While many of the effects
exerted by these agents—including reduced anxiety-, depression-, and
pain-related behaviours in animal models (Bortolato et al., 2007;
Gobbi et al., 2005; Russo et al., 2007)—may primarily depend on
increased anandamide activity at cannabinoid receptors, other
responses appear to involve the amplification of different FAAH-
regulated lipid signals. For example, endogenous PPAR-a agonists
(most likely PEA and/or OEA) have been implicated in the effects of
FAAH inhibition on acute nausea (Rock et al, 2017), cognition
(Mazzola et al., 2009; Panlilio et al., 2016), and inflammatory pain
(Sagar, Kendall, & Chapman, 2008). Synergistic interactions between
CB; receptors and PPAR-a have also been documented (Calignano, La
Rana, Giuffrida, & Piomelli, 1998; Russo et al., 2007). The results of
our antagonist studies—reported in Figures 7, 8, and 9—suggest that
FAAH inhibition prevents morphine tolerance by concomitantly

enhancing anandamide-mediated activation of CB4 and CB, receptors,

along with PEA/OEA-mediated activation of PPAR-a. A possible
mechanism underlying this interaction may be deduced from the
experiments illustrated in Figures 5 and 6, which show that the devel-
opment of morphine tolerance is accompanied by elevated NAPE-
PLD transcription and accrued anandamide mobilization in spinal cord
tissue. The latter effect is statistically detectable only when FAAH
activity is blocked, however, likely owing to the high levels of such
activity in the cord. Higher levels of anandamide is paralleled by
enhanced transcription of PPAR-a (Figure 5), whose activation medi-
ates the analgesic effects of PEA (LoVerme et al., 2005). While
accounting for the available data, this scheme remains hypothetical.
Further experiments are necessary to fill important knowledge gaps
such as the cellular source and time course of anandamide formation,
the localization of the receptors involved, and the possible participa-
tion of other FAAH-regulated lipid messengers. For example, FAAH
also deactivates TRPV1 channel agonists such as OEA (Ahern, 2003;
LoVerme et al., 2006), which appears to be involved in the potentia-
tion of morphine tolerance (Chen, Geis, & Sommer, 2008). Indeed,
pharmacological or genetic blockade of TRPV1 channel activity
enhances morphine analgesia (Chen & Pan, 2006; Niiyama, Kawamata,
Yamamoto, Furuse, & Namiki, 2009) and counters the development of
morphine tolerance in animal models (Nguyen, Nam, Lee, Kim, &
Jang, 2010). This suggests that the effect of FAAH inhibition on mor-
phine tolerance could be partly masked by OEA-mediated activation
of TRPV1 channels. Testing this possibility will require additional
experimentation.

The development of tolerance to the analgesic effects of opiates
sets a hard limit to the therapeutic usefulness of this important class
of drugs and heightens the risk of misuse, dependence, and overdose-
related deaths (Volkow & Collins, 2017). Current clinical strategies
aimed at mitigating tolerance include opiate rotation (Smith &
Peppin, 2014), concomitant administration of NMDA receptor antag-
onists such as ketamine (Assouline, Tramer, Kreienbuhl, & Elia, 2016)
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or ay-adrenoreceptor agonists such as clonidine (Tonner, 2017), and
multimodal analgesia (Wick, Grant, & Wu, 2017). In the latter
approach, pharmacological agents drawn from mechanistically distinct
classes are combined to achieve greater-than-additive
(i.e., synergistic) analgesic effects (Wick et al.,, 2017). For example,
synergistic interactions between opiates and non-steroidal anti-
inflammatory drugs have been successfully exploited to achieve
greater control of post-operative pain (Campbell et al., 2019; Derry,
Derry, & Moore, 2013). Recent experiments indicate that FAAH inhib-
itors synergize with morphine to attenuate pain-related responses
(Slivicki et al., 2018; Wilkerson et al., 2017). Confirming and extending
an earlier report (Hasanein & Ghafari-Vahed, 2016), the results pres-
ented here show that FAAH blockade counters the induction of mor-
phine tolerance. This opioid-sparing effect appears to be mediated by
a central mechanism that requires, unlike CB4 receptor-mediated anal-
gesia (Nozaki, Markert, & Zimmer, 2015; Russo et al., 2007), activation
of at least three distinct receptor systems—CB,, CB4, and PPAR-a.
Thus, a clinically relevant consequence of these findings is that com-
bining an opiate analgesic with a CNS-penetrant FAAH inhibitor might
offer an approach to multimodal analgesia that uniquely combines a
synergistic interaction on pain control with an antagonistic interaction
on tolerance development.

In conclusion, FAAH-regulated lipid signals such as anandamide
and PEA are known to play a crucial role in the peripheral and central
control of pain processing (Artukoglu, Beyer, Zuloff-Shani, Brener, &
Bloch, 2017; Piomelli, Hohmann, Seybold, & Hammock, 2014;
Piomelli & Sasso, 2014; Woodhams et al., 2017). The present results
document a novel function for these messengers in the modulation of
opiate tolerance and suggest FAAH inhibition as a potential therapeu-

tic approach to the treatment of this condition.
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