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Abstract

Although opioids are highly efficacious analgesics, their abuse potential and other untoward side
effects diminish their therapeutic utility. The addition of non-opioid analgesics offers a promising
strategy to reduce required antinociceptive opioid doses that concomitantly reduce opioid-related
side effects. Inhibitors of the primary endocannabinoid catabolic enzymes fatty acid amide
hydrolase (FAAH) and monoacylglycerol lipase (MAGL) show opioid-sparing effects in
preclinical models of pain. As simultaneous inhibition of these enzymes elicits enhanced
antinociceptive effects compared with single enzyme inhibition, the present study tested whether
the dual FAAH-MAGL inhibitor SA-57 [4-[2-(4-chlorophenyl)ethyl]-1-piperidinecarboxylic acid
2-(methylamino)-2-oxoethyl ester] produces morphine-sparing antinociceptive effects, without
major side effects associated with either drug class. SA-57 dose-dependently reversed mechanical
allodynia in the constriction injury (CCI) of the sciatic nerve model of neuropathic pain and
carrageenan inflammatory pain model. As previously reported, SA-57 was considerably more
potent in elevating anandamide (AEA) than 2-arachidonyl glycerol (2-AG) in brain. Its anti-
allodynic effects required cannabinoid (CB); and CB, receptors; however, only CB, receptors
were necessary for the anti-edematous effects in the carrageenan assay. Although high doses of
SA-57 alone were required to produce antinociception, low doses of this compound, which
elevated AEA and did not affect 2-AG brain levels, augmented the antinociceptive effects of
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morphine, but lacked cannabimimetic side effects. Because of the high abuse liability of opioids
and implication of the endocannabinoid system in the reinforcing effects of opioids, the final
experiment tested whether SA-57 would alter heroin seeking behavior. Strikingly, SA-57 reduced
heroin-reinforced nose poke behavior and the progressive ratio break point for heroin. In
conclusion, the results of the present study suggest that inhibition of endocannabinoid degradative
enzymes represents a promising therapeutic approach to decrease effective doses of opioids
needed for clinical pain control, and may also possess therapeutic potential to reduce opioid abuse.

Keywords

2-arachidonyl glycerol (2-AG); anandamide (AEA); cannabinoid; pain; fatty acid amide hydrolase
(FAAH); monoacylglycerol lipase (MAGL); heroin; morphine; self-administration

1. Introduction

Opioids represent a front line effective analgesic for the treatment of chronic pathological
pain (Ballantyne and Mao, 2003), but their side effects, including constipation, pruritus, and
respiratory depression, pose serious clinical limitations (Campbell et al., 2015).
Additionally, the clinical use of opioids for the treatment of pain carries a high abuse
potential (Thomas et al., 2014), with prescription opioid misuse preceding approximately
80% of new heroin abusers in the United States (Hedegaard et al., 2015). Thus, an urgent
need exists to provide pain patients effective analgesics with reduced abuse risk. The
combination of opioids and other classes of analgesics represents a promising strategy to
accomplish this goal.

Cannabinoid receptor agonists reliably augment the antinociceptive effects of opioids in
preclinical studies (Cichewicz and Welch, 2003; Cox et al., 2007; Miller et al., 2012).
Interestingly, co-infusion of morphine and the potent cannabinoid receptor agonist HU-210
into the ventrolateral periaqueductal gray (PAG) produced augmented antinociceptive effects
in the rat hot plate test (Wilson-Poe et al., 2013). Moreover, initial clinical studies suggest
that the primary constituents of cannabis, A9-tetrahydrocannabinol (THC) and cannabidiol
may be opioid-sparing in pain patients (Abrams et al., 2011; Johnson et al., 2010; 2012).
Likewise, inhibitors of fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996; 2001;
Kathuria et al., 2003) and monoacylglycerol lipase (MAGL) (Dinh et al., 2002; Long et al.,
2009a), responsible for the degradation of the respective endogenous cannabinoids N-
arachidonoylethanolamine (anandamide; AEA) (Felder et al., 1996; Di Marzo et al., 1999)
and 2-arachidonyl glycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995), not only
produce antinociceptive action when administered alone, but also augment morphine-
induced antinociception. Specifically, combination of the FAAH inhibitor URB597 and
morphine produces additive antinociceptive effects in the acetic acid model of visceral
nociception (Miller et al., 2012). Additionally, co-administration of the MAGL inhibitor
MJIN110 and morphine produces synergistic anti-allodynic effects in the chronic constrictive
injury (CCI) of the sciatic nerve neuropathic pain model (Wilkerson et al., 2016). Given the
national crisis of clinical opioid misuse and abuse, therapeutic pain options that lessen the
total opioid prescription burden, and limiting the overt abuse liability of opioids (e.g.,
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morphine, oxycodone and heroin) are needed. Modulation of the endocannabinoid system
through inhibitors targeting endogenous cannabinoid regulating enzymes represents a
promising opioid sparing therapeutic option.

Selective FAAH or MAGL inhibitors produces antinociceptive effects in acute thermal
(Long et al., 2009b), visceral (Naidu et al., 2009), inflammatory (Kinsey et al., 2011;
Guindon et al., 2011), and neuropathic (Kinsey et al., 2009; 2010; Guindon et al., 2013;
Ignatowska-Jankowska et al., 2015) models of pain. Interestingly, combined inhibition of
FAAH and MAGL results in enhanced antinociceptive effects compared with single
inhibition of these enzymes. One such dual inhibitor, JZL195 produces augmented
antinociceptive effects in mouse models of acute thermal, visceral (Sakin et al., 2015),
inflammatory (Long et al., 2009b; Anderson et al., 2014) and neuropathic (Adamson Barnes
et al., 2016) pain. Additionally, the combination of a high dose of the FAAH inhibitor
PF3845 and a low dose of the MAGL inhibitor JZL 184 produces augmented antinociceptive
effects in inflammatory and neuropathic pain assays (Ghosh et al., 2015). The dual FAAH/
MAGL inhibitor [4-[2-(4-chlorophenyl)ethyl]-1-piperidinecarboxylic acid 2-
(methylamino)-2-oxoethyl ester], SA-57 (Niphakis et al., 2012), which reduces opioid
withdrawal signs (Ramesh et al., 2013; Gamage et al., 2015) and serves as a discriminative
stimulus in the drug discrimination paradigm (Owens et al., 2016) in mice, has yet to be
tested in pain models. Thus, a major objective of the present study was to determine if
SA-57 elicits efficacious antinociceptive effects. In initial experiments, we quantified whole
brain endocannabinoid and arachidonic acid levels following SA-57 administration, as well
as assessed this compound in the carrageenan inflammatory pain assay and the CCI model
of neuropathic pain.

Because serious clinical liabilities are associated with opioid prescriptions for pain control, a
second major objective of the present study was to determine whether SA-57 would produce
morphine sparing effects in the CCl model. Additionally, we examined SA-57 alone or
SA-57 in combination with morphine in the tetrad assay. The tetrad assay consists of
measures of locomotor activity, thermal antinociception, catalepsy, and hypothermia, and is
highly sensitive to THC and other CB receptor agonists (Little et al., 1988). Finally,
because of the large abuse liability of prescription opioids that can lead to heroin addiction,
the final goal of this work was to determine whether SA-57 alters heroin self-administration
behavior.

2. Methods

2. 1. Animals

Adult male C57BL/6J mice (18-35 gram, Jackson Laboratory, Bar Harbor, ME) served as
subjects in the carrageenan, CCl, and tetrad assays. Transgenic mice lacking functional
cannabinoid CB receptors (CB;) or cannabinoid CB, receptors (CB,) were bred at Virginia
Commonwealth University. Mice lacking either CB1 (Zimmer et al., 1999) or CB, (Jackson
Laboratories, Bar Harbor, ME) receptors were backcrossed onto a C57BL/6J background for
more than 15 or 8 generations, respectively. Mice were housed four per cage, in a
temperature (20-22 °C), humidity (55 + 10 %), and light-controlled (12 h light/dark cycle;
lights on at 0600) AAALAC-approved facility at Virginia Commonwealth University.
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Standard rodent chow and water were available ad /ibitum. Albino male CD-1 mice (8-10
weeks old, 18-25 grams, Charles River, Lyon, France) were used for the heroin self-
administration assays. For these experiments standard rodent chow and water were available
ad libitum, and mice were tested at the beginning of the dark phase of a reversed light/dark
cycle (lights off at 0800 and on at 2000 h), and were conducted at Pompeu Fabra University
(Barcelona, Spain). All procedures adhered to the guidelines of the Committee for Research
and Issues of the International Association for the Study of Pain and were approved by the
Institutional Animal Care and Use Committee (IACUC) of Virginia Commonwealth
University and the heroin self-administration studies followed the guidelines of the
European Communities Directive 86/609/EEC regulating animal research and were
approved by the local ethical committee (CEEA-PRBB).

SA-57 [4-[2-(4-chlorophenyl)ethyl]-1-piperidinecarboxylic acid 2-(methylamino)-2-
oxoethyl ester] was synthesized in the Cravatt laboratory at the Scripps Research Institute, as
described previously (Niphakis et al., 2012). CP55,940 [(-)-c¢/s-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]- trans-4-(3-hydroxypropyl)cyclohexanol] and morphine sulfate were
obtained from the National Institute on Drug Abuse (Rockville, MD). Heroin was obtained
from Ministerio de Sanidad y Consumo (Spain). All drugs, except morphine and heroin,
were dissolved in a vehicle solution consisting of a mixture of ethanol, alkamuls-620
(Sanofi-Aventis, Bridgewater, NJ), and saline (0.9 % NaCl) in a 1:1:18 ratio. Morphine
sulfate and heroin were dissolved in sterile 0.9% physiological saline. All injections were
given via the intraperitoneal (i.p.) route of administration and were administered in a volume
of 10 pl/g body mass, with the exception of the heroin self-administration administration
study, which was given via the intravenous (i.v.) route of administration (see 2.8.3 below).

2.3. Carrageenan Model of Inflammatory Pain

Edema was induced by giving an intraplantar injection of 0.3% carrageenan (Sigma, St
Louis) in a 20 pl volume using a 30-gauge needle into the hind left paw. Paw thickness was
measured with electronic digital calipers (Traceable Calipers, Friendswood, TX), prior to
and 5 h following carrageenan administration, which corresponds to peak paw edema (Wise
et al. 2008).

2.4. Chronic constriction injury (CCI) surgery

Following baseline (BL) behavioral assessment, the surgical procedure for chronic
constriction of the sciatic nerve was performed as previously described (Bennett and Xie,
1988), but modified for the mouse (Ignatowska-Jankowska et al., 2015). In brief, the mice
were anesthetized with isoflurane (induction 5% vol. followed by 2.0% in oxygen), and the
mid to lower back and the dorsal left thigh were shaved and cleaned with 75% ethanol.
Using aseptic procedures, the sciatic nerve was carefully isolated, and loosely ligated with
three segments of 4-0 silk suture (Ethicon, Somerville, NJ). The overlying muscle was
closed with (1) 4-0 sterile silk suture (Ethicon, Somerville, NJ), and animals recovered from
anesthesia within approximately 5 min. In these studies the contralateral paw was used as a
within subject non-allodynic control paw, as this procedure produces ipsilateral allodynia,
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only (Kinsey et al., 2010; Ignatowska-Jankowska et al., 2015). Subjects were tested with
drug or vehicle between 5 and 18 days after surgery.

2.5. Assessment of allodynia

The mice were placed inside ventilated polycarbonate chambers on an elevated aluminum
mesh table and allowed to acclimate to the apparatus for 60 min before testing. Mechanical
allodynia was assessed with von Frey filaments (North Coast Medical, Morgan Hill, CA),
using the “up-down” method (Chaplan et al., 1994) 5 h after carrageenan administration.
The plantar surface of each hind paw was stimulated five times with each filament (0.16-6.0
g), at a frequency of approximately 2 Hz, starting with the 0.6-g filament and increasing
until the mouse responded by licking and/or lifting the paw off the surface of the test
apparatus. Three or more responses out of five stimulations were coded as a positive
response. Once a positive response was detected, sequentially lower weight filaments were
used to assess the sensory threshold for each paw.

2.6. Extraction and quantification of endocannabinoids by liquid chromatography-tandem
mass spectrometry

2-AG, arachidonic acid (AA), and AEA levels were quantified from the whole brain of
C57BL/6J mice receiving intraplantar carrageenan injection, after acute i.p. administration
of SA-57 (1.25, 2.5, 5, or 12.5 mg/kg) or 1:1:18 vehicle. Brains were collected upon
completion of behavioral assessment of edema and allodynia, and processed for
quantification of 2-AG, AA, and AEA. Because equivalent doses of SA-57 significantly
attenuated CCl-induced allodynia at 2 h after injection, mice were euthanized via rapid
decapitation at this time point. Brains were rapidly harvested, snap-frozen in dry ice, and
stored at —80°C until the time of processing. Tissues were further processed according to
methods described previously (Ramesh et al., 2011; Ignatowska-Jankowska et al., 2014). See
supplementary methods for details.

2.7. Tetrad assay

Mice (Latin square within subject design) were housed individually overnight. The
behavioral testing was conducted in the following order: locomotor activity, bar test
(catalepsy), tail withdrawal test, rectal temperature. Testing was performed according to
previously described procedures (Long et al., 2009b; Schlosburg et al., 2010). Briefly,
locomotor activity was assessed 120 min after treatment, for a 10 min period in a Plexiglas
cage (42.7 x 21.0 x 20.4 cm) and Anymaze (Stoelting, Wood Dale, Illinois) software was
used to determine the percentage of time spent immobile, mean speed and distance traveled.
Catalepsy was assessed on a bar 0.7 cm in diameter placed 4.5 cm off of the ground.
Nociception was then assessed in the tail immersion assay. Rectal temperature was assessed
by inserting a thermocouple probe 2 cm into the rectum, and temperature was determined by
thermometer (BAT-10 Multipurpose Thermometer, Clifton, NJ, USA).

2.8. Heroin self-administration assay

2.8.1. Surgery—Mice were anaesthetized with a ketamine/xylazine mixture and then
implanted with indwelling iv silastic catheters, as previously described (Soria et al., 2005),
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(see Supplemental Methods). The success rate for maintaining patency of the catheter until
the end (16 days) of the heroin self-administration training was 66%.

2.8.2. Heroin self-administration apparatus—Heroin self-administration training was
performed in operant chambers (Model ENV-307A-CT, Med Associates, Inc., Georgia, VT,
USA) equipped with two holes, one randomly selected as the active hole and the other as the
inactive (see Supplemental Methods).

2.8.3. Experimental Design—Mice were divided in the following experimental groups:
Group 1: Vehicle, Group 2: SA57 (1 mg/kg), Group 3: SA57 (2.5 mg/kg), and Group 4:
SA57 (5 mg/kg). Subjects were given 90 min daily acquisition sessions. All the groups were
trained to acquire heroin self-administration (0.025 mg/kg/inj, i.v.) on an FR1 schedule over
a time period of seven days. The criteria for acquisition of operant responding were achieved
when mice maintained a stable responding with less than 25% deviation from the mean of
the total number of infusions earned in three consecutive sessions, with at least 65%
responding on the reinforced nose-poke, and a minimum of four reinforcements per session
(Martin-Garcia et al., 2011; Soria et al., 2008). From days 8 to 15 (eight sessions), mice
received their appropriate drug injection 60 min before each FR1 training session. On day
16, mice received the corresponding treatment and 60 min later were evaluated in a
progressive ratio (PR) schedule in which the response requirement to earn infusions
escalated according to the following series:
1-2-3-5-12-18-27-40-60-90-135-200-300-450-675-1000. The maximum duration of the PR
session was 4 h or until mice did not respond on any manipulandum within 1 h. After PR
session, the thiopental test was applied and only mice that showed patency of catheter were
moved to the extinction and relapse phases. Briefly, during the thiopental test mice were
given an infusion of thiopental, which produces anesthetic effects within 3 s, with correct
intravenous catheter placement (Martin-Garcia et al., 2011; Soria et al., 2008). The first
extinction session occurred 48 h after the thiopental tests to avoid any possible influence
residual drug effects.

The experimental conditions for the extinction phase were similar to the acquisition
sessions, except that heroin was not delivered and the cue-light was not presented after
active responding. Mice were given 90 min daily extinction sessions, during at least eight
consecutive days until the criteria for extinction was achieved (i.e., three consecutive
sessions in which mice responded on the active lever less than 30% of the responses reached
in the three last acquisition days, and made less than 15 active responses per session).

The experimental sequence was finished in groups 2, 3 and 4 at the end of the extinction
training. Once the extinction criteria are reached, mice in group 1 were tested for
reinstatement. These mice were initially treated with vehicle, and received infusion of 0.025
mg/kg/inj heroin, previously. For this purpose, cue-induced reinstatement was conducted
under the same conditions used in the acquisition phase except that heroin was not delivered.
Each response on the active manipulandum in this phase led to the presentation of the cue-
light for 2s. The reinstatement criterion was achieved when responding in the nose-poke
doubled with respect to extinction responding. Mice from group 1 (vehicle + heroin) were
divided in two different subgroups as shown in table 1, below.
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2.10. Data analysis

The EDsq dose, lower equally effective dose values, and 95% confidence limits (Bliss, 1967)
were calculated using a standard linear regression analysis of the linear portion of the dose
response curve for morphine, SA-57 or the combination of morphine and SA-57 that
reversed ipsilateral allodynia. The theoretical additive EDsg value of the combined drugs
was calculated from the individual dose-response curves to determine synergistic, additive,
or subadditive interactions. The combination was assumed to equal the sum of the effects of
each drug. For dose-addition analysis, the EDgg of SA-57 was plotted on the abscissa (x
axis) and the isoeffective dose of morphine was plotted on the ordinate (y axis). A line
connecting the two points represents the theoretical additive effect of morphine and SA-57
dose combinations. The experimentally derived ED5g values (Zpix) from the dose response
curves of the ratios were compared to the predicted additive ED5g values (Zaqq)- If the
empirically derived value and the theoretical value do not differ, the interaction is additive
(Tallarida, 2001, 2006). The statistical difference between the theoretical additive ED5g
value and the experimental EDsg value was analyzed using a Fisher’s exact test (Naidu et al.,
2009). Differences were considered significant at the level of p < 0.05. For the heroin self-
administration experiments, analysis of the data obtained during the acquisition phase was
conducted using two-way ANOVA with manipulandum (active/inactive) as within-subjects
factor and genotype as between-subjects factor. Progressive ratio results were compared
using one-way ANOVA, and post-hoc analysis (Newman-Keuls) was performed when
required. To evaluate the extinction and cues-induced reinstatement, three-way ANOVA with
repeated measures was performed with experimental phase and manipulandum as within-
subjects factors, and drug treatment as between-subject factor. Post-hoc analysis (Newman-
Keuls) was performed when required. Statistical analysis was performed with either
GraphPad Prism version 6.0 (GraphPad Software Inc., San Diego, CA) or the Statistical
Package for Social Science program SPSS® 19.0 (SPSS Inc, Chicago, USA).

3. Results

3.1. Pharmacological effects of SA-57 in the carrageenan inflammatory pain model

3.1.1. Dose response effect of SA-57 on carrageenan-induced allodynia and
edema—Intraplantar injection of carrageenan produced allodynia and edema at 5 h
compared to non-injected control paws (Fig. 1 A, B). Although SA-57 did not alter normal
sensory threshold responses to light touch in control paws, it dose-dependently reversed
allodynia in the carrageenan-injected paw (F(4,20)=4.71; p< 0.01) and partially reduced the
edema (F(4,20)=19.60; p< 0.0001).

3.1.2. Dose response effect of SA-57 on brain endocannabinoid levels—
Immediately following assessment of paw thickness and von Frey thresholds, the mice were
euthanized, brains were collected and endocannabinoid and arachidonic acid levels were
quantified. All doses of SA-57 assessed (1.25-12.5 mg/kg) produced approximately 10-fold
elevations of AEA (F(4,9) =50.2; p< 0.0001, Fig. 2A). In addition, SA-57 dose-dependently
elevated levels of 2-AG (F(4,9)=79.4; p< 0.0001, Figure 2B), while dose-dependently
reducing arachidonic acid in whole brain (F(4,9)= 14.9; p< 0.001, Fig. 2C).
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3.1.3. Cannabinoid receptors mediate the effects of SA-57 on carrageenan-
induced allodynia and edema—Carrageenan-induced allodynia and edema developed
comparably to the same magnitude between CB1 (/=) and (+/+) mice (Fig 3A, B), as well
as between CB, (-/-) and (+/+) mice (Fig. 3C, D). However, SA-57 did not elicit anti-
allodynic effects in carrageenan-injected paws of CBq (=/-) mice (Fig. 3A) or CB, (-/-)
mice (Fig. 3C), indicating that these actions require both cannabinoid receptors. In contrast,
these transgenic mice displayed differential effects to the anti-edematous of SA-57. Whereas
SA-57 continued to elicit anti-edematous effects in CB1 (/=) and (+/+) mice (F(1,16)=
16.7; p < 0.001, Fig. 3A, B), the CB, (/=) mice were resistant to this action (o= 0.28),
(Fig. 3B, D).

3.2. SA-57 produces opioid sparing effects in the CClI model of neuropathic pain

Having established that SA-57 produces anti-allodynic effects in an acute inflammatory pain
model, we next examined its effectiveness in the CCl model of neuropathic pain. As
depicted in Fig. 4A, 10 mg/kg SA-57, which produced at least 10-fold increases in AEA and
2-AG as well as significant decreases in AA, completely reversed allodynia (F(5,39)=25.4; p
< 0.0001), with onset of action at 1 h, peak effects occurred at 2 h, and mice returned to their
pre-injection von Frey thresholds by 6 h.

We next assessed whether SA-57 would augment the antinociceptive effects of morphine in
the CCI model of neuropathic pain. The dose-response relationships of the drugs alone and
in combination at equally effective doses are shown in Fig. 4B and C. Both SA-57 (H2,15)
=18.6; p<0.0001) and morphine (AH2,15) = 44.9; p< 0.0001) reversed allodynia. An
equivalent dose (i.e., 1:1) combination of SA-57 and morphine produced a leftward shift in
the dose-response relationship compared with either compound given alone (Fig. 4B and C).
Isobolographic analysis revealed an additive interaction between these drugs (Fig. 4D).
Specifically, the calculated experimental Zyix (2.89 (2.45-3.33)) mg/kg was approximately
equal to than the calculated theoretical Z,4q (3.38 (3.33-3.44)) mg/kg (p = 0.08).

Because repeated administration of cannabinoids and opioids often leads to tolerance, in the
next experiment we assessed whether the enhanced antinociceptive effects produced by
combination of threshold doses of SA-57 and morphine would undergo tolerance following
repeated administration. Mice that underwent CCI surgery were given 1.79 mg/kg SA-57,
1.12 mg/kg morphine, or combination of both drugs twice a day for five days, with a final
injection on day 6. On day 1 after initial treatment, and again on day 6 after the final
treatment, allodynia and thermal hyperalgesia were assessed. The combination of these two
threshold doses of SA-57 and morphine fully reversed CCl-induced allodynia (A6,35) =
12.48; p<0.0001; Fig. 5A) and thermal hyperalgesia (A6,35) = 7.13; p < 0.0001; Fig. 5B)
following either acute and repeated administration.

3.3. SA-57 produces cannabimimetic effects in the tetrad assay

SA-57 was evaluated in the tetrad assay to infer whether it produced general in vivo
cannabimimetic activity. SA-57 produced significant cataleptic (F(5,36)= 64.8; p < 0.0001,
Fig. 6A), antinociceptive (F(5,36)= 55.9; p< 0.0001, Fig. 6B), hypothermic (F(5,36)= 82.6;
p<0.0001, Fig. 6C), and hypomaotility (F(5,36)=13.6; p< 0.0001, Fig. 6D) effects. Only
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12.5 mg/kg SA-57 elicited significant antinociception and catalepsy, while 5 and 12.5 mg/kg
SA-57 produced significant hypothermic and locomotor depressive effects.

The equi-effective threshold doses of SA-57 (1.79 mg/kg) and morphine (1.12 mg/kg) in
combination were assessed for potential cannabimimetic effects in the tetrad assay. This
combination of SA-57 and morphine produced significant antinociceptive effects in the tail
withdrawal test (F(2,16)= 23.8; 0 < 0.0001, Fig. 7B), but did not produce catalepsy (Fig.
7A), hypothermia (Fig. 7C), or locomotor depression (Fig. 7D). In comparison, the potent
synthetic cannabinoid agonist CP55,940 (1 mg/kg) produced robust cataleptic, (F(2,16)=
103.8; p < 0.001), antinociceptive, hypothermic (F(2,16)=40.3; p < 0.0001), and
hypomotility (F(2,16)=84.4; p < 0.0001) responses.

3.4. SA-57 attenuates heroin drug seeking behavior and self-administration

In the final study, we examined the impact of SA-57 on heroin seeking behavior in mice
trained to nose poke for i.v. administration of heroin. As shown in Fig. 8A, vehicle-treated
mice developed robust heroin seeking behavior by day 4 and retained this behavior
throughout the 15 day period (F(14,1036)= 6.5; p< 0.0001). SA-57 at 1 (time X activity
interaction (F(14,448) =1.9; p< 0.05, Fig. 8B), 2.5 (time X activity interaction (F(14,448) =
3.1; p<0.0001, Fig. 8C), and 5 mg/kg (main effect of activity (F(1,30)=13.2; p < 0.005, Fig.
8D) reduced heroin-reinforced nose poke behavior from days 8 to 15. This effect is clearly
shown when the area under each curve is determined (Fig. 8E). Vehicle-treated mice showed
a significant increase in nose pokes throughout the test sessions. Each dose of SA-57
prevented increased nose poking behavior from days 8-11 and 12-15 compared with days
1-3, and was significantly less than the responses emitted by the vehicle-treated mice (Fig.
8E). On day 16, mice were assessed in the progressive ratio procedure in which increased
ratios of nose-pokes were required to obtain each subsequent infusion of 0.25 mg/kg heroin.
Mice in each dose condition of SA-57 showed a significantly reduced break point compared
with vehicle-treated mice (F(3,84)=6.3; p< 0.001, Fig. 8F). During the washout period,
there were no group differences in extinction rates (Supplemental Fig. 1A-D). To examine
the effects of SA-57 on the reinstatement of heroin seeking behaviors, we used mice that had
previously received vehicle and heroin infusions of 0.025 mg/kg/inj. SA-57 failed to produce
alterations in heroin reinstatement behaviors (Supplemental Fig 1E).

4. Discussion

In the present study, we show that the dual FAAH-MAGL inhibitor, SA-57, fully reversed
allodynia in the carrageenan inflammatory and CCI neuropathic pain mouse models, as well
as enhanced the antinociceptive effects of morphine in the CCI model. The combination of
threshold doses of 1.79 mg/kg SA-57 and 1.12 mg/kg morphine completely reversed CCl-
induced allodynia, and this anti-allodynic effect was retained following repeated
administration. Moreover, this combination of threshold doses also produced antinociceptive
effects in the warm water tail immersion test, but did not elicit common cannabimimetic
effects (i.e., hypomotility, catalepsy, and hypothermia). The lack of these effects is likely due
to the fact that low dose SA-57 does not raise endocannabinoid brain levels sufficiently to
activate CB receptor-mediated circuits mediating general cannabimimetic side effects.
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Thus, the combination of low dose SA-57 and morphine appears not only to enhance
antinociceptive effects with some selectively over other cannabimimetic actions, but also its
repeated administration may not be sufficient to cause functional changes in mu opioid
receptors or CB; receptors that underlie tolerance. A surprising finding was that SA-57 also
reduced the reinforcing effects of heroin in mice. Specifically, 1-5 mg/kg SA-57 decreased
heroin seeking behavior and break point. Together, these findings suggest that inhibition of
endocannabinoid degradative enzymes may induce pain relief and diminish opioid abuse.

Selective MAGL and FAAH inhibitors reliably produce antinociceptive effects in acute pain
models (Kathuria et al., 2003; Long et al., 2009b; Thors et al., 2010; Ignatowska-Jankowska
et al., 2015), as well as reverse allodynia to varying degrees in inflammatory (Kinsey et al.,
2011; Guindon et al., 2011; Sasso et al., 2012) and neuropathic (Kinsey et al., 2009; 2010;
Sasso et al., 2012; Guindon et al., 2013; Ignatowska-Jankowska et al., 2015) pain models.
Moreover, simultaneous inhibition of these enzymes produces enhanced antinociceptive
effects in these assays (Long et al., 2009b; Adamson Barnes et al., 2016). The present study
reports similar findings, as shown by anti-allodynic effects in the carrageenan and CCI
assays and thermal antinociception in the tail withdrawal assay, though SA-57 did not
elevate paw withdrawal latencies in the contralateral paw of CCI mice. In both the
carrageenan and CCI nociceptive models, high doses of SA-57, which substantially elevated
both AEA and 2-AG and decreased AA, were required to elicit antinociceptive and anti-
edematous effects. However, co-administration of morphine and low doses of SA-57, which
elevated AEA brain levels but did not affect 2-AG or AA levels, fully reversed CCl-induced
allodynia in an additive fashion. These findings suggest that FAAH inhibition alone
sufficiently augments morphine-induced antinociception and are consistent with the results
of Miller et al. (2012), who demonstrated that combination of the FAAH inhibitor URB597
and morphine produced additive antinociceptive effects in acetic acid-induced abdominal
stretching and depression of wheel running in mice. In contrast combination of morphine
and the MAGL inhibitor MIN110 produced synergistic antinociceptive effects in the CCI
model (Wilkerson et al., 2016). Taken together, these results suggest that the
endocannabinoid hydrolyzing enzyme inhibitors differentially interact with morphine in the
CCI model of neuropathic pain, with FAAH inhibition producing additive antinociceptive
effects and MAGL inhibition producing synergistic antinociceptive effects. Future studies
will ascertain whether other FAAH and MAGL inhibitors interact with morphine in the CCI
model in a similar fashion, as well as evaluate whether these respective additive and
synergistic interactions extend to other pain models.

Although the neuronal circuitry underlying opioid abuse liability differs from that
responsible for antinociceptive effects, chronic pain may prime this circuitry to increase
abuse liability as well as facilitate the development of addiction (Cahill et al., 2013; Garland
et al., 2013; Evans and Cahill, 2016). Case reports and retrospective studies support the
proposition that prescription opioid use for pain control may serve as a gateway for heroin
addiction, and strategies that limit opioid abuse potential may also be of benefit for the
treatment of opioid addiction (Roux et al., 2013; Conroy and Hill, 2014, Mars et al., 2014).
Several studies have demonstrated that endocannabinoid hydrolytic inhibitors ameliorate
precipitated and spontaneous morphine withdrawal signs in morphine-dependent mice
(Ramesh et al., 2011; 2013, Gamage et al., 2015). The present study examined whether
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SA-57 would alter heroin seeking behavior. All doses of SA-57 (1, 2.5, 5 mg/kg) examined
decreased heroin self-administration and decreased the break point of operant responses for
heroin reinforcement. The observation that this decreased opioid seeking behavior was seen
at 1 mg/kg SA-57, which elevates AEA and does not affect 2-AG or arachidonic acid levels,
suggests FAAH inhibition plays a necessary role in this effect. Although the contribution of
MAGL cannot be ruled out, the present findings are in line with a previous study reporting
that heroin self-administration in rats is associated with increases of AEA, and to a small
magnitude decreases of 2-AG, within the nucleus accumbens (Caille et al., 2007). Indeed,
CB; receptors within the nucleus accumbens and prefrontal cortex play a critical role in
heroin seeking behavior (Alverez-Jaimes et al., 2008). Thus, inhibitors of endocannabinoid
hydrolytic enzymes not only attenuate opioid withdrawal somatic signs (Ramesh et al.,
2011; 2013; Gamage et al., 2015), but also reduce the reinforcing effects of heroin.

The experiments examining the effects of SA-57 in CB4 (—/-) and CB5 (-/-) mice in the
carrageenan model of inflammatory indicate that these receptors play differential roles in
mediating anti-edematous vs. anti-allodynic effects of SA-57. Whereas both cannabinoid
receptors were necessary for the anti-allodynic effects of SA-57, the anti-edematous effects
of SA-57 required CB, receptors, while CB4 receptors were not necessary. These receptors
are expressed on distinct cell types in which the CB; receptor is predominately expressed on
presynaptic neurons in the brain (Huang et al., 2001; Szabo and Schlicker, 2005),
particularly GABAergic interneurons (Katona et al., 2001), and the CB, receptor is highly
expressed on immune cells (Carayon et al., 1998; Galiegue, 1995; Schatz et al., 1997).
However, it must be noted that the contribution of other FAAH substrates (e.g.,
palmitoylethanolamide, oleoylethanolamine; Cravatt et al., 2001) and consequences of
MAGL inhibition (i.e., reduced arachidonic acid and prostaglandins; Nomura et al., 2008;
2011) may contribute to the observed antinociceptive effects of SA-57. The underlying
mechanisms of SA-57-induced antinociception are likely mediated by activation of both
receptors that are expressed on immune cells as well as neuronal signaling pathways. Thus,
the antinociceptive effects of SA-57 in this assay required concurrent endocannabinoid
activation of CB receptors, possibly expressed in the periphery (i.e., sensory nociceptors or
dorsal root ganglia) and/or within the CNS (e.g., dorsal horn of the spinal cord or PAG) and
CB,, receptors expressed on microglia and other immunological cells.

Likewise, there are multiple potential glial and neuronal mechanisms underlying the opioid
modifying actions of SA-57. Given that p-opioid and cannabinoid receptors are widely
expressed in the CNS and periphery, the observed additive antinociceptive effects may be
due to activation of these receptors at multiple sites in the neuroaxis implicated in the
processing and regulation of nociception, including peripheral nociceptors (Desroches et al.,
2014), dorsal root ganglia (Khasabova et al., 2004), dorsal horn of the spinal cord (da
Fonseca Pacheco et al., 2008; Desroches et al., 2014), the periaqueductal gray and other
brain regions (Paldy et al., 2008; Wilson-Poe et al., 2013). CB, receptor activation may
reduce nociception by increasing the antinflammatory cytokine IL-10, decreasing the
proinflammatory cytokine IL-1f, (Wilkerson et al., 2012), decreasing the AKT-Erk1/2
pathway (Merighi et al., 2012) and reducing the mRNA of the critical chemokine MCP1/
CCL2 (Deng et al., 2015). Finally, heterodimerization of CB; receptors and mu-opioid
receptors on neurons may also account for these interactions (Rios et al., 2006).

Neuropharmacology. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilkerson et al.

Page 12

Clinical studies have led to mixed evidence regarding the efficacy of cannabinoid-based
medications to treat pain, though a recent meta-analysis concluded that moderate-quality
evidence supported the use of these drugs for the treatment of chronic pain (Whiting et al.,
2015). Patients taking opioids for non-cancer pain reported that Dronabinol produced
additional analgesic effects (Narang et al., 2008). In Phase |1 clinical trials, combination of
Sativex, consisting of THC/cannabidiol, enhanced opioid analgesic effects in patients
suffering from advanced cancer pain (Johnson et al., 2010; 2013), though the results of the
Phase 11 trials have yet to be published. In an investigator initiated study, chronic pain
patients treated with vaporized cannabis and opioids reported less pain than opioid treatment
alone (Abrams et al., 2011). Alternatively, a study from Australia reported that the average
chronic non-cancer pain patient using cannabis concomitant with opioids actually used
higher doses of opioids over a longer period of time than non-cannabis use patients
(Degenhardt et al., 2015). In contrast, there are no reports in the literature testing whether
inhibitors of endocannabinoid metabolizing enzymes are beneficial adjutants to opioid
therapy in chronic pain patients. The results of the present study taken together with other
studies that report individual inhibition of either FAAH or MAGL also produces opioid
sparing antinociceptive effects with no added side effects (Miller et al., 2012; Wilkerson et
al., 2016) supports the idea to initiate clinical trials to test whether FAAH, MAGL, or
simultaneous FAAH and MAGL inhibition is opioid-sparing.

In conclusion, the present study demonstrates that the dual FAAH and MAGL inhibitor
SA-57, which increases both AEA and 2-AG levels, interacted in an additive manner with
morphine to reverse allodynia in a mouse model of neuropathic pain. In addition, effective
doses of these drugs in combination lacked typical cannabis-like side effects, which were
seen with higher, analgesic doses of this drug. Importantly, SA-57 also diminished heroin
seeking behavior. Overall, these results indicate that inhibition of endocannabinoid
degradative enzymes represents a novel therapeutic avenue to decrease doses of opioids
needed for clinical pain control, and may additionally be a viable therapeutic in the
treatment of opioid addiction.
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CClI chronic constriction injury
CNS central nervous system
FAAH fatty acid amide hydrolase
MAGL monoacylglycerol lipase
THC A9-tetrahydrocannabinol

TNF-a tumor necrosis factor alpha
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Highlights
. SA-57 inhibits fatty acid amide hydrolase and monoacylglycerol lipase.
. SA-57 reverses allodynia in mouse neuropathic and inflammatory pain
models.
. CB; and CB; receptors mediate the antinociceptive effects of SA-57 in the

carrageenan model of inflammatory pain.
. SA-57 enhances morphine-induced antinociception.

. SA-57 reduces heroin self-administration.
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Figure 1.
The dual FAAH and MAGL inhibitor SA-57 ameliorates allodynia and inflammation in the

carrageenan inflammatory pain model. SA-57 (A) reverses carrageenan-induced allodynia,
and (B) partially reverses carrageenan-induced edema. Tests were conducted 2 hr after i.p.
administration of SA-57 produces reversal from allodynia. Filled symbols indicate at least p
< 0.05 vs. vehicle. Data reflect mean £ SEM, n=6 mice per group.
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SA-57 alters endocannabinoid levels in whole brain tissue at 2 hr in mice given an
intraplantar carrageenan. (A) All doses of SA-57 produce maximal increases AEA compared
to vehicle. SA-57 dose-dependently increases 2-AG (B) and (C) decreases AA. ***
p<0.0001, ** p<0.001, * p < 0.05 vs. vehicle. Data reflect mean £ SEM, n=6 mice per

group.
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Figure 3.

Cannabinoid receptors mediate the anti-edematous and anti-allodynic effects of SA-57 (5
mg/Kkg, i.p.) in the carrageenan model of inflammatory pain. (A) SA-57 reverses allodynia in
CBj (+/+) mice, but not in CB (/=) mice. (B) SA-57 retains its anti-edematous effects in
CB; (=/-) and (+/+) mice. SA-57 reverses carrageenan-induced allodynia (C) and edema (D)
in CBy (+/+) mice, but not in CB4 (—/-) mice. *** p<0.0001, ** p<0.001, * p < 0.05 vs.
vehicle, ## p<0.001, ### p < 0.0001 vs. WT + SA-57. Data reflect mean + SEM, n=6 mice
per group.
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Figure 4. Combination of morphine and SA-57 produces an additive reversal of CCl-induced
allodynia

(A) SA-57 (10 mg/kg, i.p.) produces a time-dependent reversal of CCl-induced allodynia in
the ipsilateral paw. In the contralateral paw, which shows pre-surgery paw withdrawal
responses, SA-57 does not alter basal mechanical stimulus responses. (B) SA-57 reverses
CCl-induced allodynia in a dose-related manner 2 hr after administration. Combination of
equally effective doses of (i.e., 1:1) morphine and SA-57 produces a leftward shift of the
dose-response curve. (C) Morphine reverses CCl-induced allodynia in a dose-related manner
30 min after administration. A 1:1 equally effective combination of morphine and SA-57
produces a leftward shift of the dose-response curve. (D) The 1:1 equally effective
combination of SA-57 and morphine produces an additive effect, as it falls on the line of
additivity. The calculated experimental Zix was approximately equal to than the calculated
theoretical Z,qq. Data reflect mean + SEM, n = 5-7 mice/group. *** p<0.0001, ** p<0.001,
*p < 0.05 vs. vehicle. Filled symbols indicate at least p < 0.05 vs. vehicle.
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Figure 5.
Repeated administration of 1.79 mg/kg SA-57 and 1.12 mg/kg morphine retains its anti-

allodynic and anti-thermal hyperalgesic effects. Both acute and repeated administration of
the combination of SA-57 and morphine reverse CCl-induced A) allodynia and B) thermal
hyperalgesia. *** p<0.0001, * p < 0.05 vs. sham - vehicle. Data reflect mean + SEM, n=6
mice per group.
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High dose SA-57 elicits common cannabimimetic effects in mice. SA-57 (12.5 mg/kg; i.p.)
produces increases in (A) catalepsy and (B) antinociception. SA-57 (5, 12.5 mg/kg)
produces significant (C) decreases in body temperature and (D) locomotion. *** p<0.0001,
** p<0.001, * p < 0.05 vs. vehicle. Data reflect mean £ SEM, n=6 mice per group.
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The threshold combination of SA-57 and morphine produces antinociception, but no other
cannabimimetic effects. (A) CP55,940 (1 mg/kg) produces catalepsy. However, the threshold
equi-effective combination of 1.79 mg/kg SA-57 and 1.12 mg/kg morphine does not produce
catalepsy. (B) Both 1 mg/kg CP55,940 and the threshold combination of 1.79 mg/kg SA-57
and 1.12 mg/kg morphine produce robust increases in thermal antinociception. CP55,940,
but not the threshold combination of 1.79 mg/kg SA-57 and 1.12 mg/kg morphine, produces
significant decreases in (C) body temperature and (D) locomotion. *** p<0.0001, * p < 0.05
vs. vehicle. Data reflect mean + SEM, n=6-7 mice per group.

Neuropharmacology. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilkerson et al.

Page 26
20 20 ]
-# |nactive -= |nactive
* ok w4 Active = Active
w 15 -G A L o 15
£ £
] [ *
2 10 f Loy les B
g g
z =y e
0 tr—T—T—Tr—TrrTrTrrTrTTT
12345678 9101112131415 123456789101112131415
Vehicle 1 mg/kg SA-57
Day Day
20 20
- Inactive -= Inactive
= Active =+ Active
n o 15
Q o
3 H
-3 ]
@ o
3 3
z z 5
123456789101112131415 123456789101112131415
2.5 mg/kg SA-57 5 mg/kg SA-57
Day Day
Progressive Ratio Aquisition
100 40
® @R Vehicle =
§ 80 @ 1 mgkg 2.
® B3 2.5mghkg 3
= 3 5mgkg 5
] o 20
E 40 o 7
= *k
g2 g 10 - o
< o ==
[1] 0 T T
e A A A
N o B o
N4 CY Y S
N\ N N
& @ P
LY 49
Figure 8.

SA-57 reduces heroin seeking behavior in mice. (A) Mice trained to self-administer heroin
display increased drug seeking behavior with vehicle treatment from days 8 to 15, as
indicated by increased nose pokes for heroin compared to the corresponding vehicle nose
poke hole (n=38 mice per group). (B) Mice trained to self-administer heroin reliably choose
the nose poke hole for heroin compared to the vehicle nose poke hole. On day 8, mice
receiving 1 mg/kg SA-57 display heroin seeking behavior, but without escalation, as
indicated by nose pokes for heroin compared to vehicle (n=17 mice per group). (C) Mice
receiving 2.5 mg/kg SA-57 starting on day 8 display no increase in heroin seeking behavior
as indicated by nose pokes for heroin compared to the vehicle (n=17 mice per group). (D)
Starting on day 8 mice receiving 5 mg/kg SA-57 display no significant heroin seeking
behavior overall as indicated by nose pokes for heroin compared to the corresponding
vehicle nose poke hole (n=16 mice per group). (E) Area under the curve analysis
demonstrates that heroin self-administration significantly increases on time blocks 3 (days
8-11) and 4 (days 12-14) compared with time block 1 (days 1-3) or 2 (days 4-7). All doses
of SA-57 (1-5 mg/kg) prevented this increase of heroin-seeking behavior. (F) All doses of
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SA-57 (1-5 mg/kg) decreased the breaking points of nose pokes for mice to receive
infusions of 0.25 mg/kg heroin. **** p < 0.0001 *** p < 0.001, ** p < 0.01, * p < 0.05 vs.
respective time-matched vehicle treatment. # p < 0.05 vs. day 1-day 3 vehicle treatment.
Data reflect mean + SEM.

Neuropharmacology. Author manuscript; available in PMC 2018 March 01.



Page 28

BUENTENNITEY BUENTENENITEY JuBWIBIeISUIa) JUBWIBIEISUIL Juswalelsulal Juswalelsual
paanpui-and + (Bx/6w G) /G-vS paoNpuI-and + 3|91YaA paanpui-and + (BY/Bw §°2) /G-VS PadNpuI-and + 3|9IYaA paanpui-and + (Bx/6w T) 25-VS paonpul-and + 3|91YsA
dnoabgns puodass dnoabgns 15414 dnoabgns puodss dnoabgns 15414 dnoabgns puodss dnoabgns 15414
juBWYeal ] 1s8] pAIYL 1UBWILal] 1S3 PU0IAS juswiyeal] T Aeq

Wilkerson et al.

juswieal] Bulpuodsaliod pue sdnoibgns uonenSIuIWPE-}|9S UIoJaH

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuropharmacology. Author manuscript; available in PMC 2018 March 01.



	Abstract
	1. Introduction
	2. Methods
	2. 1. Animals
	2.2. Drugs
	2.3. Carrageenan Model of Inflammatory Pain
	2.4. Chronic constriction injury (CCI) surgery
	2.5. Assessment of allodynia
	2.6. Extraction and quantification of endocannabinoids by liquid chromatography-tandem mass spectrometry
	2.7. Tetrad assay
	2.8. Heroin self-administration assay
	2.8.1. Surgery
	2.8.2. Heroin self-administration apparatus
	2.8.3. Experimental Design

	2.10. Data analysis

	3. Results
	3.1. Pharmacological effects of SA-57 in the carrageenan inflammatory pain model
	3.1.1. Dose response effect of SA-57 on carrageenan-induced allodynia and edema
	3.1.2. Dose response effect of SA-57 on brain endocannabinoid levels
	3.1.3. Cannabinoid receptors mediate the effects of SA-57 on carrageenan-induced allodynia and edema

	3.2. SA-57 produces opioid sparing effects in the CCI model of neuropathic pain
	3.3. SA-57 produces cannabimimetic effects in the tetrad assay
	3.4. SA-57 attenuates heroin drug seeking behavior and self-administration

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1

