
ORIGINAL INVESTIGATION

Oleoyl glycine: interference with the aversive effects of acute
naloxone-precipitated MWD, but not morphine reward, in male
Sprague–Dawley rats

Gavin N. Petrie1
& Kiri L. Wills1 & Fabiana Piscitelli2 & Reem Smoum3

& Cheryl L. Limebeer1 & Erin M. Rock1 &

Ashlyn E. Humphrey1 & Madeleine Sheppard-Perkins1 & Aron H. Lichtman4
& Raphael Mechoulam3

&

Vincenzo Di Marzo2
& Linda A. Parker1

Received: 4 December 2018 /Accepted: 19 March 2019 /Published online: 16 April 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Rationale Oleoyl glycine (OlGly), a recently discovered fatty acid amide that is structurally similar to N- acylethanolamines,
which include the endocannabinoid, anandamide (AEA), as well as endogenous peroxisome proliferator-activated receptor alpha
(PPARα) agonists oleoylethanolamide (OEA) and palmitoylethanolamide (PEA), has been shown to interfere with nicotine
reward and dependence in mice.
Objectives and methods Behavioral and molecular techniques were used to investigate the ability of OlGly to interfere with the
affective properties of morphine and morphine withdrawal (MWD) in male Sprague–Dawley rats.
Results Synthetic OlGly (1–30 mg/kg, intraperitoneal [ip]) produced neither a place preference nor aversion on its own; however, at
doses of 1 and 5 mg/kg, ip, it blocked the aversive effects of MWD in a place aversion paradigm. This effect was reversed by the
cannabinoid 1 (CB1) receptor antagonist, AM251 (1 mg/kg, ip), but not the PPARα antagonist, MK886 (1 mg/kg, ip). OlGly (5 or 30
mg/kg, ip) did not interfere with a morphine-induced place preference or reinstatement of a previously extinguished morphine-induced
place preference. Ex vivo analysis of tissue (nucleus accumbens, amygdala, prefrontal cortex, and interoceptive insular cortex) collected
from rats experiencing naloxone-precipitatedMWD revealed that OlGlywas selectively elevated in the nucleus accumbens.MWDdid
not modify levels of the endocannabinoids 2-AG and AEA, nor those of the PPARα ligands, OEA and PEA, in any region evaluated.
Conclusion Here, we show that OlGly interferes with the aversive properties of acute naloxone-precipitated morphinewithdrawal
in rats. These results suggest that OlGly may reduce the impact of MWD and may possess efficacy in treating opiate withdrawal.

Keywords 2-Arachidonylglycerol (2-AG) .N-Arachidonoylglycine (AraGly) .Anandamide(AEA) .Conditionedplaceaversion
(CPA) . Fatty acid amide hydrolase (FAAH) . Oleoyl glycine (OlGly) . Oleoylethanolamide (OEA) . Palmitoylethanolamide
(PEA) .Morphinewithdrawal (MWD)

Introduction

A recently discovered endogenous signaling lipid, N-oleoyl gly-
cine (OlGly), that may play a role in drugwithdrawal and reward
processes has been identified (Donvito et al. 2019). OlGly is
structurally similar to the N-acylethanolamines, which include
the endocannabinoid, anandamide (AEA), aswell as endogenous
peroxisome proliferator-activated receptor alpha (PPARα) ago-
nists, oleoylethanolamide (OEA), and palmitoylethanolamide
(PEA) (Bradshaw et al. 2009). We (Donvito et al. 2019) have
recently reported that OlGly does not bind CB1 or CB2 receptors
in vitro and does not produce the tetrad (Martin et al. 1991) of
behaviors (antinociception, hypothermia, catalepsy, and
hypomobility) characteristic of CB1 agonists, but it weakly in-
hibits FAAH (IC50 8.65 μM) and also binds PPARα.
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Recently, exogenous OlGly administration has been dem-
onstrated to alter nicotine reward and withdrawal responses
(Donvito et al. 2019) in mice. It has been shown that cigarette
smokers following damage to the insular cortex display ces-
sation of nicotine craving (Naqvi et al. 2007). Using an
established mouse brain injury model, Donvito et al. (2019)
found profound increases in OlGly in the insular cortex of
brain-damaged mice. Then, they evaluated the potential of
synthetic OlGly to alter nicotine reward effects and
mecamylamine-precipitated withdrawal associated behaviors
in nicotine-dependent mice. OlGly itself produced neither a
conditioned place preference (CPP) nor a conditioned place
aversion (CPA), but it interfered with both a nicotine-induced
CPP and reduced precipitated withdrawal somatic responses
and a withdrawal induced CPA in nicotine-dependent mice.
The effects of OlGly in blocking nicotine-induced reward
were mediated by PPARα receptors, not CB1 receptors; how-
ever, the mechanism by which OlGly interfered with nicotine
withdrawal was not investigated. OlGly did not modify the
strength of a morphine-induced CPP in mice. Therefore,
Donvito et al. (2019) speculated that the release of OlGly in
the insular cortex may interfere with nicotine dependence,
which is consistent with a growing body of evidence that
PPARα are critical for nicotine dependence (e.g., Mascia
et al. 2011; Justinova et al. 2015).

Here, we extend the investigation of the effects of OlGly on
drug reward and aversion by evaluating its potential to inter-
fere with acute naloxone-precipitated morphine withdrawal
(MWD)-induced CPA, morphine-induced CPP, and reinstate-
ment of a previously extinguished morphine-induced CPP.
Experimental morphine withdrawal can be produced by ter-
minating chronic exposure tomorphine or by administering an
opiate antagonist to morphine-pretreated animals. Even after a
single exposure to a high dose of morphine, administration of
naloxone several hours later produces withdrawal symptoms
in humans (Heishman et al. 1990; June et al. 1995) and other
animals (Eisenberg 1982; Martin and Eades 1964). The with-
drawal is apparently not only due to behavioral symptoms of
abstinence but also to its ability to serve as an aversive moti-
vational stimulus. The aversive properties of naloxone are
dramatically enhanced when it is preceded 24–48 h by a high
dose of morphine (20 mg/kg, sc; Parker and Joshi 1998;
Parker et al. 2002; Shoblock and Maidment 2006; Wills
et al. 2016). Rats injected with naloxone (1 mg/kg, sc) 24 h
after saline did not display a CPA; however, rats injected with
morphine 24 h prior to naloxone displayed a dramatic
naloxone-induced CPA, presumably because morphine treat-
ment promotes constitutive activity of the mu opiate receptors
uncovering the aversive inverse agonist property of naloxone
(Shoblock and Maidment 2006). Indeed, Wills et al. (2016)
used this paradigm to investigate the role of the
endocannabinod system in the regulation of the affective prop-
erties of MWD. Here, we extend the use of this paradigm to

determine if OlGly would also interfere with the aversive af-
fective properties of naloxone-precipitated MWD.

OlGly is structurally similar to endocannabinoids, and consid-
erable evidence suggests that activation of the endocannabinoid
system (eCB) ameliorates signs of opiate dependence (see Wills
and Parker 2016). The eCB system consists of two receptors
(CB1 and CB2), the eCBs (AEA; Devane et al. 1992 and 2-
arachidonyl glycerol [2-AG]; Mechoulam et al. 1995) and the
enzymes that regulate their synthesis and degradation (Ahn et al.
2008). Systemically administered AEA and 2-AG are rapidly
degraded by fatty acid amide hydrolase (FAAH; Cravatt et al.
1996) and monoacylglycerol lipase (MAGL; Dinh et al. 2002),
respectively. Blocking these catabolic enzymes produces a
prolonged elevation of the levels of the respective eCB. Indeed,
elevation of 2-AG in the insular cortex (the site of elevatedOlGly
by TBI in mice; Donvito et al. 2019) and in the basolateral
amygdala (a region implicated in the aversive effects of MWD;
Koob 2009a, b) by intracranial administration of the MAGL
inhibitor, MJN110, attenuated acute naloxone-precipitated
MWD-induced CPA in rats (Wills et al. 2016).

Here, we evaluated the potential of OlGly to interfere with the
aversive properties associated with MWD and the rewarding
effects of morphine using respective CPA and CPP paradigms.
First, we evaluated the potential of OlGly administered alone to
produce a CPA or CPP in rats. Given that it did not affect place
conditioning, we then evaluated its potential to interfere with
naloxone-precipitated MWD CPA. Having determined that
OlGly prevented the MWD CPA, we next determined whether
the PPARα antagonist, MK886, or the CB1 antagonist, AM251,
would reverse this effect. We next evaluated the potential of
OlGly to block morphine reward in a rat CPP paradigm.We also
determined if OlGly would interfere with the potential of a mor-
phine prime to reinstate a previously established morphine CPP.
Finally, we evaluated the potential of naloxone-precipitated
MWD to elevate OlGly and other N-acylethanolamines in the
nucleus accumbens, amygdala, prefrontal cortex, and interocep-
tive insular cortex (regions implicated in the neurobiology of
MWD, see Wills and Parker 2016).

Materials and methods

Animals

The subjects were 221 male Sprague–Dawley rats (200 to
250 g on arrival in the laboratory) purchased from Charles
River Labs, St Constant, Quebec. Animals were pair-housed
in an opaque Plexiglas cage while receiving food and water ad
libitum. They were exposed to a 12/12-h reverse light/dark
cycle where the lights turn on at 7 p.m. All experiments were
conducted during the rats’ dark cycle. The colony room hous-
ing all of the rats was kept at 21 °C. All animal procedures
were approved by the Animal Care Committee of the
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University of Guelph and adhere to the guidelines of the
Canadian Council of Animal Care.

Drugs

Morphine and naloxone (OVC laboratory) were prepared with
saline at a concentration of 20 and 1 mg/ml, respectively,
before injecting subcutaneously (sc) at a volume of 1 ml/kg.
OlGly (prepared by R. Mechoulam) and AM251 (Cayman
Labs) were dissolved in a vehicle mixture of ethanol, Tween
80, and physiological saline in a 1:1:18 ratio. Oleoyl glycine
and AM251 were both first dissolved in ethanol, Tween 80
was then added to the solution, and the ethanol was evaporat-
ed off with a nitrogen stream; after which, the saline was
added. The final vehicle (VEH) consisted of 1:9 (Tween/sa-
line). Oleoyl glycine was prepared at a concentration of 1 mg/
mL, 5 mg/mL, or 30 mg/mL. AM251 (1 mg/kg; a dose that
produces neither a place preference nor aversion, Wills et al.
2016; Sigma labs) was prepared at a concentration of 1 mg/
mL. MK886 (1 mg/kg; a dose shown to prevent the effects of
PPARα agonists, Rock et al. 2017; Sigma labs) was mixed in
a vehicle of 1:9 Tween 80/saline and was administered intra-
peritoneal (ip).

Synthesis of oleoyl glycine

To a solution of oleic acid (1 g, 3.54 mmol) and N,N-
dimethylformamide (266 μL, 3.64 mmol) in dry methylene
chloride (10 mL), oxalyl chloride (2.0 M solution in methy-
lene chloride, 3.5 mL, 7 mmol) was added dropwise under
nitrogen atmosphere. The reaction mixture was stirred for
1 h, and then, the solvent was evaporated under a nitrogen
flow. The crude material in methylene chloride (10 mL) was
added to a solution of glycine (800 mg, 10.62 mmol) and 2 N
potassium hydroxide in an ice bath. Then, the reactionmixture
was stirred for 1 h, water (10 mL) was added, and the mixture
was acidified to pH 3 with 1 N HCl. The product was extract-
ed with ether (3 × 50mL) and dried (MgSO4), and solvent was
evaporated under reduced pressure. The crude material was
chromatographed on silica gel (eluting with chloroform:
methanol) to yield a crystalline solid. Melting point 84 °C
(degradation); LC-MS: (M-H)+ = 338 m/z; NMR (CDCl3,
ppm): 5.9 (s, 1H), 5.35–5.32 (t, 2H), 4.06–4.04 (d, 2H),
2.28–2.23 (t, 2H), 2.01–1.98 (m, 4H), 1.66–1.62 (m, 2H),
1.30–1.26 (m, 22H), 0.9–0.85 (t, 3H). The compound is stable
at room temperature and in freezer (4 °C) up to 2 years.

Extraction and quantification of OlGly, AraGly, 2-AG,
AEA, OEA, and PEA

Brain tissues were frozen in liquid nitrogen immediately after
dissection, which took place within 5 min from sacrifice.
Tissues were dounce-homogenized and extracted with

chloroform/methanol/Tris-HCl 50 mM pH 7.5 (2:1:1, v/v)
containing internal deuterated standards for AEA, 2-AG,
PEA, OEA, and AraGly quantification by isotope dilution
(5 pmol for [2H]8AEA; 50 pmol for [2H]52-AG, [

2H]4 PEA
and [2H]4 OEA; 10 pmol for [2H]8AraGly). Then, the lipid
extract was purified by open bed chromatography on silica.
Fractions were eluted within increasing amounts of CH3OH in
CHCl3 and the fraction 9:1 (v/v) was analyzed by LC-APCI-
MS for AEA, 2-AG, PEA, and OEA levels, which were cal-
culated on the basis of their area ratio with the internal deuter-
ated standard signal areas (Bisogno et al. 1997). The 7:3 frac-
tion was used for N-acylglycine identification and quantifica-
tion by LC-MS-IT-TOF (Shimadzu Corporation, Kyoto,
Japan) equipped with an ESI interface, using multiple reaction
monitoring (MRM). The chromatograms of the high-
resolution [M +H]+ values were extracted and used for cali-
bration and quantification. LC analysis was performed in the
isocratic mode using a Phenomenex Kintex C18 column
(10 cm × 2.1 mm, 5 μm) and CH3OH/water/acetic acid
(85:15:0.1 by vol.) as the mobile phase with a flow rate of
0.15 mL/min. Identification of N-acylglycines was carried out
using ESI ionization in the positive mode with nebulizing gas
flow of 1.5 mL/min and curved desolvation line temperature
of 250 °C. OlGly was quantified using the peak of deuterated
AraGly as internal standard.

Behavioral procedures

Apparatus

A place conditioning apparatus with removable floors was used
as described by Wills et al. (2016). The conditioning apparatus
was a rectangular box (60 × 25 × 25 cm)made of black Plexiglas
and awiremesh lid. During conditioning, removablemetal floors
characterized by either a hole surface (1 cm in diameter spaced
1 cm apart from each other) or a grid surface (1/2 cm horizontal
bars spaced 1 cm apart) were placed upon a black rubber mat on
top of the black Plexiglas surface. The different floors serve as
contextual cues that differentiate the treatment floor and the VEH
floor. During the test and pretest trials, black metal floors split
into two equal halves (half hole and half grid surface) were
placed into the conditioning boxes. The tactile stimulus proper-
ties of the two floor halves were identical to their matching floor
counterparts used in conditioning. Ethovision software (Noldus,
Inc., Netherlands) was used to automatically capture the move-
ment of the rat among the floors which was collected by a video
camera attached to the ceiling.

Experiment 1: potential of OlGly to produce a CPP
or CPA

In each experiment, rats received a 10-min drug-free pretest
trial to measure baseline floor preferences. Ethovision
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software tracked the movement of rats throughout the trial to
determine howmuch time was spent on each floor. Rats with a
bias of floor preference of 200 s or more were excluded from
further testing, with n’s indicating the number of rats included
in the conditioning trials. There were no significant differ-
ences in time spent on the hole or the grid floor in any exper-
iment. Floors and conditioning boxes were washed between
each trial.

One day following the pretest, rats received two condition-
ing trial cycles (as in experiments 2 and 3) with OlGly or
VEH. On each trial cycle, they received ip injections of
1 mg/kg (n = 12), 5 mg/kg (n = 12), 30 mg/kg (n = 12)
OlGly or VEH (24 h apart; with VEH and OlGly trial in
counterbalanced order) 20 min (Donvito et al. 2019) prior to
placement in the conditioning box lined with the grid or hole
floor (counterbalanced) for 20min while their locomotion was
tracked by Ethovision. Three days after the final conditioning
day, the rats received a 10-min drug-free test trial with the split
grid/hole floor, and the time spent on each floor was automat-
ically collected.

Experiment 2: effect of systemic OlGly
on the establishment of a naloxone precipitated
MWD-CPA

Following the pretest, rats received two 3-day conditioning
trial cycles in order to attain a naloxone precipitated MWD-
induced CPA (as described by Wills et al. 2016). On day 1 of
each cycle, the floor opposite to the assigned drug floor was
paired with a sc saline injection. The rats were injected (ip)
with the VEH and 10 min later were injected ip with saline.
Ten minutes after a saline injection, the rats were placed into
the conditioning box with the assigned saline-paired floor
for 20 min. On day 2 of each cycle, the rats received a high
dose of morphine (20 mg/kg; sc), 24 h after the saline con-
ditioning trial the previous day. After the injection, subjects
were placed in an empty Plexiglas cage and monitored for
signs of respiratory distress and stimulated when necessary
until they recovered and were returned to the home cage. On
day 3 of the cycle, 24 h post-morphine injections, the rats
were injected with VEH (n = 12), 1 mg/kg OlGly (n = 10),
5 mg/kg OlGly (n = 10), or 30 mg/kg OlGly (n = 12) 10 min
prior to receiving an sc injection of naloxone. Ten minutes
later, they were placed into the conditioning box with the
assigned naloxone-paired floor for 20 min. Four days later,
all rats underwent a second 3-day conditioning cycle. Five
days following the last naloxone trial, a 10-min drug-free
test trial was performed. The test trial consisted of the
same procedures as the pretest trial, but rats were given
a sc saline injection 10 min prior to the test. During the
test trial, Ethovision tracked the amount of time the rats
spent on each floor surface.

Experiment 3: mechanism of action of OlGly
interference with MWD CPA

The rats were treated exactly as in Experiment 2 except that on
the naloxone trials they received an injection of VEH,
MK886, or AM251 40 min (Donvito et al. 2019) prior to an
injection of OlGly or VEH. Ten minutes later, they were
injected with naloxone and placed in the MWD chamber.
The groups were VEH-VEH (n = 12), VEH-OlGly (n = 12),
MK886-VEH (n = 12), MK886-OlGly (n = 12), AM251-
VEH (n = 11), and AM251-OlGly (n = 12).

Experiment 4: effect of systemic OlGly
on the establishment of a morphine induced CPP

Rats received four 2-day conditioning trial cycles in order to
produce a morphine-induced CPP. During each conditioning
trial cycle, all rats received an sc injection of morphine
(10 mg/kg) on 1 day and saline on the other day (in a
counterbalanced order), 10 min prior to being placed into the
conditioning chamber with a morphine- or saline-paired floor,
respectively, for a duration of 30 min. On the morphine con-
ditioning trial, the rats were administered an ip injection of
VEH (n = 11), 5 mg/kg OlGly (n = 11), or 30 mg/kg OlGly
(n = 10) 10 min prior to the morphine injection. On the saline
conditioning trial, all rats were injected with VEH 10 min
prior to the saline injection. Three days after the final condi-
tioning day, the rats received a 10-min drug-free test trial with
the split grid/hole floor. All rats received a sc administration of
saline 10 min prior to each test trial.

Experiment 5: effect of systemic OlGly
on the reinstatement of a previously established
morphine-induced CPP

Rats received conditioning trials as in Experiment 4, except
they were not given the pretreatment injections prior to each
conditioning trial. Following conditioning, the rats received a
total of four 10-min test/extinction trials, 24 h apart, until the
place preference extinguished. Twenty-four hours following
the final test/extinction trial, the rats were administered VEH
(n = 12), 1 mg/kg (n = 12), or 5 mg/kg (n = 12) OlGly 10 min
prior to receiving an sc injection of 5 mg/kg morphine and
10 min later were given the reinstatement test trial.

Experiment 6: ex vivo study—effect
of naloxone-precipitated MWD on OlGly, AraGly,
2-AG, AEA, OEA, and PEA in the nucleus accumbens,
amygdala, prefrontal cortex, and interoceptive
insular cortex

Prior to tissue collection, rats were subjected to
naloxone-precipitated MWD. Following 1-week
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habituation in the colony room on day 1, rats were
given an sc injection of saline or morphine (20 mg/kg)
and 24 h later (day 2) received an sc injection of saline
or naloxone (1 mg/kg) creating two groups: saline (n =
6) and naloxone-precipitated MWD (n = 6). Tissue was
collected 20 min after the saline or naloxone injection.
The time of tissue collection was based upon the time
in which rats were halfway through conditioning in the
MWD-CPA experiments 2 and 3. Briefly, rats were de-
capitated, the brains extracted, and the bilateral nucleus
accumbens, amygdala (BLA and CEA combined), pre-
frontal cortex, and interoceptive insular cortex were re-
moved and flash frozen in isopentane. The tissue was
stored at − 80 °C until being shipped to the DiMarzo
laboratory in Naples, Italy, where it was analyzed for
levels of OlGly, AraGly, 2-AG, AEA, OEA, and PEA.

Data analysis

In experiment 1, the mean sec spent on the OlGly-
paired and the saline-paired floor during the preference
test was entered into a 3 × 2 mixed factor analysis of
variance (ANOVA) with the between-group factor of
OlGly dose and the within-group factor of floor.
Activity during the conditioning trials was analyzed as
a 3 × 2 × 2 mixed factor ANOVA with the between-
group factor of OlGly dose and the within-groups fac-
tors or drug-paired floor and trial. In experiments 2–4,
the mean sec spent on the drug (MWD or morphine)-
paired and the saline-paired floor by group was entered
into a mixed factor ANOVA. In experiment 5, the mean
sec spent on the morphine-paired floor and saline-paired
floor during the test/extinction trial, the fourth test/
extinction trial, and the reinstatement test trial were en-
tered into a mixed factor ANOVA. In experiment 6, the
level (pmol/g) of endogenous OlGly, AraGly, 2-AG,
AEA, OEA, and PEA levels in the nucleus accumbens,
amygdala, prefrontal cortex, and interoceptive insular
cortex of the rats treated with MWD and saline were
analyzed by independent t tests. Significance was de-
fined as p < 0.05.

Results

Experiment 1: potential of OlGly to produce a CPP
or CPA

OlGly did not produce a significant preference or aversion for
the drug-paired floor. However, 30 mg/kg, but not 1 or
5 mg/kg, OlGly decreased activity during conditioning trials.
Table 1 provides the mean distance (cm) traveled during con-
ditioning on each trial and the mean seconds spent on each
floor during the CPP test of experiment 1. The 3 × 2 × 2 mixed
factor ANOVA of the activity data revealed significant effects
of group, F(2, 33) = 6.6, p < 0.01; conditioning cycle, F(1,
33) = 6.5, p < 0.01; drug trial, F(1, 33) = 17.5, p < 0.001;
group × drug trial, F(2, 33) = 18.2, p < 0.001. Subsequent
paired t tests revealed that group 30 mg/kg OlGly (t(11) =
5.2; p < 0.001), but not 1 or 5 mg/kg OlGly, displayed less
activity on the pooled OlGly trials than on the pooled VEH
trials. For the CPP test, the 3 × 2 mixed factor ANOVA re-
vealed no significant effects (group × floor, F(2,33) = 2.0).

Experiment 2: effect of systemic OlGly
on the establishment of a MWD-CPA

At 1 and 5 mg/kg, ip, but not 30 mg/kg, ip, OlGly
significantly interfered with the establishment of the
naloxone-precipitated MWD-induced CPA. Figure 1 pre-
sents the mean (± SEM) number of seconds spent on
the saline floor and the MWD floor among the OlGly
pretreatment groups. . The mean seconds spent on the
saline paired floor and the MWD-paired floor were en-
tered into a 4 × 2 mixed factor ANOVA with the
between-group factor of OlGly dose and the within-
group factor of floor. The analysis revealed a significant
main effect of floor, F(1, 40) = 17.1, p < 0.001 and a
dose × floor interaction, F(3, 40) = 3.0; p = 0.043. The
interaction was assessed by paired t tests for the floor
among each dose group; group VEH (p < 0.001) and
30 mg/kg OlGly (p < 0.05) spent significantly less time
on the MWD-paired floor than the saline-paired floor,
but not group 1 or 5 mg/kg OlGly.

Table 1 Mean distance traveled during each conditioning trial and seconds spent on vehicle-paired or OlGly-paired floor in the CPP test of experiment
1. Asterisks indicate significant difference from VEH, ***p < 0.001

Group (mg/kg) Mean (± SEM) distance (cm) traveled during conditioning cycles Mean (± SEM) seconds in CPP test

C1VEH C1O1G1y C2VEH C2O1GIy VEH floor O1G1y floor

1 O1G1y 3841 (± 377) 3793 (± 278) 3454 (± 246) 3576 (± 243) 249 (± 17) 260 (± 16)

5 O1G1y 3889 (± 141) 3889 (± 172) 3162 (± 193) 3567 (± 177) 235 (± 24) 280 (± 25)

30 O1G1y 3624 (± 172) 2272*** (± 330 3532 (± 207) 2208*** (± 330 284 (± 18) 238 (± 15)
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Experiment 3: mechanism of action of OlGly
interference with MWD CPA

The CB1 antagonist, AM251, but not the PPARα antagonist,
MK886, prevented OlGly interference of naloxone-
precipitated MWD-induced place aversion. Figure 2 presents
the mean number of seconds that the rats in each group spent
on the MWD-paired floor and the saline-paired floor. The 6 ×
2 ANOVA revealed a significant effect of floor, F(1, 65) =

65.6; p < 0.001, and a group by floor interaction, F(3, 65) =
3.5; p < 0.01, subsequent paired t tests for each group revealed
that, except for group VEH-OlGly and MK886-OlGly, all
groups displayed a significant (ps < 0.001) aversion to the
MWD-paired floor. Therefore, the CB1 antagonist interfered
with the suppression of MWD by OlGly, whereas the PPARα
antagonist did not.

Experiment 4: effect of OlGly on the establishment
of a morphine- induced CPP

At 5 or 30 mg/kg, OlGly did not modify the establishment
of a morphine-induced CPP. Figure 3 presents the mean
(± SEM) number of sec spent on the saline-paired and the
MWD-paired floor during the drug-free test trial by rats
that received VEH, 5 mg/kg, or 30 mg/kg OlGly during
each MWD conditioning trial in experiment 4. A 3 × 2
mixed factor ANOVA with between-group factor of pre-
treatment drug (VEH, 5 mg/kg OlGly, 30 mg/kg OlGly)
and the within-group factor of floor (morphine, saline)
revealed a significant effect of floor, F(1, 31) = 5.62, p =
0.025, but no significant pretreatment drug by floor inter-
action. Overall, all rats displayed a morphine-induced
CPP, but systemic OlGly administrations did not alter that
preference.

Experiment 5: effect of OlGly on the reinstatement
of a previously extinguished morphine-induced CPP

OlGly did not interfere with a morphine-prime reinstate-
ment of an extinguished CPP. Figure 4 presents the
mean sec spent on the morphine-paired floor and

Fig. 2 Mean (± SEM) time spent in seconds on the saline-paired floor and
the MWD-paired floor during the drug-free test trial by rats treated with
VEH, AM251(1 mg/kg), or MK886 (1 mg/kg) 40 min prior to VEH or
OlGly (5 mg/kg) during each MWD trial in experiment 2 (n’s = 11–12/
group). Asterisks indicate a significant difference between the saline and
morphine withdrawal paired floors. ***p < 0.001

Fig. 1 Mean (± SEM) time spent in seconds on the saline-paired floor and
the MWD-paired floor during the drug-free test trial of experiment 2 by
rats treated with VEH (n = 12), 1 mg/kg OlGly (n = 10), 5 mg/kg OlGly
(n = 10), or 30 mg/kg OlGly (n = 12) during each MWD trial in experi-
ment 2. Asterisks indicate a significant difference between the saline and
morphine withdrawal paired floors. *p < 0.05, ***p < 0.001

Fig. 3 Mean (± SEM) time spent in seconds on the saline-paired floor and
the morphine-paired floor during the drug-free test trial by rats that re-
ceived VEH (n = 11), 5 mg/kg OlGly (n = 11), or 30 mg OlGly (n = 10)
during the morphine conditioning trial in experiment 4. Asterisks indicate
a significant overall preference for the morphine paired floor across
groups. *p = 0.025
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saline-paired floor on the first test/extinction trial (top
section), the final (fourth) test/extinction trial (middle
section), and on the reinstatement trial (bottom section)
of experiment 5. A 3 × 2 mixed factor ANOVA for the
first test trial revealed only a significant effect of floor,
F(1, 33) = 43.4; p < 0.001, with rats showing a prefer-
ence for the morphine-paired floor. On the final, 4th,
test/extinction trial, the 3 × 2 mixed factor ANOVA re-
vealed no significant effects (floor, F[1, 33] = 0.5).
However, on the following day, a morphine-prime rein-
stated the morphine CPP in all groups; the 3 × 2 mixed
factor ANOVA revealed only a significant effect of
floor, F(1,33) = 49.2; p < 0.001.

Experiment 6: ex vivo study—effects
of naloxone-precipitated MWD on endogenous OlGly,
AraGly, 2-AG, AEA, OEA, and PEA levels in the nucleus
accumbens, amygdala, prefrontal cortex,
and interoceptive insular cortex

Naloxone-precipitated MWD dramatically elevated OlGly in
the nucleus accumbens and slightly elevated AraGly in the
amygdala. There were no significant effects of MWD on
endocannabinoid (AEA and 2-AG) or N-acylethanolamine
(OEA and PEA) levels in any brain region. Figure 5 presents
the mean OlGly (5A) and AraGly (5B) pmol/g of tissue mea-
sured from the nucleus accumbens, amygdala, prefrontal

Fig. 4 Mean (+/- SEM) time
spent in seconds on the saline-
paired floor and on the morphine-
paired floor on the CPP test, the
final extinction test and on the
reinstatement test trials in experi-
ment 5
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cortex, and the interoceptive insular cortex of rats pretreated
with saline- or naloxone-precipitated MWD. Independent t
tests revealed that rats treated with naloxone-precipitated
MWD displayed significantly greater levels of OlGly in the
nucleus accumbens (mean ± SEM = 533 ± 77 pmol/g) than
rats treated with saline (mean ± SEM = 216 ± 30 pmol/g),
t(10) = 4.1; p = 0.002. Additionally, rats treated with
naloxone-precipitated MWD (mean = 283 ± 27 pmol/g)
displayed slightly higher levels of AraGly (mean = 193.3 ±
25 pmol/g) in the amygdala (but no other brain region) than
those treated with saline, t(10) = 2.4; p = 0.034. Table 2 pre-
sents the mean pmol/g of tissue levels of 2-AG (5A), AEA
(5B), OEA (5C), and PEA (5D) in each brain region measures

of rats treated with saline or naloxone-precipitated MWD.
There were no significant differences of these lipids in any
brain region (Fig. 5).

Discussion

Although ip administration of OlGly alone was neither aver-
sive nor rewarding, 1 and 5 mg/kg, but not 30 mg/kg, OlGly
interfered with the aversive effects of naloxone-precipitated
MWD-induced CPA learning in Sprague–Dawley rats. The
observation that 30 mg/kg OlGly produced locomotor inhib-
itory effects, but did not interfere with naloxone-precipitated

Table 2 Mean (± SEM) pmol/g
of tissue of 2-AG, AEA, OEA,
and PEA in the nucleus accum-
bens, amygdala, prefrontal cortex,
and interoceptive insular cortex in
rats treated with saline- (n = 6) or
naloxone-precipitatedMWD (n =
6) in experiment 6. No significant
effects of the treatment

Lipid Group Nucleus accumbens Amygdala Prefrontal cortex Interoceptive insular cortex

2AG Saline 1716 (±157.9) 1616.7 (± 440.0) 1333.0 (± 363.0) 1816.7 (± 397.0)

MWD 1600.0 (± 178.9) 1866.7 (± 491.0) 1800.0 (± 578.5) 1550.0 (± 243.3)

AEA Saline 11.4 (± 0.4) 22.4 (± 7.6) 25.2 (± 5.7) 28.4 (± 1.41)

MWD 13.4 (± 1.4) 9.65 (± 0.53) 29.5 (± 6.9) 24.7 (± 2.3)

OEA Saline 165.0 (± 9.9) 113.3 (± 10.5) 90.0 (± 25.3) 118.3 (± 15.3)

MWD 190.0 (± 13.4) 118.3 (± 16.2) 115.0 (± 20.3) 103.0 (± 8.8)

PEA Saline 170.0 (± 24.4) 121.7 (± 10.1) 90.0 (± 12.1) 80.0 (± 10.3)

MWD 161.7 (± 16.6) 116.7 (± 20.60 115.0 (± 14.5) 61.7 (± 6.5)

Fig. 5 Mean pmol/g of tissue levels of OlGly and AraGly in the Nucleus Accumbens, Amygdala, Prefrontal Cortex and Interoceptive Insular cortex for
rats treated with saline (n=6) or naloxone precipitated MWD (n=6) in experiment 6. *** p =0.002; *p =0.035
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MWD, suggests a biphasic effect on the aversive affective
properties of MWD. This apparent inverted U-shaped curve
is not uncommon for endocannabinoids, such as anandamide
(Sulcova et al. 1998). The finding that AM251, but not
MK866, blocked OlGly attenuation of the aversive effects of
MWD indicates a CB1 receptor mechanism of action. It is
important to note that Donvito et al. (2019) did not evaluate
the effect of either a CB1 or PPARα antagonist on the actions
of OlGly on nicotine withdrawal. However, they did demon-
strate that OlGly attenuation of CPP was mediated by PPARα
(Donvito et al. 2019). The failure of MK866 to reverse the
MWD-induced CPA should be interpreted cautiously, as only
a single dose was examined. Nonetheless, this dose ofMK866
significantly reversed the anti-nausea effects of FAAH inhib-
itors (Rock et al. 2015, 2017). Consistent with the report of
Donvito et al. (2019) in mice, OlGly (5 and 30 mg/kg, ip) did
not modify morphine CPP learning in rats. Here, we extended
this work by demonstrating that the OlGly (1 and 5 mg/kg, ip)
did not modify the potential of a morphine prime to reinstate a
previously extinguished morphine CPP. Its effects appear to
be selective to the aversive properties of MWD.

Donvito et al. (2019) reported that OlGly did not produce
CB1 receptor mediated effects either in vivo (e.g., mouse
Btetrad^ test of cannabimimetic activity) or in vitro (CB1 and
CB2 binding assays). Additionally, OlGly did not exert posi-
tive allosteric modulatory activity in vivo, although it weakly
inhibited FAAH. Thus, it is possible that indirect activation of
CB1 receptors subsequent to inhibition of AEA inactivation
contributed to the effects of OlGly observed in the present
study. Two arguments are consistent with this hypothesis:
(1) even potent FAAH inhibitors do not exert cannabimimetic
activity in the mouse Btetrad^; (2) FAAH inhibitors reduce the
symptoms of morphine withdrawal (Ramesh et al. 2011;
Gamage et al. 2015; Manwell et al. 2009) without affecting
morphine reward (Manwell et al. 2009; Luchicchi et al. 2010),
or the priming effect of morphine to reinstate a previously
extinguished CPP (McCallum et al. 2010).

Considerable evidence implicates the action of the
endocannabinoid system in regulating the aversive effects of
MWD in animal models (Wills et al. 2016). THC (Bhargava
1976a, b), AEA (Vela et al. 1995), and 2-AG (Yamaguchi et al.
2001) reduce the intensity of MWD somatic symptoms in mice.
Ramesh et al. (2011) reported that both FAAH (PF-3845) and
MAGL (JZL184) inhibitors significantly attenuated naloxone-
precipitated MWD somatic symptoms in mice, although the
MAGL inhibitor was more effective than was the FAAH inhib-
itor. Additionally, MAGL (but not FAAH inhibition [Wills et al.
2014]) blocked the naloxone-precipitated MWD-induced place
aversion in rats (Wills et al. 2016). The effect of MAGL inhibi-
tion on MWD-induced place aversion was mediated by elevated
2-AG in the BLA and in the interoceptive insular cortex (IC)
(Wills et al. 2016), which have both been implicated in the neg-
ative reinforcement associated with MWD (Koob 2009a, b;

Contreras et al. 2007; Naqvi et al. 2007). Indeed, Li et al.
(2013) reported that inactivation of the interoceptive IC prevents
the acquisition of naloxone precipitated MWD CPA. Therefore,
it is conceivable that the release of eCBs (AEA and 2-AG) and
related lipids (such as OlGly) in the interoceptive IC may
homeostatically regulate the impact of opiate withdrawal.

Our finding that OlGly is significantly increased in the nucle-
us accumbens (an area implicated in MWD; Koob 2009a, b) in
rats undergoing acute naloxone-precipitated MWD suggests that
it may play a neuroprotective role in overcoming the aversive
properties of withdrawal in these animals. Future research with
intracranial delivery of OlGly directly to the nucleus accumbens
shell and core is warranted. On the other hand, AraGly was
moderately elevated in the amygdala, a region implicated in the
emotional regulation of drug withdrawal (Koob 2009a, b). This
compound has been implicated in anti-inflammatory effects
(Burstein et al. 2011) and neuroprotection (Cohen-Yeshurun
et al. 2011). More importantly, AraGly inhibits FAAH more
potently than OlGly (Arreaza et al. 1997; Huang et al. 2001;
Bradshaw et al. 2009), and this effect, if exerted in the amygdala,
may lead to facilitated extinction (Marsicano et al. 2002; Varvel
et al. 2007; Manwell et al. 2009) and enhanced acquisition (Wise
et al. 2009) of aversive memories and anxiolytic responses
(Naidu et al. 2007; Scherma et al. 2008; Hill et al. 2010).
Therefore, we cannot rule out a protective role also for this me-
diator in MWD, exerted at the level of the amygdala. However,
given the lack of groups of rats treated with saline-naloxone and
morphine-saline, these data should be considered preliminary.
We are planning a complete evaluation (with all controls) of
OlGly and other N-acylethanolamines released in the nucleus
accumbens, amygdala, prefrontal cortex, and interoceptive insu-
lar cortex by naloxone-precipitatedMWD, aswell as the effect of
exogenous OlGly treatment on these effects.

Several issues remain unresolved regarding the potential of
OlGly to modify MWD and nicotine reward and dependence
in rodent models. Indeed, although OlGly interfered with
nicotine-induced place preference through a PPARα mecha-
nism in mice, the mechanism by which OlGly interferes with
nicotine withdrawal has not been evaluated (Donvito et al.
2019). It will be of interest to determine if OlGly also inter-
feres with the aversive affective properties of naloxone-
precipitatedMWD in mice (as it does in rats) and if so, wheth-
er it is CB1 mediated. Extending the findings from MWD
produced by acute morphine to chronic morphine may facili-
tate cross-species comparisons. It is also unknown if OlGly
interferes with nicotine reward in rat models by a PPARα
mechanism. It will be of interest to determine if OlGly inter-
feres with the display of somatic MWD effects, as it does
affective MWD effects, which are mediated by different neu-
ral circuitries (Koob 2009a, b). The affective signs of MWD
produced by chronic exposure to morphine via osmotic
minipumps are elicited by lower doses of antagonists than
the classic physical manifestations of withdrawal (Gellert
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and Sparber 1977; Higgins and Sellers 1994; Schulteis et al.
1994). Finally, it will be of interest to examine whether OlGly
affects the development of tolerance to effects of morphine.

Conclusion

The observations that OlGly interferes with nicotine with-
drawal and nicotine reward in mice (Donvito et al. 2019) as
well as acute naloxone-precipitated MWD in rats shown here
suggest that it may play a role in protecting against the
dysregulating effects of drugs of abuse. That is, the mamma-
lian body may react to drug-induced dysregulation by synthe-
sizing an endogenous compound (OlGly) to combat it. Thus,
OlGly may represent an endogenous regulatory agent to re-
duce the impact of nicotine rewarding effects and opiate and
nicotine withdrawal aversive effects on the mammalian brain
in a similar manner that OEA has been reported to protect
against the impact of alcoholism (Bilbao et al. 2016).
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