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Abstract: (1) Background: Intraperitoneal injections of the endogenous N-acyl amino acid N-Oleoyl
alanine (OlAla) effectively reduces both the affective and somatic responses produced by opioid
withdrawal in preclinical models. To increase the translational appeal of OlAla in clinical drug
applications, the current experiments tested whether oral OlAla pretreatment also attenuates opioid
withdrawal in rats. (2) Methods: In Experiment 1, to assess its impact on affective withdrawal
behavior, OlAla (0, 5, 20 mg/kg) was orally administered during the conditioning phase of an acute
naloxone-precipitated morphine withdrawal conditioned place avoidance task. In Experiment 2, to
assess its impact on somatic withdrawal behavior, OlAla (5-80 mg/kg) was orally administered prior
to naloxone-precipitated withdrawal from chronic heroin exposure. (3) Results: Pretreatment with
oral OlAla at the higher (20 mg/kg), but not lower (5 mg/kg) dose, reduced the establishment of
an acute morphine withdrawal-induced conditioned place aversion. Instead, the lower dose of oral
OlAla (5 mg/kg) reduced heroin withdrawal-induced abdominal contractions and diarrhea, whereas
higher doses were without effect. (4) Conclusions: The results suggest a dose-dependent reduction of
opioid withdrawal responses by orally administered OlAla, and further highlight the potential utility
of this compound for opioid withdrawal in clinical populations.
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1. Introduction

N-acyl amino acids are a class of endogenous lipid-based neuromodulatory molecules,
similar to endocannabinoids, which regulate several regulatory processes in the body,
ranging from inflammation [1-3], energy metabolism [4,5], pain perception [6-8], and
neuronal injury recovery [9], to behavior and cognition [10-13]. Given that these molecules
are involved in physiological and psychological processes, they may be promising targets
for treating disorders with somatic and affective symptoms, such as withdrawal from drugs
of abuse.

Within the N-acyl amino acid family, both N-Oleoyl glycine (OlGly) and N-Oleoyl
alanine (OlAla) have been shown to participate in the behavioral and neurochemical
responses produced by withdrawal from opioids in preclinical animal models [12,14-16].
Acute morphine withdrawal (MWD) is readily modelled in rodents by exposure to a
high-dose of morphine followed 24-h later by administration of the mu-opioid receptor
antagonist naloxone. Using this model in rats, Petrie and colleagues [12] demonstrated that
acute naloxone-precipitated MWD elevates OlGly concentrations in the nucleus accumbens
and intraperitoneal injection with synthetic OlGly blocked affective withdrawal behavior
as measured by an acute MWD-induced conditioned place avoidance (CPA). Given its
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effect on affective withdrawal, OlGly was subsequently tested against somatic withdrawal
responses and was shown to reduce diarrhea, body weight loss, nausea, measures of
abdominal discomfort, and mouthing movements following acute MWD [16]. These data
suggest that OlGly may be an endogenous neuro-protective molecule that is released in the
brain to counteract neurological insult, such as the aversive consequences of acute opioid
withdrawal. In further support of this claim, acute traumatic brain injury elevates OlGly in
the insular cortex of mice [10], and synthetic OlGly reduces the behavioral indices of brain
injury in such models [17]. Similarly, chronic intermittent alcohol consumption increases
OIGly in the prefrontal cortex of mice [18].

In vitro studies have revealed that OlGly acts as a peroxisome proliferator-activated
receptor alpha (PPAR«x) agonist, and as an inhibitor of the lipid-degrading enzyme, fatty
acid amide hydrolase (FAAH) [10]. Consequently, blocking the activity of either PPARo
or the cannabinoid-1 (CBy) receptor reverses OlGly’s effects on acute opioid withdrawal
behavior [12,16]. Despite its effects on the CB; receptor, OlGly does not produce any of
the negative side effects associated with cannabimimetic activity [10,19], which is also
important to consider during the development of pharmacotherapies. However, OlGly
is short-lasting in the body as it is rapidly inactivated by degrading enzymes and may
therefore be a poor candidate to develop for human clinical trials. Indeed, systemic
administration of the selective and potent inhibitor of FAAH, URB597, leads to a threefold
increase of OIGly in the striatum 30 min following its administration [20].

Other bioactive lipid-based compounds that are rapidly hydrolyzed have been stabi-
lized through the addition of a methyl group near the amide linkage of the compound. For
example, Abadji et al. [21] created a methylated anandamide, forming methanandamide,
which is less susceptible to FAAH degradation and acts as a more potent ligand for the CB;
receptor than anandamide itself. Therefore, a methylated OlGly compound was created,
named OlAla (HU595), to assess its impact on the adverse effects of morphine withdrawal
in rats [15]. Like OlGly, intraperitoneal OlAla reduces acute naloxone-precipitated MWD-
induced CPA and somatic responses in rats through PPARx and CB; receptor dependent
mechanisms. However, when compared to OIGly, OlAla reduces affective MWD-behavior
for a longer duration, consistent with the hypothesis that OlAla is a more stable compound.
Further, OlAla reduces somatic withdrawal behaviors following chronic opioid exposure,
whereas OlGly has no effect [14]. Additionally, OlAla reverses some of the neurochemical
changes induced by chronic opioid exposure followed by withdrawal, including altered
fatty acid amide composition and gut microbiota [14]. Together, these studies suggest that
OlAla is a more suitable therapeutic target for opioid withdrawal and warrants further
investigation.

The current study aimed to increase the translational appeal of OlAla as an opioid
withdrawal medication by testing whether oral route delivery of OlAla could reduce opioid
withdrawal responses in rats. First (Experiment 1), animals were administered oral OlAla
prior to naloxone-precipitated MWD place conditioning at doses (0, 5, 20 mg/kg) within
the range of effective intraperitoneal (i.p.) doses that prevent this affective withdrawal
behavior [15]. Next, the efficacy of oral OlAla was assessed for its ability to reduce somatic
withdrawal responses following chronic steady-state (via minipump) opioid exposure. For
this experiment, and as previously published [14], heroin was selected due to solubility
limits for the desired doses of morphine delivered by minipump. Therefore, in a separate
cohort (Experiment 2), oral OlAla was administered at a range of doses (0-80 mg/kg)
prior to a naloxone challenge in rats chronically exposed to heroin, then somatic responses
were measured. The doses of OlAla used in Experiment 2 included the effective i.p. dose
previously found to prevent somatic withdrawal responses following acute and chronic
opioid exposure in rats [14,15]. To address pharmacokinetic differences produced by
the two routes of administration, pretreatment with oral OlAla occurred 60 min prior to
naloxone treatment in contrast to the 10 min pretreatment time reported for i.p. OlAla
administration. It was predicted that oral OlAla would reduce opioid-withdrawal induced
affective and somatic responses following acute and chronic opioid exposures.
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2. Materials and Methods
2.1. Animals

Male Sprague Dawley rats (n = 84; 200-225 g) were purchased from Charles River
Laboratories (Saint-Constant, QC, Canada). Animals were pair-housed in standard rat
cages located in a colony room with a 12-h reversed light/dark cycle (7:00 off/19:00 on)
and consistent room temperature (21 °C). Standard rodent chow (Teklad Global Diets; 14%
protein) and water were provided ad libitum at all times. All procedures began at least 2 h
into the rat’s dark (active) cycle.

2.2. Drugs

For Experiment 1, morphine was dissolved in saline at 20 mg/mL and administered
subcutaneously (s.c.) at a volume of 1 mL/kg. For Experiment 2, osmotic minipumps
(Alzet Model 2002, Alzet Osmotic Pumps, Cupertino, CA, USA) were filled with heroin
dissolved in saline at a concentration of 175 mg/mL to result in a daily heroin dose of
7 mg/kg.

Oleoyl-alanine (OlAla; HU595) was generously provided by R. Mechoulam, Hebrew
University of Jerusalem. For both experiments, OlAla was dissolved in a vehicle (VEH)
mixture of ethanol, Tween 80, and physiological saline (1:1:19 ratio), then a nitrogen stream
was used to evaporate off the ethanol, resulting in a final VEH consisting of Tween and
Saline (1:9 ratio). OlAla was prepared at concentrations ranging from 5-80 mg/mL and
administered intragastrically by oral gavage at a volume of 1 mL/kg.

Naloxone was dissolved in physiological saline at 1 mg/mL and administered s.c. ata
volume of 1 mL/kg.

2.3. Apparatus

In experiment 1, rectangular black Plexiglas place conditioning boxes (60 x 25 x 25 cm?)
with a wire mesh lid were used, as described by Ayoub et al. [15]. During conditioning,
grid or hole patterned metal floors were placed in conditioning boxes to serve as contextual
cues. During pre-test and test sessions, split floors that were equally divided into half
grid /half hole patterns were used to allow animals access to both floor types simultaneously.
Sessions were video recorded and uploaded to EthoVision (version 2, Noldus Information
Technology, Leesburg, VA, USA) movement tracking software. In experiment 2, somatic
withdrawal behaviors were recorded in black opaque Plexiglas an observation chambers
(225 x 26.0 x 20.0 cm3). Chambers were sat on a clear glass table with a video camera
(Panasonic WV-CP484, Panasonic, Newark, NJ, USA) placed below to record the rat’s
ventral surface. Recorded videos were uploaded to The Observer Software (version 5,
Noldus Information Technology, Leesburg, VA, USA) to score somatic withdrawal behavior.

2.4. Surgery

In experiment 2, osmotic minipumps were implanted into rats while under isoflurane
anesthesia. Briefly, a small incision was made near the scapulae and pumps were inserted
into the subcutaneous space. Rats were monitored for several days following surgery. To
address pain and inflammation animals received carprofen (0.1 mg/kg) prior to surgery,
and 24 h following surgery.

2.5. Procedures
2.5.1. Experiment 1

As previously described [15], following one week of habituation to the colony room,
rats received a 10 min pre-test using the split grid/hole floor to detect initial floor biases.
Rats were then assigned to a pretreatment drug group and drug floor (grid or hole; i.e., the
floor paired with MWD), matched on the basis of initial pre-test preferences.

Figure 1 illustrates the place conditioning procedure used to establish an acute
naloxone-precipitated MWD-induced CPA. As previously described [15], a 3-day con-
ditioning cycle was used. On day 1 of the cycle, the rats were gavaged intragastrically with
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VEH 60 min before receiving an s.c. injection of saline. Ten min later, rats were placed
on the floor opposite to the assigned MWD floor for 20 min. On day 2, 24 h post-VEH
gavage, all rats received a high dose of morphine (20 mg/kg, s.c.) and were placed in an
empty shoebox cage. The rats were monitored for signs of respiratory distress and returned
to their home cage once fully ambulatory. On day 3, 24 h post-morphine, the rats were
gavaged intragastrically with the appropriate pretreatment (n = 12/group: VEH, 5, or
20 mg/kg OlAla) 60 min prior to receiving an s.c. injection of naloxone. Ten min later they
were placed in the assigned MWD paired chamber for 20 min.

Conditioning Phase

Oral Treatment Administration
C
E
o
[(e]
Saline Injection Naloxone Injection
+ +
Conditioning 1 Conditioning 2

Testing Phase

Figure 1. Place conditioning procedure used to establish an acute naloxone precipitated MWD-
induced CPA. On both conditioning days, oral pretreatment was administered 60 minutes prior to
floor pairings. Ten minutes prior to floor pairings, rats were injected with saline (on conditioning
day 1) or naloxone (on conditioning day 2). Importantly, rats received a high dose of morphine
24-h prior to the naloxone challenge on conditioning day 2, and therefore were in a state of acute
withdrawal during floor pairings on this day.

The CPA test occurred 4 days after the naloxone conditioning trial. The rats received
an s.c. injection of saline 10 min prior to placement in the test box with the split grid /hole
floor for 10 min. Ethovision software tracked movement and measured the time spent on
each floor for the duration of the test.

2.5.2. Experiment 2

A total of 48 rats were implanted with osmotic minipumps filled with saline (n = 8) or
heroin (n = 40). On Day 12, with the pumps intact, the rats were gavaged intra-gastrically
with VEH or OlAla (5, 20, 40, or 80 mg/kg; i.p.), 10 min prior to an injection of naloxone
(1 mg/kg; s.c.). Ten min after the final injection, the rats were placed in the somatic
withdrawal observation chambers for 30 min and videotaped for a wide range of behaviors.
The only withdrawal responses displayed by the heroin group HVN compared with SVN
were diarrhea, abdominal contractions, suppressed locomotion and mouthing movements.
The groups (n = 8) included: SVN (saline-VEH-naloxone, i.e., saline control), HVN (heroin-
VEH-naloxone), and rats that received oral OlAla prior to naloxone-precipitated heroin
withdrawal: groups H-OlAla 5 mg/kg-N, H-OlAla 20 mg/kg-N, H-OlAla 40 mg/kg-N,
H-OlAla 80 mg/kg-N.
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2.6. Data Analysis

In Experiment 1, the time (seconds) spent on the saline paired floor and the drug
paired floor was entered into a 3 x 2 mixed factors ANOVA with the between group factor
of pretreatment (VEH, 5, or 20 mg/kg OlAla) and the within group factor of floor (saline,
drug). In Experiment 2, the duration or frequency of somatic withdrawal behaviors as
entered into a one-way ANOVA for each group with subsequent comparisons by Least
Significant Difference (LSD) tests, based on the a priori predicted effects.

3. Results
3.1. Experiment 1

Oral OlAla at the 20 mg/kg, but not the 5 mg/kg, dose blocked the establishment of
a naloxone-precipitated MWD-induced CPA. Figure 2 presents time spent (seconds) on
each floor type during test across drug treatments. The ANOVA revealed a main effect
of floor (F(1, 33) = 3.4; p = 0.016] and a pretreatment x floor interaction [F(2, 33) = 8.5;
p <0.001). Separate paired t-tests revealed that VEH pre-treated (p < 0.025) and 5 mg/kg
OlAla pre-treated (p < 0.01) rats spent less time on the MWD-paired floor than on the
saline paired floor, indicative of a CPA. This CPA was not observed in rats pretreated with
20 mg/kg OlAla (i.e., no difference in time spent between floor types).

400 ~ . SAL
— MWD
300 T
5 X i
o
s T T
g 200 4
"
c
©
[
=
100 A
O T T T
VEH 5 mg/kg OlAla 20 mg/kg OlAla

Pretreatment Condition

Figure 2. Mean (SEM) time (seconds) spent on the saline-paired floor and the MWD-paired floor
across pretreatment groups (VEH, 5 mg/kg OlAla, 20 mg/kg OlAla). As expected, rats in the
oral VEH group exhibited an acute naloxone-precipitated morphine withdrawal induced CPA, as
demonstrated by less time spent on the MWD-paired floor. Administration of 20 mg/kg, but not
5 mg/kg, oral OlAla prevented the establishment of this MWD-induced CPA. ** p < 0.01, * p < 0.05
indicates differences between floor types.

3.2. Experiment 2

Naloxone administration in rats chronically exposed to heroin (Group HVN compared
to Group SVN), produced somatic withdrawal behaviors of diarrhea, abdominal contrac-
tions, suppressed locomotion and mouthing movements, as depicted in Figure 3. Please
note that only the far left-hand group (SVN) did not undergo heroin withdrawal; all other
groups were treated with heroin prior to naloxone. The ANOVAs revealed a significant
effect of group on diarrhea (F(5, 42) = 19.3 p < 0.001), abdominal contractions (F(5, 42) = 9.3;
p < 0.001), active locomotion (F(5, 42) = 7.9; p < 0.001) and mouthing movements (F(5,
42) =12.2; p < 0.001). Following the naloxone challenge, all groups exposed to chronic
heroin displayed more instances of diarrhea, increased abdominal contractions, decreased
locomotor activity and elevated mouthing movements compared to saline exposed rats
(SVN; p’s < 0.001). At a dose of 5 mg/kg, but no other dose, OlAla significantly reduced
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withdrawal induced instances of diarrhea (p < 0.001) and abdominal contractions (p < 0.01)
when compared to VEH treated heroin withdrawal animals (HVN), as indicated by + in
Figure 3.
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Figure 3. Mean (+SEM) number, duration or instances of somatic withdrawal symptoms across
groups (saline-VEH-naloxone (SVN), heroin-VEH-naloxone (HVN), heroin-5 mg/kg OlAla-naloxone
(H-OlAla 5 mg/kg-N), heroin-20 mg/kg OlAla-naloxone (H-OlAla 20 mg-N), heroin-40 mg/kg
OlAla-naloxone (H-OlAla 40 mg-N), and heroin-80 mg/kg OlAla-naloxone (H-OlAla-80 mg-N)). As
expected, rats that received chronic heroin followed by naloxone (group HVN compared with SVN)
exhibited withdrawal responses of diarrhea, abdominal contractions suppressed active locomotion
and mouthing movements. Pretreatment with the lowest dose of oral OlAla prevented withdrawal
induced diarrhea and abdominal contractions. Asterisks (*) represent significant differences from
group SVN (indicating heroin withdrawal responses), crosses (+) represent significant differences
among heroin treated rats from HVN (indicating interference with withdrawal by 5 mg/kg of OlAla.
***p <0.001, ** p < 0.01, * p < 0.05.

4. Discussion

Orally administered OlAla (20 mg/kg) prevented the establishment of an acute
naloxone-precipitated MWD-induced conditioned place aversion (CPA) in rats. In ad-
dition, orally administered OlAla gavaged at the dose of 5 mg/kg, but not at higher doses
tested (20-80 mg/kg), attenuated the somatic withdrawal effects of abdominal contractions
and diarrhea produced by naloxone-precipitated withdrawal following chronic heroin expo-
sure. Both experiments suggest that oral OlAla produces dose-dependent effects on opioid
withdrawal-related responses in male rats.

In rats that received oral vehicle administration prior to acute naloxone-precipitated
MWD place conditioning, a CPA was observed at test, consistent with several previ-
ous reports [15,16]. Importantly, 20 mg/kg oral OlAla blocked the establishment of this
CPA, though the lower 5 mg/kg was ineffective. Previous work demonstrated that in-
traperitoneal injections of OlAla blocked the establishment of acute naloxone-precipitated
MWD-induced CPA when administered at 1 and 5 mg/kg in rats [15]. Thus, when orally
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administered, a higher dose of OlAla is necessary to block this affective withdrawal be-
havior. The establishment of naloxone-precipitated MWD-induced CPA is thought to be
modulated by central activity, including areas of the nucleus accumbens and extended
amygdala [22,23]. Therefore, if OlAla in the brain is necessary for our observed effects, it
is plausible that the low oral dose (5 mg/kg) used in our experiment was insufficient in
reaching the brain regions responsible for producing its effects on CPA-behavior. Given
the central activity of this withdrawal behavior, future studies using intracranial OlAla
delivery should attempt to determine the specific site of OlAla’s action on acute naloxone-
precipitated MWD-induced CPA.

The oral gavage itself did not interfere with learning in the conditioning task, since con-
trols (VEH treated rats) demonstrated avoidance of the MWD-paired floor. The increased
dose requirement necessary for OlAla to be effective at reducing naloxone-precipitated
MWD-induced CPA in rats is likely to be the result of differences in pharmacokinetics
between the two routes of administration; however, the pharmacokinetics of OlAla have
not yet been evaluated in rats. In general, when compared to injectable routes, lipids admin-
istered orally take longer to be absorbed into the bloodstream [24]. To account for this, we
tested oral OlAla 60 min following pretreatment time, rather than the 10 min pretreatment
time used with intraperitoneal injections in previous studies [14,15]. Additionally, first-pass
metabolism is higher in orally administered lipids compared to intraperitoneal injection [24],
therefore a higher dose may have been required for OlAla to reach its appropriate central
site of action to reduce affective withdrawal behavior in our study.

Interestingly, a lower dose (5 mg/kg) of OlAla attenuated chronic somatic heroin
withdrawal responses, while higher doses were ineffective. It appears that the doses
necessary to modify somatic opioid withdrawal by OlAla may fall within a narrow window.
Future experiments are necessary to determine the reason for the observed differences in the
effective OlAla doses required for affective and somatic opioid withdrawal symptoms. One
speculative possibility is that lower doses may act on peripheral gut somatic withdrawal
reactions than are necessary for affective withdrawal reactions, which may require central
activity, but such a distinction has not yet been determined. To support this idea, previous
findings from our laboratory and work with collaborators have determined that naloxone-
precipitated and spontaneous withdrawal from chronic opioids disturbs gut microbiota, and
OlAla pretreatment by injection attenuates some of these disturbances [14]. Additionally,
a high level of PPAR« and CB; receptor expression is found in gut tissue [25], and OlAla
exerts its effects on opioid withdrawal responses via these receptors. The possibility that
OlAla may regulate somatic withdrawal behaviors at the level of the gut would also explain
the tendency for i.p. OlAla [15] and oral OlAla to be effective at similar doses (5 mg/kg).
That is, because the loci of mechanisms that may underlie OlAla’s effects on somatic
withdrawal behaviors may be within the gut, orally administered OlAla could exert its
effects on withdrawal without the need for full absorption into the bloodstream.

Our group has determined that intraperitoneally administered OlAla reduces acute
naloxone-precipitated MWD through the CB; receptor and through PPAR«, consistent with
the ability of OlAla to inhibit FAAH and activate PPAR in vitro [15]. Therefore, oral OlAla
is likely to work through similar mechanisms to reduce opioid withdrawal, though future
work should confirm these assumptions. Importantly, earlier work has not recorded any
adverse side-effect of OlAla pretreatment by itself. In fact, when administered alone, OlAla
treatment has never interfered with any of the withdrawal behaviors of interest [14,15],
and also produces no effect on body temperature, nociception or activity levels in rats [19].
Taken together, these data highlight the therapeutic potential of OlAla. It is important
to note that the therapeutic effects of OlAla and OlGly are not selective to opioids with
demonstrated anti-addiction properties towards several other classes of drugs, including
cocaine [26], nicotine [10], and alcohol [18]. This accumulation of recent evidence in support
of its role in drug addiction underscores the need for additional research probing the ability
of OlAla to combat various aspects of drug intake and withdrawal, with the potential that
this compound may be suitable for clinical populations in the near future.
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These data provide proof of concept support for the effective treatment of opioid
withdrawal behaviors by orally administered OlAla, though must be considered alongside
several limitations. For one, the exclusive use of male rodents is problematic. While limited
studies report sex-based differences, enhanced opioid withdrawal symptoms have been
observed in women [27,28]. Preclinical studies instead support inconsistent sex-based
differences in withdrawal severity, which may relate to differential time courses of peak
withdrawal behaviors between the sexes [29,30]. Therefore, future work should prioritize
the extension of these findings in female animals to increase the generalizability of observed
results. In addition, future work must define the pharmacokinetics of orally administered
OlAla, which is currently unknown, and beyond the scope of this study. Understanding the
distribution of orally-dosed OlAla could help further define the mechanisms underlying
its ability to reduce affective and somatic opioid withdrawal behaviors and explain the
dose-dependent effects observed in this study.

5. Conclusions

These are the first data to suggest that orally administered OlAla is effective at attenu-
ating opioid withdrawal behavior in preclinical models. Overall, these findings expand on
previous research demonstrating the efficacy of intraperitoneal OlAla injections in reducing
affective and somatic opioid withdrawal-related responses in rats [14,15]. The effectiveness
of OlAla in reducing opioid withdrawal-related responses in rats using multiple routes of
administration enhances the translational appeal of this compound for the development of
opioid withdrawal medication in human populations.
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