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Abstract

Opioid abuse and overdose have risen to epidemic proportions in the United States. Oxycodone
is the most abused prescription opioid. Treatments for opioid use disorder (OUD) seek to reduce
vulnerability to relapse by reducing sources of reinforcement to seek drug (i.e., acute drug effects
or drug withdrawal/craving). Accumulating evidence that glutamate release elicits drug-seeking
behaviors has generated interest in pharmacotherapies targeting the glutamate system. Agonists
and positive allosteric modulators of the metabotropic glutamate 2 (mGlu2) receptor decrease
glutamate activity, reducing drug taking and seeking. The present study tested whether the
mGlu2 receptor positive allosteric modulator ADX106772 reduces oxycodone self-administration
and the conditioned reinstatement of oxycodone seeking without affecting behaviors directed
toward a highly palatable non-drug reinforcer (sweetened condensed milk). Male Wistar rats
were trained to self-administer oxycodone (0.15 mg/kg/infusion, i.v.,12 h/day) or sweetened
condensed milk (SCM; diluted 2:1 v/v in H,O, orally, 30 min/day) for 13 days in the presence

of a contextual/discriminative stimulus (SP), and the ability of ADX106772 (0, 0.3, 1, 3 and

-10 mg/kg, s.c.) to decrease self-administration was tested. The rats then underwent extinction
training, during which oxycodone, SCM, and the SP were withheld. After extinction, the ability
of ADX106772 to prevent SP-induced conditioned reinstatement of oxycodone and SCM seeking
was tested. ADX106772 reduced oxycodone self-administration and conditioned reinstatement
without affecting SCM self-administration or conditioned reinstatement. ADX106772 reduced
oxycodone taking and seeking and did not affect the motivation for the palatable conventional
reinforcer, suggesting that activating mGlu2 receptors with a positive allosteric modulator is a
potential approach for prescription OUD treatment.
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INTRODUCTION

Over 75,000 individuals in the United States overdosed on opioids between July 2019 and
2021, with almost 14,000 of these deaths attributed to semi-synthetic opioids like oxycodone
(Ahmad, 2022). Moreover, approximately 10.1 million Americans reported misusing a
prescription opioid in 2019 (USDHHS, 2020). Chronic drug use drives the recruitment of
antireward systems, which contributes to drug withdrawal, enhanced sensitivity to stress,
and pervasive drug seeking despite prolonged abstinence (Koob & Bloom, 1988; Koob &

Le Moal, 1997; Koob, 2020). Understanding the neurobiological mechanisms that drive
negative reinforcement is particularly critical to reduce negative health consequences that are
associated with opioids. Pharmacological interventions may reduce negative reinforcement
by providing relief from a dependence-induced allosteric state among individuals with
substance use disorders (Koob & Le Moal, 1997; Koob, 2020, 2021), allowing them to

make behavioral and environmental changes toward recovery that symptoms of such a state
preclude.

The glutamatergic system has arisen as a potential therapeutic target for the treatment of
substance use disorders. Preclinical evidence suggests that glutamate (Glu) transmission
influences behaviors and symptoms that are commonly associated with addiction
(McFarland & Kalivas, 2001; Kalivas, 2004; Kenny & Markou, 2004; Moran et al., 2005;
Shen et al., 2014; Guo et al., 2009; Kalivas, 2009; Kalivas et al., 2009). Drugs of abuse
elicit the release of Glu (Kalivas et al., 2005), which enhances mesolimbic dopamine release
that is associated with reinforcement processing (Tzschentke, 2001). Glutamate release from
the prefrontal cortex to the nucleus accumbens has been specifically reported to enhance
reinforcing effects of cocaine and the reinstatement of cocaine seeking (Cornish et al., 1999;
Cornish & Kalivas, 2000; Di Ciano & Everitt, 2001; McFarland & Kalivas, 2001; Capriles
et al., 2003; McFarland et al., 2003;). The prefrontal cortex also provides glutamatergic
inputs to the ventral tegmental area and has reciprocal glutamatergic connections with the
thalamus and amygdala; all of these regions are known to be impacted by addiction (Kalivas
& Volkow, 2005). The prefrontal cortex also exhibits an increase in metabolic activity during
drug craving that is elicited by exposure to drug-conditioned stimuli, stress, and drug primes
(Kilts et al., 2001; Wilson et al., 2004; Schacht et al., 2013).

Metabotropic glutamate (mGlu) receptors are a family of G protein-coupled receptors
that are activated by Glu. The mGlu family is composed of eight members (mGlul-8),
which are further divided into three groups: Group I, Group |1, and Group Il (Pin &
Acher, 2002). Group Il includes the mGlu2 receptor, which acts on G;/G, proteins to
inhibit Glu release (Cartmell & Shoepp, 2000; Gass & Olive, 2008), and are expressed in
regions that are associated with addiction (i.e., prefrontal cortex, hippocampus, striatum,
thalamus, and hypothalamus; Moussawi & Kalivas, 2010; Justinova et al., 2015; Yuan et
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al., 2021). Deletion of mGIu2 receptors increases various responses to opioids including
accumbal dopamine release, locomator activity, self-administration behaviors, analgesia, and
withdrawal (Gao et al., 2018). The administration of mGlu2 receptor positive allosteric
modulators (PAM) and agonists can block the acquisition and expression of morphine-
induced conditioned place preference (Baharlouei et al., 2015) and reduce nicotine self-
administration and conditioned reinstatement of nicotine (Justinova et al., 2015; Li et al.,
2016), cocaine (Jin et al., 2010), and alcohol (Augier et al., 2016) seeking. Such actions

of stimulating mGlu2 may influence the motivation for drug by elevating intracranial
self-stimulation thresholds and/or blocking drug-induced reductions of intracranial self-
stimulation thresholds (Jin et al., 2010). Although mGlu2 receptor activation plays a role

in the induction of long-term depression (Cho and Bashir, 2002), repeated nicotine (Liechti
et al., 2007), cocaine (Morishima et al., 2005) and morphine (Qian et al., 2019) use

impair the ability of Group Il mGlu receptors to provide negative glutamatergic feedback.
Lower mGlu2 receptor expression in the infralimbic cortex has been reported with alcohol
dependence in both humans and rats (Meinhardt et al., 2013) and with morphine exposure
in rats (Qian et al., 2019). Likewise, restoring mGlu2 receptor function reduced alcohol
self-administration in alcohol-dependent rats (Meinhardt et al., 2013). Methamphetamine
craving (Caprioli et al., 2015), morphine withdrawal (Zhu & Barr, 2004), and opioid
withdrawal-induced synaptic plasticity (Wu et al., 2012) were shown to be reduced by
mGlu2 receptor agonists. The influence of mGlu2 receptor activation by an agonist or a
PAM on opioid self-administration and the conditioned reinstatement of opioid seeking has
not yet been reported clinically, but significant preclinical evidence suggests that mGlu2
receptors are a promising therapeutic target to reduce both the intake and seeking of various
drug classes and thus may be promising for the treatment of opioid use disorder (OUD).

Neural systems that are involved in processing natural rewards and drugs of abuse overlap,
and neuroplasticity that is caused by drug exposure may be responsible for maladaptive,
compulsive, and addictive behavior (Kelley & Berridge, 2002; Aston-Jones & Harris,

2004; Kalivas & O’Brien, 2008; Wanat et al., 2009). Therefore, when exploring potential
treatments for substance use disorder, it is crucial to identify therapeutic strategies that
selectively reduce the motivation to obtain drug and do not cause nonspecific side effects
that can reduce, for example, the motivation to obtain a nondrug reinforcer (e.g., a food
reward). For example, the pharmacological manipulation of Group Il mGlu receptors
selectively disrupted drug- vs. nondrug-seeking behavior (e.g., Baptista et al., 2004), and
Glu release during the conditioned reinstatement of alcohol and cocaine seeking was

more pronounced than during the reinstatement of nondrug reinforcers (Gass et al., 2011,
McFarland et al., 2003). These findings indicate that targeting Group Il mGlu receptors
could be an effective strategy to treat substance use disorders. Likewise, mGlu2 receptor
PAMs that reduced the self-administration and conditioned reinstatement of nicotine
(AZD8529; Justinova et al., 2015), cocaine (BINA,; Jin et al., 2010), and alcohol (AZD8529;
Augier et al., 2016) had less of an effect on food-seeking behavior (Jin et al., 2010;
Justinova et al., 2015; Augier et al., 2016). Additionally, although the restoration of

mGlu2 receptor expression in the infralimbic cortex in alcohol-dependent rats reduced the
conditioned reinstatement of alcohol seeking, the reinstatement of seeking a highly palatable
conventional reinforcer (i.e., sweetened condensed milk [SCM]) was relatively unaltered
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(Meinhardt et al., 2013). Collectively, the literature suggests that reducing Glu release via
mGlu2 receptor activation can selectively reduce drug-directed behavior.

Therefore, to determine whether mGlu2 receptor activation selectively interferes with drug
reinforcement, the present study investigated the effects of ADX106772, a selective mGlu2
receptor PAM (described as compound 27 in Cid et al., 2016), on oxycodone vs. SCM self-
administration. A secondary objective of the present study was to expand our understanding
of the role of mGlu2 receptors in addiction-relevant conditioned effects of oxycodone and
the potential to target this receptor as an approach to prevent relapse. To establish whether
mGlu2 receptor activation preferentially modifies drug-directed behavior and exerts general
suppressant effects on motivated behavior, the effects of ADX106772 on responding that
was induced by stimuli that were conditioned to SCM were also tested.

MATERIALS AND METHODS

Animals

Drugs

Male Wistar rats (1= 32; Charles River, Wilmington, MA, USA), weighing 150-175 g upon
arrival, were housed two per cage in a temperature- and humidity-controlled vivarium on a
reverse 12 h/12 h light/dark cycle with ad /ibitum access to food and water throughout the
experiments. All procedures were performed during the rats’ active (dark) phase and were
conducted in strict adherence to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of The Scripps Research Institute.

ADX106772 (Addex Therapeutics, Geneva, Switzerland) was dissolved in a 40%
hydroxypropyl-p-cyclodextrin (HPbCD; Sigma, St. Louis, MO, USA) solution on a heated
plate (~70°C), and the pH was adjusted to 4. Sterile water was added so that the dosing
solution had a final concentration of 20% HPbCD. The solution was administered at doses
of 0, 0.3, 1, 3, and 10 mg/kg (s.c.) 30 min before testing. Oxycodone hydrochloride
(Spectrum Chemicals, St. Louis, MO, USA) for intravenous (i.v.) administration was
dissolved in 0.9% sodium chloride (Hospira, Lake Forest, IL, USA) and administered at

a dose of 0.15 mg/kg/0.1 ml (Wade et al., 2015; Matzeu & Martin-Fardon, 2020). Sweetened
condensed milk (Nestlé, Solon, OH, USA) was diluted 2:1 (v/v) in water and delivered in a
0.1 ml volume (e.g., Martin-Fardon et al., 2009; Matzeu et al., 2018).

Experimental procedure

The timeline of the procedures for the oxycodone and SCM groups is presented in Fig.

1A and B, respectively. Rats in the oxycodone group (/7= 16) were surgically implanted
with jugular catheters under general anesthesia (isoflurane, 5% for induction, 1-3% for
maintenance). Catheters were made by attaching Micro-Renathane tubing (0.037 diameter;
Braintree Scientific, Braintree, MA, USA) to a guide cannula (Plastics One, Roanoke, VA,
USA) that was anchored to a 2 cm circular mesh, all secured with dental acrylic cement.
As previously described (Caine & Koob, 1993), the tubing was aseptically inserted and
secured in the right jugular vein. The catheter port was placed within a small incision on
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the back and closed with a small plastic cap and metal cover cap to keep the inside of

the catheter clean and protected. Rats in the oxycodone group were allowed 7-10 days

to recover from surgery before self-administration training. Rats in the SCM group did

not undergo surgery. Catheter patency was maintained with 15 unit/0.05ml heparin flushes
immediately prior to and following self-administration sessions and was confirmed weekly
(unless otherwise needed) with an injection of 0.1-0.2 ml of Brevital sodium solution (10
mg/ml; Par Pharmaceutical, Woodcliff Lake, NJ, USA). Catheter patency was assumed if the
immediate loss of reflexes was observed.

Oxycodone self-administration training occurred in daily 12 h (extended access) sessions,

5 days/week (Monday to Friday), interspersed by 48 h withdrawal periods (Saturday and
Sunday) when rats remained in their home cage (Matzeu & Martin-Fardon, 2020). Self-
administration training for SCM occurred in daily 30 min sessions to prevent satiation

by excessive SCM ingestion. All operant sessions were initiated by the extension of two
retractable levers into the operant chamber (29 cm x 24 cm x 19.5 cm, Med Associates, St.
Albans, VT, USA), and the commencement of the contextual/discriminative stimulus (SP;
constant 70 dB white noise) signaled self-administration sessions. Responses on the right
“active” lever were reinforced on a fixed-ratio 1 schedule by the infusion of oxycodone (0.15
mg/0.1 ml/infusion, i.v.) over 4 s or delivery of 0.1 ml SCM (diluted 2:1 v/v) through a
drinking receptacle. All oxycodone or SCM reinforcers were followed by a 20-s timeout
(TO20s) period and paired with the illumination of a cue light above the active lever
throughout the timeout period. Responses on the left “inactive” lever were recorded but had
no scheduled consequences.

Oxycodone withdrawal signs (i.e., jumps, paw tremors, teeth chattering, wet dog shakes,
piloerection, and ptosis; Wei et al., 1973; Schulteis et al., 1999; Rehni et al., 2013; Matzeu
& Martin-Fardon, 2020) were scored once per week, 1 h before the training session (before
self-administration sessions 4, 9, 14, and 19 and the first extinction session [EXT 1]),
corresponding to an 11-h abstinence period. Each withdrawal measure was assigned a score
of 0-2, based on the following severity scale: 0 = no sign, 1 = moderate, 2 = severe. The
sum of the six observation scores was used as a quantitative measure of withdrawal severity
to verify the development of oxycodone dependence. Once the rats acquired oxycodone or
SCM self-administration and oxycodone dependence was verified, the effect of ADX106772
(0,0.3, 1, 3, and 10 mg/kg, s.c.) on oxycodone and SCM self-administration was tested. The
rats were administered ADX106772 30 min before the initiation of oxycodone and SCM
self-administration in a within-subjects Latin-square design every other day (sessions 12, 14,
16, 18, and 20) to control for possible order effects of ADX106772 dosing. On alternate
days (sessions 13, 15, 17, 19, and 21), the rats underwent regular self-administration
sessions to control for possible carryover effects of ADX106772 (Fig. 1A, B).

After testing effects of ADX106772 on oxycodone and SCM self-administration, extinction
and reinstatement session length was held constant at 2 hours in order to be comparable
across reinforcers. Therefore, for both the oxycodone and SCM groups, the rats’ behavior
was extinguished in daily 2-h extinction sessions, during which responses on the previously
active lever had no programmed consequences (i.e., no oxycodone, no SCM, and no cue
presentation) for 13 sessions. After the last extinction session, all rats were presented
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with a neutral stimulus (SN) in a 2-h session to control for specificity of the SP to

reinstate extinguished oxycodone or SCM seeking (Fig. 1A, B). During the SN session,

the illumination of a 2.8 W house light at the top of the chamber’s front panel served in
place of the SP. Responding on the right active lever was followed by a 70 dB (70 kHz)
intermittent beeping tone, during which the lever remained inactive for 20 s. After the SN
session, the rats were returned to their regular home cages. Two days after SN testing, the
rats in the oxycodone group were administered ADX106772 (0, 0.3, 1, 3, and 10 mg/kg, s.c.)
30 min before being presented with the SP. Tests of the reinstatement of oxycodone seeking
were conducted every third day (with 2 days off) for a total of five reinstatement tests

(Fig. 1A), allowing ADX106772 doses to be tested in a within-subjects Latin-square design.
The conditioned reinstatement of SCM seeking was tested only once with 0 or 10 mg/kg
ADX106772 (Fig. 1B) in a between-subjects design because behavior that is controlled by
stimuli that are associated with conventional rewards (i.e., SP) has been shown to extinguish
rapidly in the absence of primary reinforcement (Martin-Fardon & Weiss, 2017).

Statistical analysis

RESULTS

Statistical analyses were conducted separately in the oxycodone and SCM groups. The
acquisition of oxycodone self-administration was analyzed using a two-way repeated-
measures analysis of variance (RMANOVA), with session and lever (active vs. inactive)

as factors. Withdrawal scores were analyzed using the nonparametric Friedman test.
Nonparametric Spearman correlations were used to establish linear dependence between
withdrawal scores and the number of oxycodone infusions that were earned in sessions

3, 8,13, 18, and 21. The effects of ADX106772 on oxycodone self-administration and
conditioned reinstatement were analyzed using two-way RMANOVAS, with dose or session
(extinction, SN, and SP for conditioned reinstatement) and lever as factors. A one-way
ANOVA was conducted to ensure that conditioned reinstatement of oxycodone-seeking
under the vehicle condition (0 mg/kg ADX106772) was not influenced by the session
during which testing occurred. Subsequent interrogation of the time course of ADX106772’s
effects on self-administration and conditioned reinstatement were analyzed using two-way
RMANOVAs, with time and dose as within-subjects factors. Similar to the acquisition

of oxycodone self-administration, SCM self-administration was analyzed using two-way
RMANOVAs, with session and lever as factors. The effect of ADX106772 on SCM self-
administration was analyzed using two-way RMANOVAs, with dose or session and lever as
factors. Finally, the time course of effects of ADX106772 on SCM self-administration and
conditioned reinstatement was analyzed using two-way RMANOVAsS, with time and dose as
factors. Significant effects were followed up by Bonferroni or Dunnett multiplecomparison
post hoc tests. The results are expressed as the mean £ SEM. The statistical analyses

were performed using GraphPad Prism 9.3.1 software. Values of p < 0.05 were considered
statistically significant.

Effect of ADX106772 on oxycodone self-administration and conditioned reinstatement

All 16 rats assigned to the oxycodone group completed all testing procedures and are
represented throughout these data. Rats acquired oxycodone self-administration over the 11
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sessions of training (Fig. 2A), reflected by a significant increase in the number of responses
on the active lever vs. session 1 by session 6 (p < 0.01, Bonferroni post hoc test following
two-way RMANOVA, session: Fis5 2p5 = 7.87, p< 0.0001; lever: A 15 = 26.89, p=0.0001,
session x lever: Fi5 205 = 11.91, p< 0.0001). The number of responses on the inactive lever
did not change significantly across training (o > 0.05, Bonferroni post hoc test following
two-way RMANOVA). The number of responses on the active lever remained elevated in
sessions 13, 15, 17, 19, and 21 after ADX106772 testing (i.e., sessions 12, 14, 16, 18, and
20; p<0.0001, vs. session 1, Bonferroni post hoc test following two-way RMANOVA,; Fig.
2A). Somatic signs of oxycodone withdrawal were significantly more pronounced by session
14 of oxycodone self-administration (p=0.0174, vs. session 4, Dunn’s test following
Friedman test: 46.16, p< 0.0001; Fig. 2B). The number of infusions during oxycodone
self-administration sessions significantly correlated with somatic signs of withdrawal that
were measured at 11 h of abstinence (Spearman £ = 0.3471, p= 0.0016; Fig. 2C).

ADX106772 (1-10 mg/kg) reduced oxycodone self-administration (o< 0.0001, vs. 0 mg/kg
ADX106772, Bonferroni post hoc test following two-way RMANOVA, session: £ g0 =
8.40, p<0.0001; lever: F 15 = 27.54, p< 0.0001, session x lever: /4 g = 8.15, p<

0.0001; Fig. 3A) without modifying responses on the inactive lever (p> 0.05, vs. 0 mg/kg).
Further scrutiny of the cumulative number of responses during the 12 h of oxycodone self-
administration (Fig. 3B) showed that the decrease in oxycodone self-administration occurred
sooner when the dose of ADX106772 was increased. At 3 and 10 mg/kg ADX106772,

the cumulative number of oxycodone infusions began to significantly decrease 2 h after
initiation of the self-administration session (p < 0.05, vs. 0 mg/kg ADX106772, Dunnett’s
post hoc test following two-way RMANOVA, time: F11 165 = 54.73, p< 0.0001; dose: F4 69
=9.85, p<0.0001; time x dose: F44,660 = 8.73, p< 0.0001). At 1 mg/kg ADX106772, the
reduction was observed 3 h after initiation of the self-administration session (p< 0.05, vs. 0
mg/kg ADX106772).

At the end of the 13 sessions of extinction training, the rats reached an average of 9.88

+ 1.21 responses on the active lever. Following extinction training, presentation of the

SD elicited the reinstatement of oxycodone seeking (p < 0.0001, 0 mg/kg vs. EXT13,
Bonferroni post hoc test following two-way RMANOVA, session: £ g9 = 4.78, p= 0.0003;
lever: A 15 = 43.82, p< 0.0001; session x lever: Fg g9 = 6.68, p< 0.0001; Fig. 4A)

and reinstatement was not affected by multiple presentations of the SP during which 0
mag/kg (i.e., ADX106772 vehicle solution) was tested (one-way ANOVA, session: £4 11 =
0.2786, p=0.8857). The total number of active and inactive lever responses at the end of
the 2-h conditioned reinstatement sessions was not significantly reduced by ADX106772
administration (p < 0.05, vs. EXT13; Fig. 4A). However, scrutiny of the time course of
responses revealed that ADX106772 time-dependently reduced the cumulative number of
responses (p < 0.05, vs. 0 mg/kg, Dunnett’s post hoc test following two-way RMANOVA,
time: A3 345 = 32.90, p< 0.0001; dose: F4 60 = 2.99, p= 0.0256; time x dose: F9 1380
=2.13, p<0.0001). At 1 mg/kg ADX106772, the cumulative number of active lever
responses began to significantly decrease 15 min after initiation of the reinstatement session
and lasted for the remainder of the session (p < 0.05, vs. 0 mg/kg; Fig. 4B). At 3 and 10
mg/kg ADX106772, the reduction was observed starting at 30 and 35 min, respectively, after
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initiation of the reinstatement sessions and lasted for the remainder of the session (p < 0.05,
vs. 0 mg.kg).

Effect of ADX106772 on SCM self-administration and conditioned reinstatement

All 16 rats assigned to the SCM group completed all testing procedures and are represented
throughout these data. Rats acquired SCM self-administration by session 2 of training (p
<0.01, vs. session 1, Bonferroni post hoc test following two-way RMANOVA, session:
Fi5295 = 29.46, p< 0.0001; lever: £ 15 = 373.20, p< 0.0001; session x lever: Fig 150 =
72.20, p<0.0001; Fig. 5A), reflected by a significant increase in the number of active lever
responses across training sessions. The number of responses on the inactive lever did not
change significantly across training (p > 0.05, Bonferroni post hoc test following two-way
RMANOVA).

In contrast to results of oxycodone self-administration, ADX106772 did not affect overall
SCM self-administration (p> 0.05, vs. 0 mg/kg ADX106772, Bonferroni post hoc test
following two-way RMANOVA, session: F4 g0 = 1.75, p=0.1512; lever: Fy 15 = 249.60,
©p<0.0001; session x lever: /4 g9 = 0.97, p= 0.4266; Fig. 5B). Responses on the inactive
lever were also not influenced by ADX106772 administration (p> 0.05, vs. 0 mg/kg
ADX106772, Bonferroni post hoc test following two-way RMANOVA). Further scrutiny
of the cumulative number of responses during the 30-min SCM self-administration session
(Fig. 5C) confirmed that ADX106772 did not significantly affect SCM self-administration
(two-way RMANOVA, time: £ 75 = 1300, p< 0.0001; dose: A4 g0 = 1.54, p=0.1987; time
x dose: Fyg300 = 0.78, p=0.7399).

At the end of the 13 sessions of extinction training, the rats reached an average of 9.75

+ 1.59 responses on the active lever. Presentation of the SP elicited the reinstatement of
SCM seeking (p< 0.0001, 0 mg/kg vs. EXT13, Bonferroni post hoc test following two-way
RMANOVA, session: F3 44 = 29.18, p< 0.0001; lever: £ 44 = 85.84, p < 0.0001; session

x lever: F3 44 = 20.27, p< 0.0001; Fig. 6A), but the overall conditioned reinstatement

of SCM seeking was unaffected by 10 mg/kg (p < 0.0001, vs. EXT13; p< 0.0001, vs.

0 mg/kg, Bonferroni post hoc test following two-way RMANOVA; Fig. 6A). Responses

on the inactive lever did not change with reinstatement or ADX106772 administration
(p>0.05, all inactive lever pairwise comparisons, Bonferroni post hoc test following two-
way RMANOVA). Scrutiny of the cumulative number of responses during the 2-h SCM
conditioned reinstatement session (Fig. 6B) indicated no significant effects of 10 mg/kg
ADX106772 (two-way RMANOVA, time: F)3 302 = 13.58, p< 0.0001; dose: £ 14 = 1.18,
p=0.2967; time x dose: 3322 = 0.93, p=0.9310). Even though there was no significant
effect of 10 mg/kg ADX106772 on the cumulative number of responses observed during the
2-h SCM conditioned reinstatement session, a modest decrease was noted during the first 30
minutes (matching the length of the self-administration training) of the session. However, a
separate statistical analysis of this 30-min period still did not reveal any significant effect of
ADX106772 on reinstatement of SCM seeking (two-way RMANOVA, time: f 79 = 13.56, p
<0.0001; dose: £ 14 = 4.175, p=0.0603; time x dose: f5 79 = 0.1453, p= 0.9808; Fig. 6B).
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DISCUSSION

The present study confirmed earlier findings (Wade et al., 2015; Nguyen et al., 2019;
Blackwood et al., 2019; Matzeu & Martin-Fardon, 2020; Kimbrough et al., 2020), in
which rats with 12-h access readily acquired oxycodone self-administration and exhibited
significant signs of dependence. The present study tested whether ADX106772, an mGlu2
receptor PAM, reduces oxycodone self-administration and the conditioned reinstatement of
oxycodone seeking without affecting behaviors that are directed toward SCM. The data
showed that ADX106772 decreased oxycodone intake and reduced oxycodone-seeking
behavior that was induced by oxycodone-related contextual stimuli but had no effect on
either the consumption of a palatable conventional reinforcer (SCM) or responding that
was elicited by a stimulus that was conditioned to it. These observations suggest that the
pharmacological activation of mGlu2 receptors may be a good approach to treat prescription
OUD without producing nonspecific side effects.

Previous studies reported that the acute administration of other compounds that increase
mGlu2 activity reduced the intake and seeking of nicotine in monkeys (Justinova et al.,
2015) and rats (L.i et al., 2016), cocaine in rats (Jin et al., 2010), and alcohol in rats (Augier
et al., 2016). The present study was the first to demonstrate such effects of an mGlu2
receptor PAM on oxycodone intake and seeking. Faster onset of action of ADX106772

on oxycodone self-administration was observed with increasing doses of ADX106772.

For example, 10 mg/kg ADX106772 reduced oxycodone self-administration within 2.5

h after s.c. administration, and self-administration remained lowered throughout the 12-

h self-administration session. This time course was similar to findings with BINA, an
alternative mGlu2 receptor PAM (Jin et al., 2010), showing that systemic administration
(20-40 mg/kg, i.p.) in rats significantly decreased cocaine self-administration within the
first 2 h post-treatment, and responding remained lowered when examining the entire 6

h self-administration session. The time course of effects of mGlu2 receptor PAMs on the
conditioned reinstatement of drug seeking was also similar to self-administration. Thirty-
five minutes after the administration of ADX106772 (1-10 m/kg), the reinstatement of
oxycodone-seeking behavior decreased in a 2 h session. Likewise, BINA (10-40 mg/kg)
was reported to significantly reduce cocaine-seeking behavior in a 1-h session that was
initiated 1 h post-treatment (Jin et al., 2010). Notably, the effectiveness of mGlu2 receptor
PAMs in reducing the conditioned reinstatement of drug-seeking behavior has been reported
following 8 days (Jin et al., 2010), 14 days (present study), and 30 days (Augier et al., 2016)
of abstinence, suggesting that these compounds remain effective long after drug intake has
terminated. Collectively, these findings indicate that targeting the Glu system, particularly
mGlu2 receptors, can influence the intake and seeking of various classes of drugs throughout
the cycle of drug dependence, without affecting a normal motivated behavior.

ADX106772 selectively reduced oxycodone- vs. nondrug-seeking behavior, adding to the
existing literature that shows that mGlu2 receptor PAMSs can be used to prevent the
reinstatement of drug-seeking behavior (nicotine: Justinova et al., 2015; Li et al., 2016;
cocaine: Jin et al., 2010; alcohol: Augier et al., 2016). However, chronic or repeated
treatment with mGlu receptor PAMs may be required to effectively manage OUD because
this condition is characterized by drug craving that persists despite drug abstinence (Koob,
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2021). Furthermore, the influence of higher and repeated doses of ADX106772 on non-drug
seeking and other off-target behaviors should be evaluated. For example, chronic treatment
with AZD8418 and AZD8529 (i.e., other mGlu2 receptor PAMS) in rats reduced food
self-administration (Li et al., 2016). However, tolerance to reductions of food but not

drug self-administration developed after day 6 of AZD8529 treatment, suggesting that the
beneficial effect of reducing drug self-administration may outlast some off-target effects

on other consummatory behaviors (Li et al., 2016). In the present study, the highest dose

of ADX106772 tested (10 mg/kg, s.c.) did not significantly alter responses on the inactive
lever, consistent with a previous study that found that distance travelled was not significantly
influenced in the 30 min after a higher (20 mg/kg, s.c.) dose of acute ADZ8529 in rats
(Augier et al., 2016). Nevertheless, in addition to excluding off-target side effects of chronic
ADX106772 treatment, future studies should assess effects of chronic ADX106772 to
identify the most effective dosing regimen to promote lasting drug abstinence.

A limitation of the present study was that it was conducted only with male rats. Future
studies should test whether the present findings can be replicated in females and other
populations that are vulnerable to drug dependence, such as adolescents. Indeed, an earlier
study reported that female rats exhibited significantly higher Glu levels in the nucleus
accumbens in response to morphine injections (7 mg/kg, s.c.) compared with male rats
(Mousavi et al., 2007), suggesting greater sensitivity of the Glu system to the effects

of opioids in females. Behaviorally, males exhibited significantly greater acute morphine-
induced antinociception than females, but females developed tolerance to these effects
sooner than males (Mousavi et al., 2007). Tolerance to antinociceptive effects of morphine
in female rats was accompanied by an increase in Glu release in the nucleus accumbens 20
min after a morphine injection, an effect that was not observed in males (Mousavi et al.,
2007). These results indicate that sex influences Glu release and behavioral responses to
morphine. Future studies should investigate whether effects of ADX106772 on oxycodone
taking and seeking can be generalized to females. Finally, the exact mechanisms underlying
ADX106772 effects on oxycodone self-administration and conditioned reinstatement are
not currently clear. It is known that acute morphine can suppress Glu-evoked neuronal
responses (e.g., Coutinho-Neito et al., 1980; Martin et al., 1999; Hao et al., 2005), but
repeated (= 7 days treatment) morphine exposure can result in tolerance to this effect, which
can eventually result in a significant increased neuronal sensitivity to Glu (e.g., Satoh et
al., 1976; Fry et al., 1980; Haberny & Young, 1994). Moreover, morphine withdrawal is
characterized by overflow of Glu (Sepulveda et al., 2004) and reduced mGlu2-dependent
long-term depression (Robbe et al., 2002) in regions such as the nucleus accumbens.
Therefore, mGlu2 PAMs may possibly reduce oxycodone taking and seeking by reducing
the overall effect of chronic oxycodone and withdrawal on Glu release (for review see
Gass & Olive, 2008). This warrants further investigation on the mechanism of action of
ADX106772 to fully explain the effects observed here on oxycodone taking and seeking.

In conclusion, the present results add to the existing literature that shows that targeting
mGlu2 receptors can selectively influence the intake and seeking of various drugs (e.g.,
nicotine, cocaine, alcohol, and oxycodone) over motivated behavior toward a nondrug
reward. Effects of acute ADX106772 treatment on drug intake and seeking were observed
within 1-2 h of administration and lasted at least 12 h after administration. Future studies
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should assess the effectiveness of acute vs. chronic ADX106772 treatment in reducing drug
intake and seeking without increasing the risk of negative side effects. The present findings
indicate that enhancing mGIlu2 receptor activity by positive allosteric modulation may be
promising treatment option for reducing excessive drug use and relapse.
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. ADX106772, an mGlu2 receptor PAM, reduced intake and seeking of
oxycodone.

. ADX106772 did not affect intake or seeking of sweetened condensed milk.

. Positive modulation of mGlu2 receptors could treat prescription opioid use
disorder.

Neuropharmacology. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

lllenberger et al.

Page 17

Self-administration training with S° Extinction training Sl so sP 5P 5o S0
I O I 1 T IO I I |
I . rrrrrrrrrta ) LI | |
11 sessions L 13 sessions Test Test Test Test Test
ADX106772 ADX106772
(0, 0.3, 1, 3, or 10 mg/kg; s.c.) (0,0.3, 1, 3, or 10 mg/kg; s.c.)
Self-administration training with S° Extinction training SN S0
LLiiiiiill ||
I P ERERERERE = T
Test Test Test Test Test sessions e
ADX106772 ADX106772
(0,0.3, 1, 3, or 10 mg/kg; s.c.) (0 or 10 mg/kg; s.c.)
Figure 1.

Timeline of experimental procedures.
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(A) Oxycodone self-administration over the 21 sessions (12 h/day; Bonferroni: **p <
0.001, vs. session 1). (B) Somatic withdrawal symptoms across self-administration sessions
(Dunn’s: *p< 0.05, ***p< 0.001, vs. session 4). (C) Correlation plot between the somatic

withdrawal scores and the number of oxycodone infusions.
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(A) Effect of ADX106772 on oxycodone self-administration (Bonferroni: ****p < 0.0001,
active lever responses vs. 0 mg/kg active lever responses). (B) Time course of effects of
ADX106772 on oxycodone self-administration (Dunnett’s: *p < 0.05, vs. 0 mg/kg).
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(A) Effect of ADX106772 on conditioned reinstatement of oxycodone seeking (Bonferroni:
*p<0.05, **p<0.01, ****p< 0.0001, active lever responses vs. EXT13). (B) Time

course of effects of ADX106772 on the conditioned reinstatement of oxycodone seeking
(Dunnett’s: *p < 0.05, vs. 0 mg/kg ADX106772).
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(A) Sweetened condensed milk self-administration over 21 sessions (30 min/day;
Bonferroni: **p < 0.01, vs. session 1). (B) Effect of ADX106772 on SCM self-
administration. (C) Time course of effects of ADX106772 on SCM self-administration.
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(A) Effect of ADX106772 on conditioned reinstatement of SCM seeking (Bonferroni:
****1n<0.0001, vs. EXT13). (B) Time course of effects of ADX106772 on conditioned
reinstatement of SCM seeking.
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