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Recent studies suggest that dopamine D3 receptors (D3R) may be a therapeutic target for opioid use disorders (OUD). This study
examined the effects of the D3R partial agonist (+)VK4-40 and the D3R-selective antagonist (+)VK4-116, compared to the mu-opioid
receptor antagonist naltrexone (NTX), in nonhuman primate models of OUD and antinociception. Adult male and female (N = 4/
sex) cynomolgus monkeys were trained to self-administer oxycodone (0.003-0.1 mg/kg/injection) first under a fixed-ratio (FR) and
then a progressive-ratio (PR) schedule of reinforcement during daily 1- and 4-hr sessions, respectively. Under the FR schedule,
intravenous NTX (0.01-0.1 mg/kg), (+)VK4-116 (1.0-10 mg/kg), and (+)VK4-40 (1.0-10 mg/kg) were studied in combination with the
peak oxycodone dose and a dose on the descending limb of the dose-effect curve; NTX and (+)VK4-40 were also studied at the
peak of the PR dose-response curve (N = 4). Following saline extinction, each compound was examined on oxycodone-induced
reinstatement. Finally, these compounds were assessed in adult male rhesus monkeys (N = 3) in a warm-water (38 °C, 50 °C, 54 °C)
tail withdrawal assay. NTX decreased responding on the peak of the FR oxycodone dose-response curve, but increased responding
on the descending limb. (+)VK4-40, but not (+)VK4-116, significantly decreased peak oxycodone self-administration; (+)VK4-40 did
not increase responding on the descending limb. NTX and (£)VK4-40, but not (+)VK4-116, attenuated oxycodone-induced
reinstatement. Under PR responding, NTX and (+)VK4-40 decreased breakpoints. Oxycodone-induced antinociception was
attenuated by NTX, but not by (+)VK4-40 or (+)VK4-116. Together, these results suggest that further research evaluating the effects
of (+)VK4-40 as a novel pharmacotherapy for OUD is warranted.

Neuropsychopharmacology (2023) 48:1716-1723; https://doi.org/10.1038/s41386-023-01590-8

INTRODUCTION

The prevalence of substance use disorders (SUDs) in the United
States has become a national problem; the estimated cost of SUDs
in the United States is more than $800 billion a year due to loss of
workplace productivity, health care costs, and criminal justice
expenses [1, 2]. In 2020, nearly 92,000 people in the U.S. died from
drug-involved overdoses and 75% of these overdose deaths
(~69,000) involved opioids [3, 4]. Moreover, this figure continues
to increase and in 2021 75,000 people died from opioid overdoses
[5]. The initial increase in opioid misuse and overdose-related
deaths was primarily caused by a high rate of opioid prescriptions
for the treatment of pain by medical practitioners [6]. Despite the
prevalence of opioid misuse, there are only three FDA-approved
medications for OUD, and these include naltrexone, methadone,
and buprenorphine [7]. One goal identified by the National
Institute on Drug Abuse is to identify abuse deterrents — drugs
that can decrease the addictive liability of opioids, without
affecting opioid-induced analgesia [7]. Most drugs of abuse,
including opioids, alter dopamine (DA) concentrations and recent
studies have identified the DA D3 receptor (D3R) as a potential

therapeutic target for substance use disorders, including OUD [8];
for reviews, see [9] and [10].

While drugs that bind to D3R have shown some promise in
animal studies, translating these effects to humans has proven
difficult due to either the lack of appropriate ADME (absorption,
distribution, metabolism, and excretion) or predicted cardiotoxi-
city, notably when administered in combination with cocaine
[11, 12]. Efforts to develop a new generation of D3R compounds
that are devoid of these undesirable attributes have led to the
discovery of the highly selective D3R antagonist (+)VK4-116
(D3R Ki = 6.8 nM; D2R Ki = 11,400 nM) and the D3R partial agonist
(£)VK4-40 (D3R Ki=0.36 nM; D2R Ki= 151 nM) ([13]). (+)VK4-116
has high metabolic stability in mouse microsomes and has been
shown to block the acquisition of oxycodone-induced locomotor
sensitization in mice and dose-dependently attenuate oxycodone-
induced conditioned-place preference (CPP) in rats [13]. In another
study, pretreatment with (+)VK4-116 dose-dependently decreased
oxycodone self-administration and reduced withdrawal-induced
hyperalgesia in opioid-dependent rats [14]. Recent studies with
the D3R antagonist R-VK4-40 [15] reported dose-dependent
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decreases in oxycodone breakpoints in rats responding under a
progressive-ratio (PR) schedule of reinforcement, without affecting
opioid-induced antinociceptive or locomotor effects in rats [15].
Nevertheless, behavioral investigation conducted on the D3R
partial agonist (+)VK4-40 has been limited to two studies in rodent
models of cocaine use disorder [16, 17]. These promising results in
rodent studies (see also [18]) warrant further research on the
effect of these D3R-selective compounds with varying selectivity
and efficacy at D3R/D2R, in nonhuman primate models of
oxycodone self-administration.

The primary goal of the present study was to compare (+)VK4-
116 and (+)VK4-40 to the opioid receptor antagonist naltrexone, in
non-physically dependent monkeys self-administering the opioid
agonist oxycodone. In one experiment, oxycodone was available
under a fixed-ratio (FR) schedule of reinforcement and both D3R
compounds were tested at two parts of the oxycodone dose-
response curve. The effects of (+)VK4-40 were also examined in
the same monkeys responding under a PR schedule of reinforce-
ment. The use of both schedules of reinforcement allowed for the
comparison of D3R compounds on the reinforcing effects of
oxycodone (under the FR schedule) and the reinforcing strength
of oxycodone (under the PR schedule). In addition to studying
oxycodone self-administration, relapse to drug use during
abstinence is especially high in patients with OUD [19]. However,
little research has specifically characterized oxycodone relapse
[20]. Thus, a second goal of this study was to examine both (+)
VK4-116 and (+)VK4-40 on oxycodone-induced reinstatement.
Finally, as stated above [7], the efficacy of a treatment for OUD
would ideally not affect the antinociceptive effects of the opioid.
Thus, a final study was conducted in monkeys to examine the
effects of both D3R compounds on oxycodone-induced anti-
nociception using a tail-withdrawal assay.

The present study was also designed to detect sex differences
in the behavioral effects of these D3R compounds in an animal
model of OUD. While there are significant differences between
men and women in every stage of the addiction cycle [21-23], it is
also clear that the experimental conditions can yield potentially
different outcomes and interpretations. In preclinical studies, it has
been found that female rats self-administered opioids at higher
response rates and greater intakes compared with male rats when
responding under an FR schedule of reinforcement [24, 25].
Similarly, when the schedule of reinforcement was a PR schedule,
these same investigators reported that female rats had higher
breakpoints compared with male rats. However, Townsend et al.
(2019) extended the study of sex differences in opioid self-
administration to a concurrent choice schedule of fentanyl vs.
diluted Ensure and found that male rats chose 3.2 pg/kg/injection
fentanyl over 18% Ensure at a higher percentage than female rats
[25]. Consistent with this finding, Comer et al. (2010) reported in
human subjects that the analgesic effects of morphine were not
different in women and men, but men showed greater positive
subjective effects and women reported greater negative effects
after morphine administration [26]. Very few preclinical studies
have addressed sex differences in treatment interventions. For the
present self-administration and reinstatement studies, the effects
of both the D3R-selective antagonist ((+)VK4-116) and the D3R
partial agonist ((£)VK4-40), as well as the mu opioid receptor
antagonist naltrexone, were studied in male and female cyno-
molgus monkeys.

MATERIALS AND METHODS

Subjects

For the FR self-administration study (Experiment 1), eight adult cynomolgus
macaques (Macaca fascicularis) (n = 4/sex) served as subjects. One male
monkey was experimentally naive at the start of this study (M-8261), three
males (M-7903, M-7962, M-8103) had a history of cocaine self-administration
and pretreatments with cannabinoids (unpublished studies); two females
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(F-7438, F-7579) had a brief history of acute drug pretreatments on food-
maintained responding (unpublished) and two females (F-7453, F-7440)
had a history of cocaine self-administration. All females were drug-free
for 2.5 years before the start of this study. For the reinstatement
study (Experiment 2), six macaques from Experiment 1 served as subjects
(n = 3/sex) and for the PR study (Experiment 3), four cynomolgus macaques
from Experiments 1 and 2 served as subjects. This included one female
(F-7440) and three males (M-7962, M-7903, M-8103). In all experiments, the
number of monkeys used was based on availability, with a minimum of four
animals.

Monkeys in all three self-administration experiments were pair-housed
in same-sex groups, in a temperature- and humidity-controlled room
maintained on a 14-h light/10-hour dark cycle (lights on between 6:00 AM
and 8:00 PM) in stainless-steel cages with ad libitum access to water.
Monkeys were weighed weekly and fed enough food daily (Purina LabDiet
5045, St Louis, MO, USA and fresh fruit and vegetables) to maintain a
healthy body weight and appearance as determined by daily inspection
and periodic veterinary examinations. Environmental enrichment was
provided as outlined in the Animal Care and Use Committee of Wake
Forest University Non-Human Primate Environmental Enrichment Plan,
including chew toys, mirrors, music, and foraging feeders. The menstrual
cycle in all females was monitored daily, except for one monkey (F-7579)
because she had prior bilateral ovariectomy and hysterectomy procedures.
Animal housing, handling, and experimental protocols were performed per
the 2011 National Research Council Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research and were approved by
the Animal Care and Use Committee of Wake Forest University.

For the tail withdrawal antinociception study (Experiment 4), three
individually housed adult male rhesus macaques (Macaca mulatta) of
either Indian or Chinese origin and weighing between 10-14 kg served as
subjects. All animals had experimental histories involving opioid ligands,
monoamine transporter ligands, and NMDA antagonists ([27]). Diet
consisted of laboratory monkey chow (#5049, Purina, Framingham, MA,
USA) supplemented with fresh fruits, vegetables, and fish oil. Monkeys had
ad libitum water access in the housing chamber. Housing facilities were on
a 12h light/dark cycle (lights on from 6:00 AM to 6:00 PM) and were
licensed by the United States Department of Agriculture and accredited by
AAALAC International. Research and husbandry were conducted in
accordance with the 2011 Guide for the Care and Use of Laboratory
Animals. The Virginia Commonwealth University Institutional Animal Care
and Use Committee approved both research and enrichment protocols.

Catheter implantation

For the oxycodone self-administration studies, monkeys were surgically
implanted with both a chronic indwelling intravenous catheter and a
subcutaneous vascular access port (VAP) under sterile conditions. Before
surgery, each animal received an antibiotic (30 mg/kg Kefzol, i.m.; cefazolin
sodium, Marsam Pharmaceuticals Inc., Cherry Hill, NJ, USA). Anesthesia was
induced using ketamine (10-15mg/kg, i.m.) and maintained during the
procedure with 1.5% isoflurane gas. The proximal end of the catheter was
passed through a major vein (femoral, internal, or external jugular) to the
level of the posterior vena cava. An incision was then made slightly off the
midline of the monkey's back, and through blunt dissection, a
subcutaneous pocket was created for the VAP. The distal end of the
catheter was subcutaneously threaded to the incision site and connected
to the VAP. During post-operative recovery, monkeys received either
ketoprofen (5 mg/kg, i.m.) or Metacam (meloxicam; 1.5 mg.kg, p.o.), and
starting the following day, Naxcel (ceftiofur sodium; 2.2 mg/kg, i.m., SID) for
7-14 days. Additionally, each port and catheter were filled with a solution
of heparinized saline (100U/mL) between experimental sessions to
prolong patency and prevent clotting.

Apparatus

All monkeys, fitted with aluminum collars, were trained to sit in a primate
restraint chair (Primate Products, Redwood City, CA). Self-administration
and reinstatement experiments (Experiments 1-3) were conducted in
ventilated, sound-attenuating operant chambers (1.5 x 0.76 x 0.76 m; Med
Associates, St. Albans, VT, USA). During each session, white noise was also
played to mask any potentially obstructing sounds from outside the
experimental room. Inside each chamber was an operant panel with three
horizontally aligned photo-optic switches (Model 117-1007; Stewart
Ergonomics, Inc., Furlong, PA, USA) that were positioned within reach
when monkeys were seated in a primate chair, and above each switch
were two stimulus lights. Only one switch was active, signaled by the

SPRINGER NATURE



K. Woodlief et al.

1718

illumination of a white light above the switch; for five monkeys, it was the
right switch and for the other three monkeys it was the left switch. A food
receptacle, located in the middle of the operant panel below the middle
switch, was connected to a pellet dispenser (Med Associates) on the top of
the chamber with a Tygon tube for delivery of 1.0-g banana-flavored food
pellets (Bio-Serv, Frenchtown, NJ, USA). A peristaltic infusion pump (Cole-
Parmer Instrument Co., Niles, IL, USA) was also located on top of the
chamber for intravenous drug delivery at a rate of approximately 1.5 mL
per 10 sec. lllumination of a red light inside the chamber accompanied
food presentations and drug injections.

Before every session, the area on the monkey’s back containing the VAP
was prepared with an antiseptic povidone-iodine (PVP) scrub (Medline
Industries, Mundelein, IL, USA) followed by isopropyl alcohol (Fisher
Scientific, Fair Lawn, NJ, USA). The area was given a final preparation with
PVP scrub before a 22-gauge needle (Access Technologies) was inserted
into the monkey’s port, connecting the catheter to the infusion pump on
the chamber. Before the start of each session, the pump was run for
approximately 3 sec to fill each monkey’s port with saline or concentration
of drug available. All pretreatment drug administration was performed
outside the chamber before placing the monkey into the operant chamber.

Experiment 1. Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on
oxycodone self-administration under a fixed-ratio schedule of reinforcement.
All monkeys were trained to respond under an FR schedule of food
presentation followed by a timeout (TO) period. Females responded under
an FR 30 with a 10-s TO, and males responded under an FR 50 with a 60-s
TO. Sessions ended after 30 reinforcers or 60 min, whichever occurred first.
When responding was stable, defined as three consecutive sessions in
which response rates did not vary by more than 20% of the 3-day mean,
saline was substituted for food until responding declined to 20% of
baseline (~5 sessions). After a return to food-reinforced responding, a dose
of oxycodone was substituted for food for at least 5 consecutive sessions
and until responding was stable; a complete oxycodone dose-response
curve (0.003-0.1 mg/kg/injection) was determined in each monkey, with
doses available for at least 5 consecutive sessions. Doses were tested in
random order and saline was occasionally retested throughout the
experiment.

After determining the oxycodone dose-response curve, which was
characterized as an inverted U-shaped function of dose in each monkey,
drug pretreatment studies began. For these studies, two oxycodone doses
were examined — the dose that was associated with peak response rates and
a dose on the descending limb of the oxycodone baseline dose-effect curve;
these doses were individually determined in each monkey. If there were
large differences between rates at the peak of the curve and the descending
limb, we tested pretreatment drugs on the lowest oxycodone dose on the
descending limb; if two doses on the descending limb were relatively flat,
we tested the higher oxycodone dose. The effects of acute pretreatments
with naltrexone (0.001-0.1 mg/kg, i.v.), administered 5 min before sessions,
were studied first in all monkeys; it varied in a non-systematic fashion as to
whether this occurred first with the dose of oxycodone on the peak or
descending limb. Next, (£)VK4-116 (1.0-10mg/kg, iv.) and (+)VK4-40
(1.0-10 mg/kg, iv.) were administered 5 min before the start of a session.
Pretreatment times were based, in part, on pharmacokinetic studies in
rodents that showed the R-enantiomer of VK4-40 was stable in liver
microsomes at 60 min [14]. Pretreatment drugs were typically tested twice
weekly, ensuring at least one day between test sessions. Each pretreatment
dose was determined at least twice unless an adverse event (e.g., vomiting
or body shaking) was observed following administration of a given dose.

Experiment 2. Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on
oxycodone-induced reinstatement. After Experiment 1, saline was substi-
tuted for oxycodone, until responding declined by at least 80%. Next, an
acute dose of oxycodone (0.03-0.17 mg/kg, i.v.) was administered 1 min
before a saline self-administration session. The oxycodone dose that
resulted in the most saline injections (0.1 mg/kg in five monkeys and
0.17mg/kg in one monkey) was chosen to evaluate the effects of
naltrexone (0.01-0.1 mg/kg; 5 min pretreatment), (+)VK4-116 (3-10 mg/kg;
5 min pretreatment), and (+)VK4-40 (3-10 mg/kg; 5 min pretreatment) on
oxycodone-induced reinstatement. Oxycodone alone was tested fre-
quently to assure reinstatement; if the effect of oxycodone alone was
lower than previous determinations, the prior pretreatment data were
excluded from analyses. After several saline sessions, the self-administered
dose of oxycodone that resulted in peak response rates or a dose on the
descending limb was used to re-establish self-administration before
continuing saline extinction and reinstatement. As in Experiment 1, test
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sessions were generally twice per week and each dose was typically tested
twice. M-8261 was found deceased in his cage due to gas distention in the
abdomen (i.e., bloat) and did not complete the study.

Experiment 3.  Effects of (+£)VK4-40 on oxycodone self-administration under a
progressive-ratio schedule of reinforcement. Following Experiment 2, a
subset of monkeys (n=4) were trained to self-administer oxycodone
under a PR schedule of reinforcement, in which the response requirement
increased after every drug infusion (see Supplemental Table S1). Daily
behavioral sessions were comprised of a multiple schedule, in which the
first component was an FR 20 schedule of food availability (available on
the right switch). Each food reinforcer was followed by 5-sec time-out and
the component ended after delivery of 10 banana-flavored pellets or
5min, whichever occurred first. Following a 5-min TO, the second
component of the multiple schedule was a PR schedule of oxycodone
self-administration (available on the left switch). The first response
requirement under the PR schedule was 20, and each available oxycodone
injection was determined by the formula of Richardson and Roberts [28];
there was a 10-sec TO after each injection. Sessions ended after a
maximum 30 injections, the 30-min limited hold (LH) expired, or 4h
elapsed. The LH corresponds to the maximum time allotted for monkeys to
receive an oxycodone injection. The number of injections earned in the
session was the breakpoint (BP). After determining an oxycodone dose-
response curve (0.001-0.17 mg/kg/injection) in each monkey, with doses
tested in random order and for at least 5 consecutive sessions, acute drug
pretreatment studies were conducted at the peak of the oxycodone dose-
response curve (i.e., highest BP). During this, (£)VK4-40 (0.3-5.6 mg/kg, i.v.)
was administered 5-min prior to the start of the session, typically on
Tuesdays and Fridays, if responding was stable. Stability was defined as
oxycodone injections not varying by more than 20% of the 3-day mean at
each dose. For comparison, single determinations with naltrexone
(0.003-0.03 mg/kg) were also evaluated.

Experiment 4. Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on
oxycodone-induced antinociception. Drug interactions were examined in a
warm-water tail withdrawal procedure as previously described [27]. Rhesus
monkeys were trained to comfortably sit in an acrylic chair using the pole-
and-collar technique. The subject’s tail was shaved 10-12cm from the
distal end weekly and immersed in a thermal container containing warm
water. If the subject did not remove its tail by 20s, the experimenter
removed the animal’s tail and a latency of 20sec was assigned. All
latencies were recorded using a stopwatch. During each 15-min cycle, tail-
withdrawal latencies were recorded from water warmed to 38°C, 50 °C,
and 54°C. In each successive cycle, the presentation of the warm-water
stimulus was randomized. Baseline latencies at each temperature were
determined before each test session and test sessions only continued if
latencies at 38 °C did not occur before the 20-s cutoff. This criterion was
met in all monkeys during every test session. (+)VK4-116 (10 mg/kg) and
vehicle (250 mg/mL beta-cyclodextrin) were administered intravenously as
a 60-min pretreatment through a temporary catheter in a saphenous vein.
In addition, 1.0 and 3.2mg/kg (+)VK4-40 and vehicle were also
administered intravenously as a 5-min pretreatment through a temporary
catheter. Pilot experiments demonstrated these were the maximal
tolerated (+)VK4-116 and (+)VK4-40 doses in these monkeys. Larger doses
were evaluated in a single monkey and resulted in overt sedation and
ataxia to a sufficient degree that precluded further testing in all monkeys.
Naltrexone (0.032 mg/kg) was administered intramuscularly (i.m.) as a
30-min pretreatment. Oxycodone (0.01-3.2 mg/kg, IM) was administered
using a cumulative dosing procedure consisting of five to six 15-min cycles
composed of a 10-min drug pretreatment phase and a 5-min testing
phase. Each drug dose increased the total cumulative oxycodone dose by
one-half log units. Tail-withdrawal latencies were re-determined during the
5-min testing phase as described above. (+)VK4-116 and vehicle
pretreatments were counter-balanced across monkeys, such that two
monkeys received (+)VK4-116 first and one monkey received the vehicle
first. (+)VK4-40 and vehicle pretreatment effects were determined next and
also counterbalanced. Naltrexone effects were determined last in all
monkeys. Doses were only tested once in each monkey due to limited
drug supply and test sessions were conducted once per week.

Data analysis. Experiments 1 and 2: The primary dependent variable was
response rate. Using a 3-day mean, initial dose-effect functions were
determined for each monkey. Following this, dose-effect functions for
naltrexone, (+)VK4-40, and (+)VK4-116 were analyzed when tested at the
oxycodone dose that resulted in peak response rates and at an oxycodone
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dose on the descending limb of the baseline oxycodone dose-response
curve. To be included in the dose-effect function and in statistical analyses, a
test must have been double determined. Dose-effect curves were analyzed
using a mixed-effect analysis of variance (ANOVA) with dose and sex as the
main factors. For each animal, response rates at the dose of drug (naltrexone,
(£)VK4-40, and (+)VK4-116) that produced the greatest effect, either an
increase or decrease from baseline, were used in the analysis. A significant
ANOVA was followed by paired t-tests to compare response rates on the
peak at baseline and with the test drug, as well as to compare response rates
on the descending limb at baseline and with the test drug. Mauchly’s Test of
Sphericity was used to indicate if the assumption of sphericity was violated
and if it was, the Greenhouse-Geisser Correction was applied. If there was no
statistically significant result (i.e, dose, sex, and interaction were non-
significant), a one-way repeated measures ANOVA was performed using
combined male and female data (n=8 in Experiment 1 and n=6 in
Experiment 2). All statistical tests were analyzed with SPSS. Any dose of drug
that resulted in an adverse event (AE) was excluded from data analysis.

Experiment 3. The primary dependent variable was the number of drug
injections as a function of dose for both males and females. The effects of
(£)VK4-40 (0.3-5.6 mg/kg) on peak oxycodone BP were analyzed using a
one-way repeated measures ANOVA using combined male and female
data. A significant ANOVA was followed by pairwise multiple comparisons
(Holm-Sidak) post-hoc tests to compare baseline oxycodone injections and
pretreatment conditions. Furthermore, the effect of each pretreatment on
food-maintained responding was analyzed using a one-way repeated
measures ANOVA. Because only single determinations of a limited dose
range of naltrexone (0.003-0.03 mg/kg) were evaluated, statistical analyses
were not conducted. Any dose of drug that resulted in an adverse event
(AE) was excluded from data analysis.

Experiment 4. Raw tail withdrawal latencies were converted to percent
maximal possible effect (% MPE) for all analyses. % MPE was defined as
[(Test latency — Control latency) divided by (20 — Control latency) * 100]
where “test latency” was the latency from 50 °C or 54 °C water at each dose
during the cumulative dosing procedure, and “control latency” was the
latency from 50 °C or 54 °C water taken during the baseline period prior to
oxycodone administration. Statistical analyses of tail withdrawal data were
conducted using a repeated-measures two-way ANOVA with pretreatment
and oxycodone dose as the main effects.

Additionally, the effective dose (EDsp) that produced 50% MPE under
each pretreatment condition at 50 °C water was determined by interpola-
tion when only 2 data points were available (one below and one >50%
effect) or by linear regression when at least 3 data points on the linear
portion of the dose-effect function were available. Individual EDs, values
were subsequently averaged to yield group mean EDs, values. EDs, values
were considered to be significantly different if the 95% confidence
intervals did not overlap.

For all statistical analyses, significance was set at an alpha of 0.05.

Drugs

(-)-Oxycodone HCl and (-)-naltrexone were supplied by the National
Institute on Drug Abuse (Bethesda, MD) and dissolved in 0.9% saline. (+)
VK4-116 and (+)VK4-40 were synthesized by Ms. Jianjing Cao in the

A. Naltrexone
*

B. () VK4-116

—_—
© 1.5 % o 1.57

[} )

£ £

[-% [}

n 0

[ ]

s 1.04 £ 1.04

[} )

= -

© ©

14 14

@ 0.5 @ 0.5

c c

o o

o <3

n n

Q Q

X 0.0- X o.0-

Peak Descending Peak

K. Woodlief et al.

Medicinal Chemistry Section, NIDA-Intramural Research Program, as
described in Kumar et al. [13], and dissolved in 25% beta-cyclodextrin
(CAS: 128446-35-5; Acros Organics, New Jersey) and sterile water. Heat and
sonication were used for solubility purposes and all drug solutions were
passed through a sterile 0.22 um filter (Millipore Sigma, Burlington, MA) for
intravenous administration. This route was chosen to assure accurate
dosage and shorter pretreatment times. All drug doses are expressed as
the salt form. For self-administration studies in Experiment 1, oxycodone
doses were based on 3-sec pump duration for females and 10-sec for
males. In Experiment 3, the pump duration was 10-sec for all four monkeys.

RESULTS

Experiment 1

Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on oxycodone self-
administration under a fixed-ratio schedule of reinforcement.
Oxycodone self-administration varied as a function of dose in
female and male monkeys [F(1.09,6.58) = 7.32, p = 0.031], with no
sex differences noted [F(1.09,6.58) =0.948, p > 0.05]. Although
there was evidence of individual-subject variability in response
rates in both females and males, all monkeys’ oxycodone self-
administration dose-response curves represented an inverted-U
shaped function of dose; there were no sex differences noted [all
p>0.05] in the effects of any of these pretreatments on
oxycodone self-administration (Supplemental Fig. S1-S3).

When tested at the dose of oxycodone that maintained peak
rates of responding, naltrexone (Fig. 1A) dose-dependently
decreased responding in all monkeys [t(7) =2.67, p=0.031]. In
the females, the naltrexone doses used in Fig. TA were 0.01-
0.1 mg/kg; for the males, the doses were 0.003-0.056 mg/kg
(Supplemental Fig. S1). When tested with a dose of oxycodone on
the descending limb (Fig. 1A), naltrexone increased response rates
[t(7) = —3.01, p=0.020], shifting the oxycodone dose-response
curve to the right. The D3R antagonist £VK4-116 (1.0-10 mg/kg)
did not affect oxycodone self-administration [F(3,4) =1.50,
p>0.05] at either the peak oxycodone dose or in combination
with a dose on the descending limb of the dose-response curve
(Fig. 1B and Supplemental Fig. S2). In contrast, the D3R partial
agonist (£)VK4-40 (Fig. 1C and Supplemental Fig. S3) significantly
reduced oxycodone response rates when tested at the dose of
oxycodone that maintained peak rates of responding [t(7) = 2.63,
p=0.034]. In the females, the (+)VK4-40 doses used in Fig. 1C
were 1.0-5.6 mg/kg; for the males, the doses were 3.0-10 mg/kg.
However, (£)VK4-40 had no effect on response rates when tested
with a dose on the descending limb of the oxycodone dose-
response curve [t(7) =0.196, p > 0.05].

Experiment 2
Effects of naltrexone, (£)VK4-116, and (+)VK4-40 on oxycodone-

induced reinstatement. When saline was substituted for
C. () VK4-40
§ 1.57 * Il Oxycodone
g. +NLX
% 1.0 O + &) vK4-116
5 O + () VK4-40
@ 0.5
c
[
Q.
7]
Q
X .04

Descending Peak Descending

Fig. 1 Effects of naltrexone, (£)VK4-116, and (+)VK4-40 on oxycodone self-administration under a fixed-ratio schedule of reinforcement.
This figure shows the effects of (A) naltrexone (NLX, striped bars), (B) £VK4-116 (gray bars), and (C) (£)VK4-40 (white bars) on oxycodone self-
administration (black bars) under an FR schedule of reinforcement. Each bar represents mean (N = 8) + the standard error of the mean (SEM).

*p < 0.05; **p <0.01.
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0 0.1 0r 0.17

Oxycodone Dose (mg/kg)

Fig. 2 Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on
oxycodone reinstatement. This figure shows the effects of
naltrexone (NTX; striped bars), (+)VK4-116 (gray bars), and (+)VK4-
40 (white bars) on oxycodone reinstatement (black bars). The
oxycodone dose was 0.1 mg/kg in all monkeys, except F-7453, in
which 0.17 mg/kg oxycodone was used. Each bar represents the
mean (N=6)+standard error of the mean (SEM). *p<0.05;
**p < 0.01.

oxycodone, responding extinguished (i.e., decreased by at least
80% of baseline for 3 consecutive sessions) typically within
5-7 sessions. Oxycodone (0.1 or 0.17 mg/kg, i.v.) reinstated
oxycodone seeking in all monkeys; there was no evidence of sex
differences, so data for females and males were averaged
(Fig. 2, filled bar; F(3,3) =56.83, p=0.004). Similarly, for the
pretreatment studies, there were no significant effects of sex on
response rates (p > 0.05), so data for the females and males
(N =3/sex) were combined (Fig. 2). Doses that produced the
largest effect were 0.01-0.1 mg/kg naltrexone, 3.0-10 mg/kg (%)
VK4-116 and 5.6 mg/kg (+)VK4-40, for females and males. Both
naltrexone (p < 0.001) and (+)VK4-40 (p < 0.001), but not (+)VK4-
116, significantly attenuated the effects of 0.1 or 0.17 mg/kg
oxycodone-induced reinstatement (Fig. 2, striped and open
bars, respectively).

Experiment 3

Effects of (+)VK4-40 on oxycodone self-administration under a
progressive-ratio schedule of reinforcement. Oxycodone self-
administration under a PR schedule of reinforcement varied with
dose and all monkeys’ oxycodone dose-response curves (n=4)
represented an inverted-U shaped function (Supplemental Fig. S4).
Peak BPs were at 0.01 and 0.1 mg/kg/injection oxycodone. The
doses of (+)VK4-40 used for statistical analyses ranged from
3.0-5.6 mg/kg. Statistical analyses revealed a significant main
effect of treatment [F(2,2) =69.45, p=0.014] and post-hoc
analyses showed that (+)VK4-40 (Fig. 3) significantly reduced the
number of oxycodone injections received when compared to
baseline levels (p = 0.003). In addition, at these doses, (+)VK4-40
had no significant effect on food-maintained responding (data not
shown) [F(2,2) =1.00, p =0.5]. As a comparison, naltrexone was
also tested and decreased peak PR responding (Fig. 3 and
Supplemental Fig. S4). Neither naltrexone nor VK4-40 had any
effect on food-maintained responding (data not shown)
[F(2,6) = 0.429, p = 0.670].

Experiment 4

Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on oxycodone-
induced antinociception. Baseline mean = SEM tail withdrawal
latencies were 0.70+0.1 and 0.60+0.1s for 50°C and 54°C,
respectively. Oxycodone produced dose-dependent antinocicep-
tion at both 50 °C Fig. 4A [F(1, 2.1) = 123.3, p = 0.0007] and Fig. 4B
[F(1.1, 2.3) =322, p=0.023] and 54°C Fig. 4C [F(1, 2) =62.0,
p=0.015] warmed water. Following either 60-min or 5-min
vehicle pretreatment, the group mean oxycodone EDsq values at
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Fig. 3 Effects of (+)VK4-40 on oxycodone self-administration
under a PR schedule of reinforcement. This figure depicts the
effects of naltrexone (0.01-0.03 mg/kg; striped bar) and (+)VK4-40
(3.0-5.6 mg/kg; white bar) on the peak number of oxycodone
injections (0.01-0.1 mg/kg; black bar) in monkeys responding under
a PR schedule of reinforcement Each bar represents the mean
(N = 4) + standard error of the mean (SEM). *p < 0.05; **p < 0.01.

50°C were 0.17 mg/kg and 0.14 mg/kg, respectively (Table 1).
Pretreatment with (+)VK4-116 (60-min) or (+)VK4-40 (5-min or 60-
min) did not significantly alter oxycodone antinociception
following ANOVAs (Fig. 4A, B); however, (+)VK4-116 pretreatment
did enhance oxycodone antinociceptive potency based on non-
overlapping confidence limits (Table 1). In contrast, naltrexone
produced an approximate 10-fold potency shift in the oxycodone
EDs, value at 50 °C (Table 1).

DISCUSSION
The goal of the present study was to evaluate the effect of two
dopamine D3 receptor-selective compounds on several beha-
viors related to oxycodone misuse in translational nonhuman
primate models of OUD. Importantly, binding affinities, selectiv-
ity and functional efficacies of (£)VK4-116 and (+)VK4-40 were
previously measured in vitro in human D3R-transfected cell
based assays [13]. Thus, identifying a pharmacological profile
that best translated behaviors from rodent to nonhuman
primate models of OUD was desirable. The efficacy of the
opioid receptor antagonist naltrexone, an FDA-approved treat-
ment for opioid use disorder, was also assessed for comparison.
The present findings demonstrate that under an FR schedule
of reinforcement, naltrexone decreased the reinforcing potency
of oxycodone as demonstrated by rightward shifts in the
oxycodone dose-response curves. Although the D3R antagonist
(£)VK4-116 did not affect oxycodone self-administration under
an FR schedule of reinforcement, the D3R partial agonist (+)VK4-
40 significantly reduced oxycodone response rates when tested
at the dose of oxycodone that maintained peak rates of
responding. Moreover, both naltrexone and (+)VK4-40, but not
(£)VK4-116, attenuated the effects of oxycodone-induced
reinstatement. Given these findings, the effects of (£)VK4-40
on oxycodone self-administration were also tested in monkeys
responding under a PR schedule of reinforcement and
significantly reduced the reinforcing strength of oxycodone.
Importantly, (£)VK4-40 did not attenuate food-maintained
responding or oxycodone-induced antinociception, suggesting
that the acute effects of this D3R partial agonist were selective
for oxycodone reinforcement. Together, these studies suggest
that D3R-selective partial agonists, specifically (+)VK4-40, may
attenuate the abuse liability of opioids without affecting their
clinical utility in pain management and warrant further study,
including chronic dosing conditions.

Previous studies in rodents responding under an FR schedule of
reinforcement found that (£)VK4-116 dose-dependently reduced
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Fig. 4 Effects of naltrexone, (+)VK4-116, and (+)VK4-40 on oxycodone-induced antinociception. This figure demonstrates the anti-
nociceptive effects of oxycodone in an assay of thermal nociception at 50 °C and 54 °C in male rhesus monkeys following either vehicle, (+)
VK4-116, or (+)VK4-40. Top panels show effects of vehicle, 10 mg/kg (+)VK4-116 (60-min) pretreatment; (A) or 1-3.2mg/kg (+)VK4-40
(5-min) pretreatment; (B) administered intravenously (IV) to oxycodone cumulative dosing at 50 °C. Bottom panels show vehicle, (+)VK4-116
(C), or (£)VK4-40 (D) pretreatment effects to oxycodone cumulative dosing at 54 °C thermal intensity. Abscissae: cumulative intramuscular
oxycodone dose (milligrams per kilogram). Ordinates: % maximum possible effect (%MPE). Each point represents the mean (N = 3) £ standard

error of the mean (SEM).

oxycodone self-administration and oxycodone-induced reinstate-
ment [8, 14]. Moreover, (+)VK4-116 was shown to enhance the
antinociceptive effects of oxycodone, as well as reduce
withdrawal-induced hyperalgesia and irritability in rats [8, 14]. In
the present nonhuman primate study, (+)VK4-116 did not
attenuate oxycodone self-administration under an FR schedule
of reinforcement, nor did it block oxycodone-induced reinstate-
ment. (+)VK4-116 pretreatment slightly enhanced the antinoci-
ceptive potency of oxycodone in monkeys in the present study,
consistent with and extending these previous rodent studies.
Potential explanations for the differential (+)VK4-116 results in
rodents vs. monkeys is discussed below.

One study in rodents examining R-VK4-40 did correspond to the
findings of the present study where systemic administration of
R-VK4-40 dose-dependently decreased FR oxycodone self-
administration and shifted the oxycodone dose-effect curve
downward [15]. It must be noted that the R-enantiomer of VK4-
40 is a selective D3R antagonist, like (x)VK4-116, used in the
present study. Nevertheless, (+)VK4-40 was shown to dose-
dependently block cocaine self-administration and reinstatement
in rats [16], further supporting the effectiveness of D3R-selective
partial agonists in models of SUD but also highlighting potential
species differences.

Recently, Galaj et al. (2022) examined the effects of (S)- and (R)-
enantiomers of (+)-ABS01-113, two structural analogs of (+)-VK4-40,
in several preclinical models of OUD, including in heroin self-
administration and reinstatement [18]. In in vitro functional assays, it
was reported that (R)-ABS01-113 was a D3R antagonist, while (S)-
ABS01-113 was a D3R partial agonist [18, 29]. Importantly, both the
(S)- and (R)-ABS01-113 decreased heroin self-administration, and
heroin + cue-induced reinstatement, suggesting that the D3R partial

Neuropsychopharmacology (2023) 48:1716-1723

agonists are potentially viable as therapeutics for SUD but also may
be useful in the treatment of comorbid affective disorders.

The present study extended the previous rodent findings to
nonhuman primates and the reinforcing strength of oxycodone
under a PR schedule of reinforcement. Although FR schedules of
reinforcement are primarily used for abuse liability assessment, PR
schedules provide crucial information regarding reinforcer
strength [30, 31]. Earlier rodent studies examined the effectiveness
of the D3R antagonists (+)VK4-116 and R-VK4-40 on oxycodone
self-administration using a PR schedule of reinforcement and
reported that both compounds significantly decreased oxycodone
breakpoints [8, 15]. Because (+)VK4-116 did not significantly affect
FR oxycodone self-administration in the nonhuman primates in
this study, we only examined the effect of (+)VK4-40 on
oxycodone self-administration under a PR schedule of reinforce-
ment. Using a within-subjects design, we showed that (+)VK4-40
decreased oxycodone self-administration under both the FR vs. PR
schedules of reinforcement (see Supplemental Figs. S3 and S4).
Furthermore, acute (+)VK4-40 did not significantly alter food-
maintained responding or oxycodone thermal antinociception,
demonstrating a degree of behavioral selectivity.

There are several possible explanations for the discrepancy
between the efficacy of (£)VK4-116 in rodent models compared to
the present study in nonhuman primates. There are noted species
differences in D3R distribution [32]. In fact, studies have shown
that while humans and nonhuman primates have low D3R levels
in the dorsal striatum, a brain region implicated in regulating goal-
directed and habitual behaviors, rodent dorsal striatum is devoid
of D3Rs [33, 34]. Additionally, in humans and nonhuman primates,
there is a larger distribution and higher density of D3R in the
cerebral cortex when compared to rodents [35]. This brain region
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Table 1.
(£)VK4-116, or (+)VK4-40 in an assay of thermal nociception at 50 °C.
50 °C (60-min for vehicle, (+)VK4-116 and (+)VK4-40) M1473 EDso
Vehicle 0.17
(£)VK4-116 (10 mg/kg, IV) 0.11
(£)VK4-40 (3.2 mg/kg, IV) 0.06
Naltrexone (0.032 mg/kg, IM) 2.26
50 °C (5-min for vehicle and (+)VK4-40)
Vehicle 0.06
(£)VK4-40 (1 mg/kg, IV) 017
(£)VK4-40 (3.2 mg/kg, IV) 0.1

Individual and group mean ED50 values (95% confidence limits) for oxycodone following either a 60-min or 5-min pretreatment of vehicle,

M1503 EDso M1414 EDso Group EDs, values (95% CL)
0.17 0.16 0.17 (0.16, 0.18)

0.06 0.11 0.09 (0.06, 0.14)

0.06 > >0.06 (0.06, 0.06)

1.34 2.26 1.9 (1.35, 2.67)

0.17 0.3 0.14 (0.06, 0.38)

0.18 0.26 0.2 (0.15, 0.26)

0.06 0.56 0.15 (0.04, 0.57)

> denotes an ED50 value could not be calculated because no oxycodone dose produced >50%MPE.

Naltrexone was administered as a 30-min pretreatment.

has been implicated in response inhibition and salience attribu-
tion, both of which are disrupted during substance misuse [36].
However, lower D3R densities in key brain regions in rodent
models cannot be the primary reason for the discrepancy in (%)
VK4-116 effects, since rodents appear more sensitive than
nonhuman primates and humans. Similarly, different D3R
distributions do not explain why (£)VK4-40 is efficacious in both
species. It is important to note that (£)VK4-40 has ~20-fold higher
affinity for human D3R as well as ~75-fold higher affinity for
human D2R when compared with (£)VK4-116, suggesting higher
affinity is advantageous in reducing oxycodone self-administration
in nonhuman primates [13]. Further investigation of cell-based
binding affinity, selectivity and functional data to in vivo potency
and efficacy across species will be required. It is also possible that
the differences in drug history, particularly total opioid use which
is substantially higher in nonhuman primate studies, resulted in
changes in D3R function and density that may account for these
species differences. Determining the most effective pharmacolo-
gical profile will inform future nonopioid medication development
for successful treatment of patients with OUD.

The present study also examined whether there were sex
differences in the behavioral effects of both D3R compounds. As
noted earlier, epidemiological data suggest that women are at a
greater risk for opioid misuse [37]. Cicero et al. found that opioids had
reinforcing effects over a broader dose range in women compared
with men [24]. When examining reinforcing effects under the FR
scheduled of reinforcement, the dose of oxycodone that maintained
peak rates was 0.01 mg/kg/injection in all four male monkeys and two
of four female monkeys; for the other two females, higher doses were
associated with peak response rates (0.03 and 0.056 mg/kg/injection).
We found no evidence of sex differences in the potency or efficacy of
both D3R compounds, which contrasts to another study from our
laboratory showing the D2/D3R agonist quinpirole was more potent
at eliciting yawning in male monkeys compared with female monkeys
[38]. Whether sex differences are associated with D3R function (full
agonist vs. partial agonist or antagonist) or unconditioned (e.g., drug-
induced yawning) vs. conditioned (e.g., self-administration) behaviors
remains to be determined.

Overall, the present findings further support the premise that
D3R partial agonists may effectively reduce oxycodone reinforce-
ment without affecting opioid-related antinociception, as deter-
mined in the warm water tail withdrawal assay. Future research
should extend these findings to preclinical oxycodone-choice self-
administration procedures and evaluate effectiveness of chronic,
orally administered (+)VK4-40; administration of R-VK4-40 by that
route has been shown to be behaviorally active in rodent models
[14], but has not been done in nonhuman primates. Additionally,
future research determining (+)VK4-40 and opioid interactions
on pain-depressed behaviors (e.g., [39]) would also facilitate
preclinical-to-clinical translatability.
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