Neuropsychopharmacology

ARTICLE

www.nature.com/npp

®

Check for
updates

Dopamine D3R antagonist VK4-116 attenuates oxycodone
self-administration and reinstatement without compromising

its antinociceptive effects
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Prescription opioids such as oxycodone are highly effective analgesics for clinical pain management, but their misuse and abuse
have led to the current opioid epidemic in the United States. In order to ameliorate this public health crisis, the development of
effective pharmacotherapies for the prevention and treatment of opioid abuse and addiction is essential and urgently required. In
this study, we evaluated—in laboratory rats—the potential utility of VK4-116, a novel and highly selective dopamine D3 receptor
(D3R) antagonist, for the prevention and treatment of prescription opioid use disorders. Pretreatment with VK4-116 (5-25 mg/kg, i.p.)
dose-dependently inhibited the acquisition and maintenance of oxycodone self-administration. VK4-116 also lowered the break-
point (BP) for oxycodone self-administration under a progressive-ratio schedule of reinforcement, shifted the oxycodone
dose-response curve downward, and inhibited oxycodone extinction responding and reinstatement of oxycodone-seeking behavior.
In addition, VK4-116 pretreatment dose-dependently enhanced the antinociceptive effects of oxycodone and reduced naloxone-
precipitated conditioned place aversion in rats chronically treated with oxycodone. In contrast, VK4-116 had little effect on oral
sucrose self-administration. Taken together, these findings indicate a central role for D3Rs in opioid reward and support further
development of VK4-116 as an effective agent for mitigating the development of opioid addiction, reducing the severity of

withdrawal and preventing relapse.
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INTRODUCTION

Prescription opioids, such as oxycodone and morphine, are
effective analgesics in clinical pain management. Nevertheless,
in addition to the side effects of these drugs—including
respiratory depression and constipation—one of the more
serious adverse consequences is potential opioid abuse and
addiction following repeated use. Indeed, the dramatic increase
in prescription opioid use and abuse has lead to significant
increases in emergency room visits, drug-related deaths, and
admissions to substance-abuse treatment programs, each
imposing a significant impact on public health and economic
welfare [1-3]. It is estimated that 11.5 million Americans used
prescription opioids nonmedically in 2016 and 80% of the
population suffering from opioid use disorders were prescrip-
tion opioid abusers [1]. This rise in prescription opioid misuse
and abuse is also associated with an increased rate of transition
to the abuse of heroin, an illicit opioid sharing similar
pharmacologic actions with prescription opioids [1, 4]. Further,
the illicit (and in some cases unsuspected) ingestion of the
highly potent opioid fentanyl has resulted in an increased
propensity to overdose [5]. Thus, understanding the mechan-
isms underlying the reinforcing effects of opioids that lead to
addiction, and the development of effective treatments for
affected individuals is critical.

Compelling evidence from animal studies suggests the
involvement of dopamine D3 receptors (D3Rs) in the development
of addictive behaviors caused by many drugs of abuse, including
the illicit opioid heroin [6, 7]. Blockade of D3R with selective D3R
antagonists has been shown to significantly inhibit psychostimu-
lant self-administration [8, 9], conditioned place preference (CPP)
to drugs of abuse [10-14], and reinstatement of drug-seeking
behavior triggered by addictive drugs [14-16], stress [17], or drug-
associated cues [13, 18-20]. D3R blockade also inhibits locomotor
sensitization and the enhanced brain stimulation reward induced
by drugs of abuse [20-23]. In contrast, D3R blockade shows little
effect on natural rewards, such as sucrose self-administration and
sexual activity [14, 20, 23-25]. These collective findings suggest
that targeting the D3R is a highly promising approach for the
treatment of substance use disorders.

Despite the involvement of D3R in drug addiction, the clinical
translation remains challenging due to either the lack of
appropriate absorption, distribution, metabolism, and excretion
(ADME) properties or predicted cardiotoxicity of previously
reported D3R antagonists in the presence of cocaine [26, 27]. As
a result of these limitations, efforts to develop a new generation of
D3R agents that are devoid of these undesirable attributes have
resulted in the discovery of the highly selective D3R antagonist,
VK4-116 (D3R K; = 6.8 nM; D2R K; = 11,400 nM [28]).
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Herein, we systematically investigated the effects of VK4-116 on
the acquisition and maintenance of oxycodone self-administra-
tion, extinction, and oxycodone-induced reinstatement of drug-
seeking behavior in rats. We also investigated the effects of VK4-
116 on oxycodone analgesia and naloxone-precipitated condi-
tioned place aversion (CPA) in chronically oxycodone-treated rats
to determine whether VK4-116 pretreatment compromises
therapeutic opioid analgesia and/or alters withdrawal responses.
Finally, we previously reported that VK4-116 showed metabolic
stability in mouse liver microsomes [28]. In this report, we further
investigated metabolic stability of VK4-116 in rat, monkey, and
human liver microsomes to determine its translational potential.

MATERIALS AND METHODS

Animals

Male Long-Evans rats (275-325g) (Charles-River Laboratories,
Raleigh, NC, USA) were used throughout this study. Upon arrival,
they were housed in an animal facility under a reversed 12h
light-dark cycle (lights on at 7 p.m.) with free access to food and
water. They were allowed to acclimate to a new environment for
at least 7 days prior to the start of the experiments. All procedures
were approved by the Animal Care and Use Committee (IACUC) of
the US National Institute on Drug Abuse (NIDA) and were
consistent with the Guide for the Care and Use of Laboratory
Animals, 8th edition (National Research Council, 2011).

Experiment 1: Effects of VK4-116 on acquisition of oxycodone self-
administration. The intravenous (i.v.) catheterization surgery and
i.v. oxycodone self-administration procedures were the same as
reported previously [24]. Briefly, a Micro-Renathane catheter was
implanted in the right jugular vein under sodium pentobarbital
(65 mg/kg, intraperitoneally (i.p.)) anesthesia. The catheter was
secured to the vein with suture and its free end was fed
subcutaneously along the scapula to exit near the back of the
skull. Next, the catheter was connected to a 22-gauge stainless
connector that was mounted to the rat’s skull using stainless-steel
screws and dental acrylic. After surgery, the catheters were flushed
with a gentamicin-heparin-saline solution (0.1 mg/ml gentamicin
and 30 IU/ml heparin) to prevent catheter clogging and infection.
The animals were allowed to recover for at least 5 days before
behavioral training started.

Oxycodone self-administration training was conducted in an
operant conditioning chamber equipped with two response levers
(Med Associates Inc., Georgia, VT, USA). Each rat was trained daily
in 3 h sessions to press the active lever for oxycodone infusions on
a fixed-ratio 1 (FR1) schedule of reinforcement. A response on the
active lever resulted in the activation of light and tone cues and
the infusion of an 0.08 ml oxycodone solution over 4.6 s. This time
also served as a timeout period during which the light and tone
cues were kept on and the animal’s response on the active lever
was recorded but had no scheduled consequence. Each animal’s
response on the inactive lever was recorded but not rewarded
throughout training and testing.

We then assessed the effects of repeated daily administration of
VK4-116 on the acquisition of oxycodone self-administration
maintained by 0.05 mg/kg/infusion for 5 consecutive days. The
oxycodone dose and the VK4-116 treatment for 5 consecutive
days were based on our previous report that oxycodone, at doses
of 0.025, 0.05, and 0.1 mg/kg/infusion, sustained dose-dependent
self-administration and that drug-naive rats took about 5 days to
reach stable oxycodone self-administration [24]. Stable oxycodone
self-administration was defined as (i) at least 20 active lever
responses under an FR1 schedule of reinforcement during a 3-h
session, (i) <20% variability in daily drug infusions across
consecutive sessions, and (iii) an active/inactive lever press ratio
exceeding 2:1 [29]. To prevent oxycodone overdose, we set the
maximally permitted number of oxycodone infusions at 50. Fifteen
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minutes before each of the initial five sessions, rats received either
vehicle (25% 2-hydroxypropyl-f3-cyclodextrin) or one of two VK4-
116 doses (5 or 15mg/kg, i.p.), respectively. The animals then
continued oxycodone self-administration for additional six ses-
sions without VK4-116 pretreatment. Animals’ responses on the
levers and oxycodone infusions were recorded.

Experiment 2: Effects of VK4-116 on maintenance of oxycodone self-
administration. In addition to acquisition, we also observed the
effects of VK4-116 pretreatment on maintenance of oxycodone
self-administration. Four additional groups of rats (n = 7/group)
were trained to self-administer oxycodone first at a higher dose
(0.1 mg/kg/infusion) for 2 weeks, and then were switched to a
lower dose (0.05 mg/kg/infusion) for the remaining training and
test sessions. The initial higher dose was chosen on the basis of
our previous experience that this dose produced the most rapid
and facile acquisition of oxycodone self-administration. The
subsequent lower dose of oxycodone was chosen in order to
increase animals’ work demand (i.e., lever presses) to achieve the
same drug effect. In our experience, this approach increases
sensitivity to changes in drug-taking or drug-seeking behavior
[23]. After stable self-administration was achieved, the rats
received either the vehicle or one of the three VK4-116 doses (5,
15, or 25 mg/kg, i.p.), 15 min prior to the test session. The effects of
VK4-116 on oxycodone self-administration were assessed.

Experiment 3: Effects of VK4-116 on extinction responding. Follow-
ing completion of the above self-administration testing, the rats
continued to self-administer oxycodone (0.05 mg/kg/infusion) for
an additional four sessions. The next day, the animals were re-
assigned into three groups (n = 7/group) and received either the
vehicle or one of the two doses of VK4-116 (5 or 15 mg/kg). Fifteen
minutes later, the animals were placed in the chambers to observe
drug-seeking behavior (i.e., extinction responses) under extinction
conditions, during which saline was substituted for oxycodone.
Lever presses on the previously active lever produced saline
infusions but had no other consequences—neither oxycodone
infusions nor the conditioned lights and tones. The responses on
the active and inactive levers, and a number of saline infusions
were recorded.

Experiment 4: Multiple-dose oxycodone self-administration. To
determine whether VK4-116 alters oxycodone self-administration
maintained by other doses of oxycodone, we used additional
groups of rats (n =7-8/group) and evaluated self-administration
of multiple oxycodone doses (0.0031, 0.00625, 0.0125, 0.025, and
0.05 mg/kg/infusion) in the absence or presence of the VK4-116
pretreatment. The infusion volumes and test session durations
were identical, except for different oxycodone concentrations at
each unit dose. After stable oxycodone self-administration was
achieved at each oxycodone dose tested, the animals received a
systemic administration of VK4-116 (25 mg/kg, i.p.) or the vehicle
15 min prior to the self-administration session. The effects of VK4-
116 on the oxycodone dose-response curve were evaluated.

Experiment 5: Effects of VK4-116 on oxycodone self-administration
under PR reinforcement. Four additional groups of rats (n =7 per
group) were used in this experiment. The initial oxycodone self-
administration training under FR1 reinforcement was identical to
that outlined in the above Experiment 2. After stable oxycodone
self-administration was established, the subjects were switched to
a progressive ratio (PR) schedule of reinforcement, during which
the work requirement (lever presses) needed to receive a single
i.v. oxycodone infusion was progressively raised within each test
session according to the following PR series: 1, 2,4, 6,9, 12, 15, 20,
25,32,40, 50,62, 77,95,118, 145, 178, 219, 268, 328, 402, 492, and
603 until a break-point (BP) was reached. BP was defined as the
maximal work load (lever presses) completed for an oxycodone
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infusion before a 1-h period during which no infusion was
obtained by the animal. Animals were allowed to continue daily
sessions of oxycodone self-administration under PR reinforcement
until the number of ration increments could vary by no more than
two over three consecutive sessions. Once a stable baseline BP
was established, subjects were assigned to four subgroups to
determine the effects of vehicle and three different doses of VK4-
116 (5, 15, and 25 mg/kg, i.p.) on PR BP. We chose a between-
subjects design for this experiment because it is relatively difficult
to re-establish a stable BP level after each test under PR
reinforcement.

Experiment 6: Effects of VK4-116 on oxycodone-triggered reinstate-
ment of drug-seeking behavior. Following the completion of the
experiments in Experiment 3, extinction sessions continued until
the rats’ average active lever presses/session decreased to <10
responses over three consecutive sessions. On the following day,
two groups of rats were treated with 1 of the two VK4-116 doses
(5 or 15 mg/kg), while another group was treated with the vehicle.
Fifteen minutes later, all animals received a non-contingent
injection of oxycodone (1 mg/kg, i.p.) and then were placed into
the same operant chambers for a drug-induced reinstatement test
session [24]. Responses on the active and inactive levers were
recorded. Lever response did not lead to any consequence—
neither i.v. oxycodone infusion nor re-exposure to conditioned cue
lights and tones during the reinstatement test.

Experiment 7: Effects of VK4-116 on naloxone-precipitated CPA.
Naloxone-precipitated CPA was tested in a place-conditioning
apparatus (Med Associates, St Albans, VT, USA) consisting of two
compartments (21 cm X 28 cm) and a central gray connecting area
(21 em x 12,5 cm); sliding doors separated each compartment
from the connecting area. The two side compartments differed in
wall color (black vs. white), floor type (stainless-steel net vs.
stainless-steel grid), and illumination. Before the experiment
started, the animals were allowed to explore the conditioning
apparatus for 15min (preconditioning). Rats that displayed
significant bias to one compartment over the other (=200s
difference) during the preconditioning session were excluded
from the study.

The procedures for naloxone-precipitated CPA were the same
as reported previously [30, 31]. Six groups (n = 8/group) of rats
were used in this experiment. Three groups were chronically
treated with oxycodone (3 mg/kg, i.p.) and the other three groups
were treated with saline (1 ml/kg), twice a day (800 and 1800h) for
six and a half days. Four hours after the morning injections on
days 4 and 6, the oxycodone-treated rats were challenged with
saline and immediately confined in one compartment of the
place-conditioning apparatus for 30 min. On days 5 and 7, rats
were first treated with either the vehicle or 1 of 2 doses of VK4-116
(5 or 15mg/kg, i.p.) 3 h after a morning oxycodone injection, and
1 h later, they were challenged with naloxone (1 mg/kg, i.p.). The
rats were then immediately confined in the other compartment
for 30 min. The saline- or naloxone-paired compartments were
counterbalanced in each group. Chronically saline-treated groups
were subjected to the same place-conditioning procedures as
oxycodone-treated groups: they were challenged with saline on
days 4 and 6 and the vehicle or VK4-116 and naloxone on days 5
and 7. Twenty-four hours after the last conditioning session, the
animals were each placed in the same apparatus and allowed to
explore the apparatus for an additional 15 min. The time the
animals spent in each compartment was recorded. The CPA score
was calculated as a difference in time spent in the drug-paired vs.
the saline-paired compartment.

Experiment 8: Effects of VK4-116 on sucrose self-administration. The

procedures for oral sucrose self-administration were identical to
those for oxycodone self-administration, except that active lever
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presses led to a delivery of 0.08 ml of 5% sucrose solution into a
liquid food tray located on the operant chamber wall. Seven rats
were used for sucrose self-administration training and testing.
Sucrose deliveries were capped at 100 per session to prevent food
satiation and a reduction in motivation for sucrose-taking
behavior. After training, the animals were tested three times
under vehicle treatment or one of two doses of VK4-116 (15 or 25
mg/kg, i.p.). The treatment was counterbalanced for each rat and
each test was separated by two additional training sessions. The
total number of sucrose deliveries during the 3-h self-administra-
tion session, the time spent to earn the total sucrose deliveries,
and the rates of sucrose deliveries as calculated by total sucrose
deliveries/time spent (min) were used to evaluate the effects of
VK4-116 on sucrose self-administration.

Experiment 9: Effects of VK4-116 on oxycodone-induced antinoci-
ceptive response. Nociceptive tests were performed using a hot
plate device (Model 39, IITC Life Science Inc.,, Woodland Hills, CA,
USA). The rat was placed inside a transparent cage on the hot
plate (52 + 0.2 °C). When thermal nociceptive signs such as licking,
stomping the hind paw, or jumping from the plate appeared, the
rat was immediately removed from the cage. The time interval (s)
from rat being placed on the hotplate to exhibiting the first sign of
thermal nociception was measured. The cutoff time for the test
was 60 s to avoid tissue damage.

These experiments involved eight groups of rats (n=8-9/
group) in two series of repeated testing: four groups were used to
test the effects of VK4-116 on antinociception induced by a single
dose of oxycodone. Four additional groups were used to test the
effects of VK4-116 on antinociception induced by the various
oxycodone doses. Each rat was first habituated to the testing
environment for 1h, followed by placement on the hot plate
without treatment to obtain baseline response latencies. The
groups in the time-course test were tested for 2 consecutive days.
On the first day, group 1 was pretreated with the vehicle, and the
other three groups were pretreated with a VK4-116 dose (5, 15, or
25 mg/kg, i.p.). Fifteen minutes following the pretreatment, each
rat was challenged with a saline injection (1 ml/kg) and, 30 min
later, tested on the hot plate. The next day, each group received
the same pretreatment as on day 1, but was challenged with an
oxycodone injection (2 mg/kg, ip.). Each rat was then tested
repeatedly at 30, 60, and 120 min following the oxycodone
challenge injection. For the oxycodone dose-response curve
determination, the animals were tested for 4 consecutive days,
with the same pretreatment regimen on each day, but were
challenged with ascending oxycodone doses (0.5, 1, 2, or 4 mg/kg,
for day 1, 2, 3, and 4, respectively). The hot plate test was
conducted 30, 60, and 120 min after each oxycodone challenge
injection on each day. Data were calculated as % of maximum
percentage effect (% MPE) using the formula: (treatment value—
baseline value)/(cutoff value —baseline value) x 100. The doses of
oxycodone and the time points for the hot plate test were chosen
based on reports that the peak effect of oxycodone appeared
approximately 30min following injection, and the chosen
oxycodone doses produced a full range of effects in the hotplate
test [32, 33].

Experiment 10: Microsomal stability assays. Phase | metabolic
stability assays were conducted in rat liver microsomes purchased
from BD Gentest (San Jose, CA, USA), rhesus monkey microsomes
from XenoTech LLC (Lenexa, KS, USA), and human liver micro-
somes from Corning Gentest (Woburn, MA, USA), as we have
previously described [28]. Briefly, the reaction was carried out with
100 mM potassium phosphate buffer, pH 7.4, in the presence of a
reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH)-regenerating system (1.3 mM NADPH, 3.3 mM glucose-6-
phosphate, 3.3 mM MgCl,, 0.4 U/ml glucose-6-phosphate dehy-
drogenase, 50 uM sodium citrate). Reactions in triplicate were
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initiated by the addition of the liver microsomes to the incubation
mixture (final concentration of VK4-116 was 10 uM; 0.5 mg/ml
microsomes). Percent VK4-116 remaining as a function of time was
monitored via liquid chromatography with tandem mass spectro-
metry. The half-life (t;,,) of compounds’ metabolic stability from
liver microsomes was estimated using the first-order equation
t1,2 = 0.693/K,;, where K, (elimination rate constant) is the slope of
linear regression from natural log percentage substrate remaining
vs. incubation time [34].

Chromatographic analysis was performed using an Accela™
ultra high-performance system consisting of an analytical pump,
and an autosampler coupled with TSQ Vantage mass spectro-
meter (Thermo Fisher Scientific Inc.,, Waltham, MA, USA). Separa-
tion of the analyte was achieved at ambient temperature using
the Agilent Eclipse Plus column (100 x 2.1 mm? i.d.) packed with a
1.8 um C18 stationary phase. The mobile phase was composed of
0.1% formic acid in acetonitrile and 0.1% formic acid in H,O with
gradient elution. The total run time for each analyte was 4.5 min.
The [M+H]" ion transitions of VK4-116 (m/z 143.930, 213.003)
and the internal standard (m/z 423.03 > 180.086, 207.086).

Drugs

VK4-116 [(z)-N-(4-(4-(3-chloro-5-ethyl-2-methoxyphenyl)piperazin-
1-yl)-3-hydroxybutyl)-1H-indole-2-carboxamide] was synthesized
according to the published procedure [28]. Oxycodone HCI,
sucrose, and 2-hydroxypropyl-B-cyclodextrin were purchased from
Sigma/RBI (St Louis, MO, USA). Oxycodone was dissolved in
physiological saline for either iv. infusions or ip. injections.
2-Hydroxypropyl-B-cyclodextrin as a vehicle for VK4-116 was
dissolved in water to achieve a concentration of 25%.

Data analyses

All behavioral data are presented as means + SEM. One-way or
two-way analyses of variance (ANOVAs) for repeated measures
over time were used to analyze the data across the experiments.
Post-ANOVA multiple comparisons were carried out using the
Newman-Keuls test. P < 0.05 was considered to indicate statistical
significance.

RESULTS

VK4-116 pretreatment blocks acquisition of oxycodone self-
administration

Figure 1a, b show mean (+SE) oxycodone infusions and active
lever presses across self-administration sessions in three groups of
rats that were pretreated with vehicle, 5 mg/kg, or 15 mg/kg VK4-
116 during the initial five sessions. Pretreatment with VK4-116
dose-dependently inhibited the acquisition of oxycodone self-
administration as indicated by reductions in oxycodone infusions
and active lever presses. After termination of the VK4-116
treatment, the number of oxycodone infusions and active lever
responses remained significantly lower during subsequent self-
administration sessions (sessions 6-8), and gradually increased
thereafter to approximately similar levels as seen in the vehicle-
treated group. A two-way ANOVA with sessions as the repeated-
measures factor and treatment group as the between-subjects
factor revealed significant main effects of VK4-116 treatment (a,
F;21=10.59, p<0.001; b, F57 =10.22, p<0.001) and session (a:
F10210 =548, p<0.001; b: Fi9210 =4.39, p <0.001). Pretreatment
with VK4-116 showed no effects on the rats’ responses on the
inactive lever (data not shown), suggesting that their general
behavior was not disrupted.

VK4-116 inhibits maintenance of oxycodone self-administration

After stable self-administration was achieved in additional groups
of rats, each animal received vehicle or one of the VK4-116 doses
(5, 15, and 25 mg/kg, i.p.), respectively. Pretreatment with VK4-116
dose-dependently decreased oxycodone self-administration
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during maintenance of self-administration (Fig. 1c). A two-way
ANOVA with repeated measures over sessions (baseline vs.
treatment) revealed significant group x session interaction
(F321=1135, p<0.001). Post hoc analysis indicated that
25mg/kg VK4-116 significantly inhibited oxycodone self-
administration as compared to the vehicle group or the preceding
baseline level (Fig. 1c).

VK4-116 inhibits oxycodone-seeking during extinction when
oxycodone is replaced by saline

When saline was substituted for oxycodone during extinction
testing, the VK4-116 pretreatment (5 or 15mg/kg, i.p.) dose-
dependently inhibited oxycodone-seeking behavior (i.e., extinc-
tion responding) as demonstrated by selective decreases in
responding on the active lever as opposed to responding on
the inactive lever (Fig. 1d). One-way ANOVA revealed a significant
treatment effect on active (F,,0 = 8.56, p < 0.01), but not inactive
(F220=1.12, p=0.35), lever presses.

VK4-116 does not reduce sucrose self-administration

To determine whether VK4-116 also alters non-drug reinforce-
ment, we observed the effects of VK4-116 on oral sucrose self-
administration. Figure 1 e, f show that all rats took the maximally
allowed 100 sucrose deliveries (Fig. 1e) within the initial 30-60
min of the 3-h session in the presence or absence of the VK4-116
treatment (Fig. 1f). There was no difference between the
vehicle and VK4-116 treatment groups in the total number of
sucrose self-administration nor in the time needed for the
maximal 100 deliveries (F,:,=1.49, p=0.264). We also com-
pared the response rate over time (min) (Fig. 1g). One-way
ANOVA for repeated measures over VK4-116 dose did not
reveal a significant treatment main effect (Fig. 1g, F512=1.23,
p =0.326).

VK4-116 pretreatment lowers the BP for oxycodone self-
administration under PR reinforcement

To determine whether D3R blockade alters motivation to seek
oxycodone, we trained animals to self-administer oxycodone
under PR reinforcement and tested the effects of VK4-116 on BP,
an index of reward strength [9]. Figure 2a shows that systemic
administration of VK4-116 significantly and dose-dependently
lowered BP for oxycodone self-administration, suggesting a
reduction in oxycodone reward under D3R blockade. A two-way
ANOVA revealed a significant main effect of group (F336=7.73, p
<0.001) and a significant time x group interaction (F335 = 5.84, p
< 0.01). Post hoc individual group analysis indicated a significant
reduction in BP for oxycodone self-administration after 15 mg/kg
or 25mg/kg VK4-116 treatment as compared to baseline or the
vehicle-treated group.

VK4-116 inhibits multiple-dose oxycodone self-administration

We also examined oxycodone dose-response functions under FR1
reinforcement. Figure 2b shows typical inverted U-shaped curves
of oxycodone infusions earned across a full range of oxycodone
doses. Pretreatment with 25 mg/kg dose of VK4-116 produced a
significant reduction in oxycodone self-administration as assessed
by a downward shift of the oxycodone dose-response curve
(Fig. 2b, treatment main effect, F; 53 = 49.74, p < 0.001; dose main
effect, Fy 53 =2.88, p < 0.05; treatment x dose interaction, Fj g =
1.26, p > 0.05). Post hoc individual group comparisons revealed a
significant reduction in oxycodone infusions at each oxycodone
dose. We also compared the daily oxycodone intake during self-
administration maintained by different unit doses of oxycodone
(Fig. 2¢). A two-way ANOVA revealed significant main effects of
treatment (F;,5 =319, p<0.001), dose (F;,3=12.5 p<0.001),
and treatment x dose interaction (F4,s=11.72, p <0.001). Post
hoc testing indicated a significant reduction in oxycodone intake
at the higher unit doses tested (Fig. 2c).
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Effects of VK4-116 on oxycodone- or sucrose-taking and oxycodone-seeking behavior in rats. a, b pretreatment with VK4-116 (5 or 15

mg/kg, i.p. for 5 consecutive days) dose-dependently inhibited the acquisition of oxycodone self-administration as assessed by oxycodone
infusions (a) and active lever presses (b) (n = 8). ¢, d Pretreatments with VK4-116 (5-25 mg/kg, i.p.) also dose-dependently reduced oxycodone
self-administration during the maintenance of self-administration (c) and oxycodone seeking when oxycodone was replaced by saline during
self-administration (d) (n = 6-7). e-g VK4-116 treatment had no effect on oral sucrose self-administration as assessed by the total number of
sucrose deliveries (e), the time spent to maximal delivery (f), and the rate of sucrose deliveries (per h) (g) (n=7). *p <0.05, **p <0.01,

compared to vehicle group. *p < 0.05, compared to baseline

VK4-116 blocks reinstatement of oxycodone-seeking behavior

Figure 3 shows the mean + SE responses of animals on the active
and inactive levers during the last oxycodone self-administration,
extinction, and reinstatement test sessions. The number of active
or inactive lever presses during the last self-administration session
or during the last extinction session were similar across different
treatment groups. A systemic injection of oxycodone (1 mg/kg, i.
p.) reinstated robust active lever presses in the vehicle-treated
group, and such reinstatement was dose-dependently blocked by

Neuropsychopharmacology (2019) 44:1415 - 1424

VK4-116 pretreatment (5 or 15 mg/kg). One-way ANOVA revealed
a significant treatment main effect on the active lever presses
(F338 =4.38, p<0.05). VK4-116 pretreatment had no effects on
inactive lever presses (F5;3g = 0.38, p > 0.05).

VK4-116 does not diminish oxycodone’s antinociceptive effects in
rats

Baseline nociceptive response latencies ranged from 7.89 + 0.06 to
8.48+£0.60s across all treatment groups with no significant
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Fig. 2 Oxycodone self-administration under progressive-ratio and multiple-dose conditions. a Break-point levels for oxycodone self-
administration under PR reinforcement in the presence or absence of VK4-116. b Oxycodone dose-response self-administration function
illustrating the total numbers of oxycodone infusions across five doses during daily 3-h sessions. ¢ Cumulative oxycodone intake at each dose.
*p < 0.05, **p < 0.01, ***p < 0.001 compared to vehicle group. *p < 0.01, compared to baseline

differences among the groups. Figure 4a shows the effects of VK4-
116 pretreatment on the dose-response curve of oxycodone-
induced analgesia. VK4-116 treatment produced a significant
leftward shift in the oxycodone-induced analgesia dose-response
curve. A two-way ANOVA revealed significant main effects of the
VK4-116 treatment (F3 55 = 3.85, p < 0.05) and dose (F3 75 = 230.62,
p <0.001), but no treatment x dose interaction (Fy,5s =0.46, p >
0.05). Post hoc analysis indicated that VK4-116, at 25 mg/kg,
produced a significant elevation of MPE% after 1 or 2 mg/kg, but
not 0.5 or 4 mg/kg, oxycodone administration. Figure 4b shows
that VK4-116 alone (5 or 25mg/kg, i.p.) had no effect on
nociceptive responses. However, pretreatment with VK4-116
dose-dependently enhanced 2 mg/kg oxycodone-induced analge-
sia at the 30 and 60 min test points. A two-way ANOVA revealed
significant main effects of VK4-116 treatment (F3,¢=3.60, p <
0.05), and time (F;5,=156.71, p<0.001), but no treatment
group X time interaction (Fg 5, = 1.50, p > 0.05).

VK4-116 inhibits naloxone-precipitated CPA

Figure 5a shows the experimental procedure for naloxone-
precipitated CPA. In the saline control groups, conditioning of
rats with naloxone, VK4-116, or the vehicle (without oxycodone)
produced neither CPP or CPA (Fig. 5b, left panel; Fy,; =0.77,

SPRINGERNATURE

p>0.05). In rats repeatedly treated with the 3 mg/kg dose of
oxycodone, naloxone challenge injections induced a significant
CPA (Fig. 5b, right panel). Pretreatment with VK4-116 (5 or 15 mg/
kg, i.p., 1h prior to each naloxone injection) dose-dependently
attenuated the naloxone-precipitated CPA as compared to the
vehicle-treated group. A one-way ANOVA revealed a significant
treatment effect (F; 5, =7.10, p < 0.01). Post hoc individual group
comparisons indicated a significant reduction in the CPA score
after 5 or 15 mg/kg VK4-116 administration.

VK4-116 is metabolically stable in rat, rhesus monkey, and human
liver microsomes

VK4-116 was tested for species-specific phase | metabolic stability
in rat, rhesus monkey, and human liver microsomes fortified with
NADPH. As depicted in Fig. 6, VK4-116 showed stability in all three
species (>50% remaining over 1h), with highest stability in rat
(~85% remaining at 1 h) followed by human and rhesus monkey.
The corresponding calculated half-lives were 250, 116, and 102
min in rat, human, and monkey, respectively, suggesting that VK4-
116 may undergo slow metabolic clearance in vivo. Notably, VK4-
116 was completely stable in all conditions without NADPH (that
served as a negative control), confirming compound undergoing
specific CYP-dependent oxidative metabolism.

Neuropsychopharmacology (2019) 44:1415-1424
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DISCUSSION

We herein demonstrate that VK4-116, a highly selective and
metabolically stable D3R antagonist across species, produced the
following effects: it dose-dependently attenuated the acquisition
and maintenance of oxycodone self-administration under FR1
reinforcement, lowered BPs under PR reinforcement, and shifted
the oxycodone self-administration dose-response curve down-
ward. In addition. VK4-116 inhibited drug seeking during
extinction and oxycodone-primed reinstatement of drug seeking.
These findings suggest that VK4-116 is capable of reducing
oxycodone reward and relapse. Importantly, VK4-116 pretreat-
ment did not compromise the therapeutic analgesic effects of
oxycodone. In contrast, it enhanced oxycodone analgesia in a
dose-dependent manner and also alleviated naloxone-
precipitated aversive effects. These findings suggest that VK4-
116 (or potentially other highly selective D3R antagonists) has
potential for the treatment of opioid use disorders.

The inhibitory effects of VK4-116 on oxycodone-taking and
oxycodone-seeking behavior are unlikely to have been due to
nonspecific motor impairment since VK4-116 treatment affected
neither locomotor activity [28] nor inactive lever presses.
Moreover, VK4-116, at doses that attenuated oxycodone self-
administration, failed to alter operant sucrose self-administra-
tion, as assessed by either the total number of sucrose
deliveries, time spent, or the response rate. The lack of VK4-
116 effects on sucrose self-administration is in agreement with
many previous reports using a variety of D3R antagonists [6, 20,
23, 24, 35]. Thus, the effects of VK4-116 on oxycodone self-
administration and on oxycodone seeking observed in this study
are likely attributed primarily to its inhibition of oxycodone-
induced reinforcement.

D3R and opioid reward

The present findings with VK4-116 in oxycodone self-
administration are consistent with previous reports that D3R
blockade by SB-277011A or other D3R antagonists significantly
inhibits opioid-induced CPP in rats [11], oxycodone self-
administration in rats [24], and heroin self-administration in

Neuropsychopharmacology (2019) 44:1415 - 1424
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Fig. 4 Effects of VK4-116 on the antinociceptive effects of
oxycodone in rats. a VK4-116 pretreatment produced an upward or
left shift in the dose-response curve of oxycodone-induced
analgesia in the hot plate test. Data represent mean (£S.E.M) for n
=8-9 in each group. b Time courses of 2.0 mg/kg oxycodone-
induced analgesia as assessed by the hot plate test in the absence or
presence of VK4-116 pretreatment. Oxycodone dose-dependently
increased MPE% and pretreatment with VK4-116, at the 25 mg/kg
dose, significantly potentiated oxycodone’s analgesic effect at the 1
and 2 mg/kg doses. Data represent mean (+SEM) for n = 8-9 in each
group. **p <0.01 compared to the vehicle control group

wild-type mice, but not in D3R-knockout mice [36]. Deletion of
D3R in D3-knockout mice also attenuates mesolimbic dopamine
and locomotor responses to heroin [29]. VK4-116 also inhibits
acquisition of oxycodone-induced locomotor sensitization and
CPP [28].

It is well accepted that opioid reward is attributed to activation
of mu opioid receptors located in GABAergic interneurons or
GABAergic afferents in the VTA. Stimulation