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Abstract

The dopamine (DA) D3 receptor is posited to be importantly involved in drug reward and
addiction, and D3 receptor antagonists have shown extraordinary promise as potential anti-
addiction pharmacotherapeutic agents in animal models of drug addiction. SB-277011A is the best
characterized D3 receptor antagonist in such models. However, the potential use of SB-277011A
in humans is precluded by pharmacokinetic and toxicity problems. We here report a novel D3
receptor antagonist YQAZ14 that shows similar pharmacological properties as SB-277011A. /n
vitro receptor binding assays suggest that YQAZ14 has two binding sites on human cloned D3
receptors with Kj_njgn (0.68 x 1074 nM) and Ki.|_ow (2.11 nM), and displays > 150-fold selectivity
for D3 over D2 receptors and > 1000-fold selectivity for D3 over other DA receptors. Systemic
administration of YQA14 (6.25-25 mg/kg) or SB-277011A (12.5-25 mg/kg) significantly and
dose-dependently reduced intravenous cocaine self-administration under both low fixed-ratio and
progressive-ratio reinforcement conditions in rats, while failing to alter oral sucrose self-
administration and locomotor activity, suggesting a selective inhibition of drug reward. However,
when the drug dose was increased to 50 mg/kg, YQAL4 and SB-277011A significantly inhibited
basal and cocaine-enhanced locomotion in rats. Finally, both D3 antagonists dose-dependently
inhibited intravenous cocaine self-administration in wild-type mice, but not in D3 receptor-
knockout mice, suggesting that their action is mediated by D3 receptor blockade. These findings
suggest that YQA14 has a similar anti-addiction profile as SB-277011A, and deserves further
study and development.
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INTRODUCTION

Drug addiction is characterized by drug-induced reward (the “high’) and relapse to drug use
after abstinence (Wise 1996, 2005; Shalev, Grimm & Shaham 2002). The mesolimbic
dopamine (DA) system, which originates in the midbrain ventral tegmental area (VTA) and
projects to the forebrain nucleus accumbens (NAc) and prefrontal cortex (PFC), has been
shown to be critically involved in both drug reward and relapse (Wise 1996, 2005; Gardner
2000; Shalev et al. 2002; Pierce & Kumaresan 2006). Thus, brain DA receptors have become
important targets in medication development for the treatment of addiction. Five DA
receptors (D1-D5) have been identified in the brain (Missale ef a/. 1998). DA D3 receptors
are found to primarily in the mesolimbic DA system, including the VTA, NAc, islands of
Calleja, and olfactory tubercle (Sokoloff et al. 1990; Bouthenet et al. 1991; Diaz et al. 1995,
2000). Growing evidence suggests that D3 receptors are critically involved in drug reward
and also in motivational and cognitive processes implicated in addiction and relapse to drug-
seeking behavior (Sokoloff ef al 1992; Caine & Koob 1993; Heidbreder & Newman 2010).
Based on this, it has been proposed that selective DA D3 receptor antagonists may be
effective for the treatment of drug addiction (Le Foll, Schwartz & Sokoloff 2000;
Heidbreder et al. 2005; Newman, Grundt & Nader 2005; Xi & Gardner 2007).

To date, several compounds with D3 receptor antagonist profiles have been synthesized and
tested in experimental animals, including SB-277011A, NGB2904, BP-897, S-33138 and
PG-01037 (Yuan et al. 1998; Pilla et al. 1999; Reavill et al. 2000; Grundt et al. 2005; Peng et
al. 2009; Higley et al. 2011). Among them, SB-277011A is the most well-characterized D3
receptor antagonist in multiple animal models of drug addiction (Heidbreder ef a/. 2005).
Systemic administration of SB-277011A significantly inhibits reinstatement (relapse) of
drug-seeking behavior triggered by cocaine or other addictive drugs, triggered by cocaine- or
nicotine-associated environmental cues, and triggered by footshock stress (Xi et al. 2004;
Gilbert et al. 2005; Gal & Gyertyan 2006; Cervo et al. 2007). SB-277011A also inhibits
certain aspects of addictive drug reward as assessed by conditioned place preference (MVorel
et al. 2002; Ashby et al. 2003; Cervo et al. 2005; Pak et al. 2006), intracranial electrical
brain-stimulation reward (BSR) (Vorel et al. 2002; Pak et al. 2006; Spiller et al. 2008), drug
self-administration under second-order reinforcement (Di Ciano et a/. 2003; Di Ciano 2008),
and drug self-administration under progressive-ratio (PR) and high fixed-ratio (FR10)
reinforcement conditions (Andreoli et a/ 2003; Gal & Gyertyan 2003; Xi et al. 2005; Ross
et al. 2007). SB-277011A, at doses between 3 mg/kg and 24 mg/kg (i.p.), does not produce
aversive or rewarding effects (Vorel et al. 2002; Gal & Gyertyan 2003; Xi et al. 2005; Pak et
al. 2006; Ross et al. 2007). All such findings strongly support a potential utility for
SB-277011A as an anti-addiction medication. However, further development of
SB-277011A has been terminated due to pharmacokinetic and toxicity problems
(Macdonald et al. 2003; Heidbreder & Newman 2010). Thus, further development of more
selective D3 receptor antagonists with improved bioavailability is called for.
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Given that NGB-2904 has higher D3 receptor selectivity than SB-277011A, we used
NGB-2904 as a template molecule to develop additional highly selective D3 receptor
antagonists. YQA14 is the lead compound in this chemical series. YQA14 has been shown
to possess longer half-life than SB-277011A in rodents and also better metabolic stability in
humans (Li et a/. unpublished). Therefore, in the present study, we first examined the /n vitro
receptor binding and post-receptor G protein coupling properties of YQA14, and then
compared its pharmacological action with SB-277011A in animal models of cocaine
addiction. Previous studies have shown that SB-277011A (and other D3 antagonists) does
not significantly alter low fixed-ratio (FR1, FR2) cocaine (or nicotine or methamphetamine)
self-administration (Andreoli et a/. 2003; Gal & Gyertyan 2003; Xi et al. 2005; Higley et al.
2011), although—as noted above—it is highly effective at attenuating drug self-
administration under high FR or PR reinforcement conditions. Given that YQA14 appears to
have significantly higher affinity and selectivity than SB-277011A for D3 versus D2 and
other DA receptors, we used FR2 intravenous cocaine self-administration to determine
whether YQA14 is more potent and effective than SB-277011A at inhibiting low FR cocaine
self-administration. In addition, we also examined the effects of YQA14 and SB-277011A
on oral sucrose self-administration and cocaine-induced hyperactivity in rats. Finally, we, for
the first time, used D3 receptor-knockout mice to gather additional data to assess whether
the pharmacological action produced by YAQ14 and SB-277011A on cocaine self-
administration is mediated by blockade of D3 receptors /n vivo.

MATERIALS AND METHODS

Experiment 1: in vitro radioligand binding assays

Cell cultures—The protocols for cell culture were the same as reported previously (Wu et
al. 2005). hD3R- and hD4R-pcDNA3.1 (+) were purchased from Missouri S&T cDNA
Resource Center (Rolla, MO, USA), and transfected to CHO and HEK?293 cells,
respectively, according to the manufacturer’s instructions (Gibco™, Grand Island, NY,
USA). The HEK293 cell lines expressing hD1, hD5 or hDs receptors, respectively, were
obtained from the Shanghai Institute of Biological Sciences, Chinese Academy of Sciences,
Shanghai, China (Yu et al. 2008). The transfected cells were cultured for 4-6 weeks in the
presence of 1000 pg/ml G418. A single CHO-hD3R or HEK294-hDy4R cell clone was then
selected and re-cultured in DMEM/F12 medium supplemented with 2 mM Lglutamine, 100
U/ml penicillin, 200 mg/ml streptomycin, 200 pg/ml G418,10%fetal calf serum(FCS),
and5% CO, at 37°C until 80 to 90% confluence.

Cell membrane preparations—The protocols for cell membrane preparations were
slightly modified from a previous report (Reavill ef a/. 2000). The transfected cells, as
described above, were transferred from 175-cm? tissue culture flasks to 145-cm? Petri
dishes, and then allowed to continue to culture until 90% confluence. The cultured cells in
the Petri dishes were washed first with 5 ml cold phosphate buffer solution, and then
dissipated with separation buffer (137 mM NaCl, 2.7 mM KCI, 1.5 mM KHyPOg4, 10mM
NayHPOy4, 1.0 mM glucose-H,0, 2.0 mM EDTA-Na,. 2H,0, pH 7.4). The separated cells
were then harvested and homogenized in lysis buffer (5 mM Tris, 5 m MEDTA-Nay, 5 mM
EGTA). The homogenates were centrifuged at 40 000 g at 4°C for 20 minutes. The resulting
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pellets were re-suspended in 50 mM Tris-HCI, pH 7.4 and centrifuged twice at 40 000 g at
4°C for 20 minutes each. The resulting pellets were re-suspended in reaction buffer (50 mM
Tris, 120 mM NaCl, 5 mM KCI, 5 mM EDTA-Na,. 2H,0, 5 mM MgCl,, 1.5 mM CaCls,, pH
7.4) and stored at —70°C. The protein level in each membrane sample was measured using
methods reported previously (Bradford 1976).

In vitro radioligand binding assays—The methods for DA receptor binding were
slightly modified from those described in a previous report (Shahid e a/. 2009). Stored
membranes were thawed and suspended in reaction buffer as described above. The receptor
binding assay was carried out in reaction buffer (200 pl) containing 25 pg membrane protein
and various concentrations of [3H]spiperone (0.075-4.8 nM) were used to construct
saturation binding curves to determine receptor binding activity on transfected cells and an
optimal concentration of [3H]spiperone to be used in subsequent YQA14 receptor binding
assays. The effects of YQA14 or NGB2904 on [3H]spiperone or [3H]SCH23390 binding to
cell membrane were determined in the presence of 0.5 nM [3H]spiperone or 1.0 nM
[3H]SCH23390 and varying concentrations of YQA14 (10716-107> M) or NGB2904
(10710-1075 M). After 1 hour incubation (at 25°C), the reaction was terminated by filtration
through Whatman GF/C filters pre-soaked in 0.3% polyethyleneimine for 30 minutes. The
filter was then washed five times with 3 ml of cold 50 mM Tris-HCI. Radioactivity on each
filter was measured with a liquid scintillation spectrometer (LS6500; Beckman, Brea, CA,
USA). Nonspecific binding was determined in the presence of 0.5 nM [3H]spiperone and 10
UM haloperidol or 1 nM [3H]SCH23390 and 10 pM (+)-butaclamol. Specific receptor
binding was calculated by subtracting nonspecific binding from total ligand binding. The
receptor binding data were analyzed using a non-linear regression model (GraphPad
Software, San Diego, CA) (Castelli ef al. 2001). I1Csq values of YQA14 or NGB2904 were
determined using the method described by Cheng & Prusoff (1973). K; value was calculated
using the equation Kj = 1Cs0/(1 + [S]/Kq) ([S] — radioligand substrate concentration) (Cheng
& Prusoff 1973). All data are presented as mean values of two to three dependent
experimental assays.

[3°S]GTPyS-binding assay—Procedures for the [3°S]GTPyS binding assay were
slightly modified from the methods of Vanhauwe et a/. (1999). Briefly, stored membranes
were thawed and diluted in reaction buffer (20 mM HEPES, 100 mM NaCl, 3 mM MgCl,, 1
mM EGTA, 0.1 mM dithiothreitol, 1 mM guanosine diphosphate, pH 7.4). Membrane
proteins (35 pig) were pre-incubated with unlabeled quinpirole (10712-10&Minus:5 M) in
reaction buffer (400 pl, 30°C) containing 3 uM GTP but no [33S]GTP+S for 30 minutes,
following which 100 pl 1.0 nM [3°S]GTPyS was added. The mixture was incubated for
another 30 minutes. Basal [3°S]GTPyS binding was measured in the absence of quinpirole.
Nonspecific binding was measured in the presence of 0.2 nM [3*S]GTPyS and 40 uM
unlabeled GTP-yS. The intrinsic activity (agonist or antagonist) of YQA14 alone on
[3°S]GTP+S binding was measured in the absence of quinpirole. The effects of YQA14 on
quinpirole-stimulated [3°S]GTP+S binding were measured in the presence of varying
concentrations of YQA14(10714-10° M), 10 uM quinpirole and 0.2 nM [3°S]GTPyS.
Reactions were terminated by rapid filtration with Whatman GF/B filters as described above.
The filters were then washed with 3 ml of washing buffer (50 mM Tris-HCI, 50 mM NacCl, 5
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mM MgCl,-6H,0, pH 7.4, 4°C). The radioactivity on each filter was measured with a
scintillation spectrometer (LS6500; Beckman, Brea, CA, USA). GraphPad Prism software
was used to calculate ECsq values of quinpirole-stimulated [3°S]GTP+S binding and ICsq
values of YQA14 on quinpirole-stimulated [3*S]GTP+S binding. To obtain a stable maximal
[3°S]GTPyS binding to CHO-hD3R cell membranes, we used a high concentration of
quinpirole (10 uM) as an agonist. However, such concentrations of quinpirole may also
affect YQAZ14 binding to CHO-hD3R cells. Thus, the original 1Cs5q values of YQA14
measured from the functional response curve with the GraphPad Prism software were
corrected or normalized to the corrected ICsq (cICsg) according to the following equation:
clCso = ICsp(antagonist) (1 + [quinpirole]/ECsp(quinpirole)) (Vanhauwe et a/. 1999).

Experiment 2: intravenous cocaine self-administration in rats

Animals—Male Long-Evans rats (Charles River Laboratories, Raleigh, NC, USA)
weighing 250-300 g were used. They were housed individually in a climate-controlled
animal colony room on a reversed light/dark cycle with access to food and water ad /ibitum.
All experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals of the US National Academy of Sciences and were approved by the
Animal Care and Use Committee of the National Institute on Drug Abuse.

Surgery—Intravenous (i.v.) catheters were constructed of microrenathane (Braintree
Scientific Inc., Braintree, MA, USA). Rats were anesthetized with sodium pentobarbital (65
mg/kg i.p.), and an i.v. catheter was inserted into a jugular vein using standard aseptic
surgical procedures. During experimental sessions, the catheter was connected to an infusion
pump via tubing encased in a protective metal spring from the head-mounted connector to
the top of the experimental chamber. To prevent clogging, catheters were flushed daily with
a gentamicin-heparinsaline solution (30 1U/ml heparin; ICN Biochemicals, Cleveland, OH,
USA).

Self-administration apparatus—Intravenous cocaine self-administration experiments
were conducted in operant response test chambers (32 x 25 x 33 cm) (Med Associates, Saint
Albans, VT, USA). Each test chamber had two levers located 6.5 cm above the floor, one
active and one inactive. Depression of the active lever activated the infusion pump;
depression of the inactive lever was counted but had no other consequence. A cue-light and a
speaker were located 12 cm above the active lever. At the start of each 3-hour test session,
the house-light was turned on. When the animal made a lever-pressing response that resulted
in cocaine infusion (0.1 ml in 4.6 s), the cue-light (4 W) was illuminated and a cue-sound
(tone, 30 Hz, 15 dB) was turned on for the duration of the infusion. Lever presses during the
4.6-second cocaine infusion were counted, but did not lead to further infusions. There was
no timeout after the completion of each infusion.

Initial single-dose cocaine self-administration—After 5-7 days of recovery from
surgery, each rat was placed into a test chamber and allowed to lever-press for i.v. cocaine
(1.0 mg/kg/infusion) infusion on a fixed-ratio 1 (FR1) reinforcement schedule until stable
cocaine self-administration was established. The initial cocaine dose of 1 mg/kg per infusion
was chosen as our previous experience showed that this dose produces rapid and facile
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acquisition of cocaine self-administration behavior (Xi et al. 2006). After transition from
FR1 reinforcement, subjects were allowed to continue cocaine (0.5 mg/kg per infusion) self-
administration under FR2 reinforcement (7-10 days) until the following criteria for stable
cocaine-maintained responding were met: less than 10% variability in inter-response interval
and less than 10% variability in number of presses on the active lever for at least 3
consecutive days.

Multiple-dose cocaine self-administration—To determine whether the behavioral
effects of YQAZ14 or SB-277011A on cocaine self-administration were dependent on drug
(YQAZ14 or SB-277011A) and cocaine doses, we examined the effects of YQA14 or
SB-277011A on cocaine self-administration maintained by a full dose range of cocaine
(0.031, 0.0625, 0.125, 0.25, 0.5 and 1.0 mg/kg per infusion) in a single session. The session
consisted of five sequential 20-minute components, each preceded by a 20-minute timeout
period for changing the cocaine dose. The infusion volumes and durations of each
component were identical except that cocaine concentrations for corresponding unit cocaine
doses differed. There was a 30-minute extinction period (0 mg/kg cocaine) before each daily
cocaine self-administration session. Testing continued until stable cocaine-maintained
responding was achieved (i.e. a minimum of 10 mg/kg cocaine infusions per session, with
less than 10% variation in total number of cocaine injections for 3 consecutive days, and at
least fivefold higher maximal response rates compared with those maintained during
extinction). Then, each rat randomly received one of three doses of YQA14 (6.25, 12.5 or 25
mg/kg, i.p.) or vehicle (25% 2-hydroxypropyl-B-cyclodextrin) 20 minutes prior to the test
session. Additional rats were used to observe the effects of SB-277011A (12.5 or 25 mg/kg
i.p.) on cocaine self-administration using the same procedure as described above. Animals
then received an additional 5-7 days of self-administration of cocaine alone until baseline
response was re-established prior to testing the next dose of YQA14 or SB-277011A. The
order of testing for the various doses of drug or vehicle was counterbalanced.

Cocaine self-administration under PR reinforcement—After stable cocaine self-
administration under FR2 reinforcement was established, subjects were switched to cocaine
self-administration (0.5 mg/kg per injection) under PR reinforcement, during which the
work requirement (lever presses) needed to receive a single i.v. cocaine infusion was
progressively raised within each test session (see details in Richardson & Roberts 1996)
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 the break-point was reached. The break-
point was defined as the maximal workload (i.e. number of lever presses) completed for the
last cocaine infusion prior to a 1-hour period during which no infusions were obtained by the
animal. Animals were allowed to continue daily sessions of cocaine self-administration
under PR reinforcement conditions until day-to-day variability in break-point fell within 1-2
ratio increments for 3 consecutive days. Once a stable break-point was established, subjects
were assigned to seven subgroups. Then, each group randomly received vehicle (25% 2-
hydroxypropyl-p-cyclodextrin), one of three doses YQAZ14 (1.00, 6.25 or 12.5 mg/kg, i.p.),
or one of three doses of SB-277011A (6, 12 or 25 mg/Kkg, i.p.) 20 minutes prior to the test
session.
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Experiment 3. Oral sucrose self-administration in rats

The procedures for oral sucrose self-administration testing were identical to the procedures
used for cocaine self-administration, except for the following minor differences: (1) no
surgery was carried out in this experiment; and (2) active lever presses led to delivery of 0.1
ml of 5% sucrose solution into a liquid food tray on the operant chamber wall. The effects of
the same doses of YQA14 or SB-277011A on oral sucrose self-administration were
evaluated in this group of rats.

Experiment 4. Locomotion behavior in rats

Before receiving any drug, rats were placed in a locomotor detection chamber (Accuscan,
Columbus, OH, USA) for habituation for 1 hour per day for 3 days. Rats were then divided
into four groups. Two groups of rats were used to determine whether YAQ14 or
SB-277011A alone altered locomotion, whereas two other groups of rats were used to
determine whether pre-treatment with YQA14 or SB-277011A altered cocaine-enhanced
locomotion. On test days, each rat randomly received vehicle or one of two doses of YQA14
(12.5 or 25 mg/Kkg, i.p.) or SB-277011A (12.5 or 25 mg/kg, i.p.). Twenty minutes later, the
first two groups of rats were placed in the locomotor detection chambers for 2 hours,
whereas the other two pre-treatment groups of rats received 10 mg/kg cocaine immediately
before they were placed into the locomotion detection chambers. After each test, animals
received 2-3 additional days of habituation training (1 hour per day) in the same test
chambers before the next dose was tested. The order of testing for various doses of YQA14,
SB-277011A or vehicle was counterbalanced. Total distance counts were used to evaluate
the effect of YQA14 and SB-277011A on basal and cocaine-enhanced locomotion.

Experiment 5: Intravenous cocaine self-administration in mice

Animals—Male wild-type (WT) and DA D5 receptor knockout (D3~~) mice with
C57BL/6J genetic backgrounds were bred at the National Institute on Drug Abuse from
three D3*/~ breeding pairs purchased from the Jackson Laboratory. All the mice were
genotyped in our own laboratory according to the mouse tail D3R-DNA-PCR protocol used
by Charles River Laboratories (Wilmington, MA, USA). WT and D3/~ mice were matched
for age (8-14 weeks) and weight (25-35 grams). They were housed individually in a
climate-controlled animal colony room on a reversed light—dark cycle (lights on at 1900 h,
lights off at 700 h) with free access to food and water. The animals were maintained in a
facility fully accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International. All experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals of the US National Academy of
Sciences, and were approved by the Animal Care and Use Committee of the National
Institute on Drug Abuse of the US National Institutes of Health.

Surgery—Mice were prepared for experimentation by surgical catheterization of the right
external jugular vein. Catheterization was performed under 4% chloral hydrate (10 pl/g)
using aseptic surgical technique. A 6.0-cm length of MicroRenathane tubing (1D 0.012”,
OD 0.025”) (Braintree Scientific Inc., Braintree, MA, USA) was inserted 1.2 cm into the
right jugular vein, and the distal end of the tubing was anchored to a 24-gauge steel cannula
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(Plastics One, Roanoke, VA, USA) that was bent at a 100° angle and mounted to the skull
with cyanoacrylate glue and dental acrylic. A 2.5-cm extension of flexible tubing was
connected to the distal end of the cannula. During cocaine self-administration sessions, the
flexible tubing extension was connected to a perfusion pump (Razel Scientific Instruments,
Stamford, CT, USA) via a PE50 tubing connector. To keep the implanted catheters patent,
they were flushed daily with a 0.05 ml saline solution containing 20 1U/ml heparin and 0.33
mg/ml gentamycin. To avoid cocaine overdose, each animal was limited to a maximum of 30
cocaine infusions per 3-hour session.

Apparatus—Intravenous cocaine self-administration experiments were conducted in
operant response test chambers (Model ENV-307A, Medical Associates, Georgia, VT,
USA). Each test chamber had two levers located 2.5 cm above the floor (one active and one
inactive). Depression of the active lever activated the infusion pump; depression of the
inactive lever was counted but had no consequence. A cue light and a speaker were located 5
cm above the active lever. A house chamber light was turned on at the start of each 3-hour
test session. When the animal performed a lever-press that resulted in a drug infusion, it was
exposed to two drug-paired environmental cues: a cue-light and a cue-sound (tone) that
lasted for the duration of the infusion. Scheduling of experimental events and data collection
were accomplished using Medical Associates software.

Cocaine self-administration under FR1 reinforcement—After recovery from
surgery, each mouse was placed into a test chamber and allowed to lever-press for i.v.
cocaine (1 mg/kg per infusion) delivered in 0.015 ml over 4.2 seconds on an FR1
reinforcement schedule. For the first 3-5 days, all animals received five free cocaine
infusions within a 2- to 5-minute time interval at the beginning of each self-administration
session to prime the animal for drug-seeking and drug-taking behavior. These five free drug
infusions were subtracted from the total number of drug infusions in data analysis. During
the 4.2-second injection period, additional responses on the active lever were recorded but
did not lead to additional infusions. Each session lasted 3 hours. After 1 week of cocaine
self-administration, the cocaine dose was switched from 1 to 0.5 mg/kg per infusion for an
additional 1-2 weeks of cocaine self-administration until stable day-to-day self-
administration was established, which was defined as = 20 cocaine infusions per session
with a steady self-administration pattern for at least 3 consecutive days. Then, each mouse
randomly received vehicle (25% 2-hydroxypropyl-p-cyclodextrin solution) or one of two
doses of YQA14 (25 or 50 mg/Kkg, i.p.) or SB-277011A (50 or 100 mg/kg, i.p.) at 20 minutes
prior to testing. We chose two to four times higher drug doses in mice than those used in rats
based on our pilot preliminary data about the minimal effective doses and the fact that drug
metabolism is in general faster in smaller animals (such as mice) than in larger ones (such as
rats) (Zhao & Ishizaki 1997; Bun et al. 1999). Thus, higher drug doses are required to
produce effective pharmacological effects in mice than in rats. Animals then received an
additional 5-7 days of cocaine self-administration until baseline response was re-established
prior to testing the next dose of the drug.

Cocaine self-administration under PR reinforcement—The procedure for PR
cocaine self-administration was identical to that used in rats (described above). In brief,
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mice were initially trained under FR1 reinforcement as outlined above. After stable cocaine
self-administration was established, animals were switched from FR1 to PR reinforcement,
under which the work requirement (lever presses) to receive a cocaine infusion was
progressively raised within each test session (Roberts 1989; Roberts, Loh & Vickers 1989;
Rodefer & Carroll 1996). Once a stable break-point was established, subjects randomly
received vehicle (25% 2-hydroxypropyl-B-cyclodextrin) or one of two doses of YQA14 (50
or 75 mg/kg, i.p.) or SB-277011A (50 or 100 mg/Kkg, i.p.) 20 minutes prior to PR cocaine
self-administration testing.

Drugs
DMEM/F12 medium, geneticin (G418) and lipofectamine were purchased from Invitrogen
Corporation (Gibco™, Grand Island, NY, USA). Fetal bovine serum was purchased from
HyClone-Pierce (HyClone®, South Logan, UT, USA). [3H]spiperone (105 Ci/mmol),
[3H]SCH23390 (73.1 Ci/mmol) and [3°S]guanosine 5’-[y-thio]-triphosphate ([3°S]GTPyS)
(1250 Ci/mmol) were purchased from PerkinElmer Life Sciences (NEN, Boston, MA,
USA). Other drugs used in experiment 1 were obtained from Sigma (St. Louis, MO, USA).
Cocaine HCI (Sigma Chemical Co., Saint Louis, MO, USA) was dissolved in physiological
saline. YQAL14 was synthesized at the Beijing Institute of Pharmacology and Toxicology.
SB-277011A (Trans-N-[4-[2-(6-cyano 1, 2, 3, 4-tetrahydroisoquinolin-2-yl) ethyl]
cyclohexyl]-4-quinolinecarboxamide) was synthesized at MegaPharma Kft., Budapest,
Hungary. YQA14 or SB-277011Awas dissolved in vehicle, i.e. 25% 2-hydroxypropyl-f-
cyclodextrin (Sigma).

Data analyses

All data are presented as means (SEM). Radioligand and GTP-yS binding data were
analyzed using a one- or two site non-linear regression model with Prism software. One- or
two-way analysis of variance (ANOVA) was used to analyze the data reflecting the effects of
YQAL4 or SB-277011A on cocaine or sucrose self-administration or on basal or cocaine-
enhanced locomotion in rats and mice. Individual group comparisons were performed with
the Turkey method.

RESULTS

In vitro radioligand binding properties of YQA14 and NGB2904 on DA receptors

Figure 1 shows the chemical structures of YQA14, NGB-2904 and SB-277011A. Table 1
shows the Kij values of YQA14 on D1—Ds receptors expressed on CHO or HEK293 cells,
demonstrating that YQAZ14 has the highest binding affinity for the D3 receptor over other
DA receptors, and has two specific binding sites on D3 receptors with Kj_pjgn (0.68 x 107
nM) and Kij._ ow (2.11 nM). In contrast, NGB2904 has only one high-affinity binding site on
D3 receptors with K; value of 4.36 nM. Given that the Kj values of YQA14 (335.3 nM) and
NGB2904 (502.3 nM) on D, receptors are significantly higher than those on D3 receptors,
this suggests that YQA14 may have ~5 000 000-fold and 150-fold higher selectivity,
respectively, for D3 over D, receptors at each binding site. Table 2 shows the Kj values of
SB-277011A, NGB2904 and YQA14, demonstrating that YQAZ14 has similar or higher
potency and selectivity than SB-277011A or NGB2904 for D3 over D, receptors.
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Figure 2a illustrates the inhibitory effects of YQA14 and NGB2904 on [3H]spiperone
binding on CHO-hD3R cells. YQA14 had high affinity for cloned human D3 receptors
showing two binding sites (ICsg.High = ~0.1 pM; ICsq.Low = ~5 NM). NGB2904 also had
high affinity for D3 receptors, with a single binding site (ICgg = ~10 nM). Figure 2b
illustrates the inhibitory effects of YQA14 or NGB2904 on [3H]spiperone binding to
HEK?293-hD, cells, demonstrating much lower affinities of YQA14 or NGB2904 for the
human D, receptor, and a single binding site (ICgg = ~1 pM).

YQA14 inhibits quinpirole-stimulated [3°S]GTPyS binding at CHO-hD3 cells

Figure 3a illustrates the dose—effect relationship of quinpirole-activated [3°S]GTPyS
binding on CHO-hD3R cells (EC5p=23.7 £ 1.6 nM, Ymax=187.7 + 14.4%, n=3),
whereas YQA14 alone had no effect on [3°S]GTP+S binding to CHO-hD3R. Figure 3b
illustrates the dose-dependent effect of YQAL14 on 10 uM quinpirole-stimulated
[3°S]GTP+S binding, also demonstrating two specific binding sites of YQA14 on CHO-
hD3R cells with raw ICsg.pigh (~10 pM) and raw ICsg. ow (~0.1 pM). As described above, a
very high concentration of quinpirole (10 pM)was used to stimulate [3S]GTP+S binding,
which may have affected YQA14 binding to D3 receptors. Therefore, the raw 1Cgq values
were normalized to clCsg. The cICsg values at both binding sites were cICgq.pign (0.61

+ 0.51 pM) and clCgq._gw (0.42 £ 0.18 nM), which are close to the ICgq values (0.1 pM and
5nM) or K; values (0.068 pM and 2.11 nM) as measured in the present receptor binding
assays above.

Effects of YQA14 and SB-277011A on cocaine self-administration in rats

Figure 4 illustrates that YQA14 (12.5 or 25 mg/Kkg, i.p.) significantly and dose-dependently
inhibited cocaine self-administration and shifted the cocaine dose—response self-
administration curve downward (Fig. 4a) and shifted cocaine intake dose—response curve
downward and to the right (Fig. 4b). Two-way ANOVA for repeated measures over cocaine
dose revealed a significant treatment (vehicle versus YQA14) main effect (Fig. 4a, /3 21 =
19.221, P<0.001; Fig. 4b, F3 21 = 11.16, < 0.001), significant cocaine dose main effect
(Fig. 4a, Fg 42 = 19.180, P< 0.001; Fig. 4b, f¢ 42 = 54.41, P<0.001) and a significant
treatment x dose interaction (Fig. 4a, F1g 126 = 5.12, < 0.001; Fig. 4b, F1g 126 = 2.82, P<
0.001). Individual group comparisons revealed a statistically significant reduction in cocaine
self-administration maintained by lower doses (0.03-0.25 mg/kg per infusion) of cocaine
after 6.25 mg/kg (Fig. 4a, g = 4.065, P< 0.05; Fig. 4b, g=2.58, P= NS), 12.5 mg/kg (Fig.
4a, g=4.836, P=0.013; Fig. 4b, g=2.72, P= NS) or 25 mg/kg (Fig. 4a, g=10.64, P<
0.001; Fig. 4b, g=7.97, P<0.001) YQA14, when compared to the vehicle control group.
Figure 4c and d illustrate that the same doses of SB-277011A also produced a dose-
dependent inhibition of cocaine self-administration. Two-way ANOVA for repeated
measures over cocaine dose revealed a significant treatment (vehicle versus SB-277011A)
main effect (Fig. 4c, /- 1p = 14.798, P< 0.001, Fig. 4d, ~, 1o = 7.00, £< 0.01), significant
cocaine dose main effect (Fig. 4c, fs 36 = 5.653, £< 0.001; Fig. 4d, 5 36 = 31.51, P<
0.001) and a significant treatment x dose interaction (Fig. 4c, £y 72 = 2.455, P=0.01; Fig.
4d, F1p 72 = 2.12, P<0.05). Individual group comparisons revealed a statistically significant
reduction in cocaine self-administration maintained by lower doses (0.03-0.25 mg/kg per
infusion) of cocaine after 12.5 mg/kg (Fig. 4c, g =5.098, P< 0.01) or 25 mg/kg (Fig. 4c, g=
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7.539, P<0.001; Fig. 4d, g=5.29, P< 0.01) SB-277011A, when compared to the vehicle
control group.

To determine whether the YQA14-induced reduction in cocaine self-administration was due
to a reduction in cocaine’s rewarding efficacy, we further observed the effects of YQA14 on
i.v. cocaine self-administration under PR reinforcement. Figure 5 shows that systemic
administration of YQA14 (Panel a, 3 25 = 11.035, A< 0.001) or SB-277011A (Panel b,

F3 20 = 8.187, P< 0.001) significantly and dose-dependently lowered break-point for
cocaine self-administration (shown as % change). Individual group comparisons revealed a
statistically significant reduction in break-point levels after 1.04 mg/kg (¢ = 4.527, P<
0.05), 6.25 mg/kg (g =5.649, P< 0.01) or 12.5 mg/kg YQA14 (g=7.897, A< 0.001), and
after 12 mg/kg (g =4.706, P=0.016) or 24 mg/kg (¢= 6.11, P=0.001) of SB-277011A,
when compared to the vehicle control group.

Effects of YQA14 and SB-277011A on oral sucrose self-administration in rats

Figure 6 illustrates that neither YQA14 (Panel a, £ 5o = 2.635, P= NS) nor SB-277011A
(Panel b, /14 = 4.952, P=NS), at the same doses that inhibit cocaine self-administration,
altered oral sucrose self-administration.

Effects of YQA14 and SB-277011A on basal and cocaine-augmented locomotion in rats

To determine whether the effects of D3 receptor antagonists on cocaine self-administration
generalize to other effects of cocaine, we observed the effect of YQAL4 or SB-277011A on
basal or cocaine-enhanced locomotion. Figure 7 shows that both YQA14 and SB-277011A,
at the same doses (12.5-25 mg/kg) that significantly inhibited cocaine self-administration,
did not significantly alter basal or cocaine-enhanced locomotion. However, when the dose
was increased to 50 mg/kg, YQAL14 or SB-277011A produced a significant inhibition of
basal and cocaine-enhanced locomotion. Two-way ANOVA for repeated measurements over
time revealed a statistically significant YQA14 treatment main effect (Panel a, /4 25 = 7.866
P<0.001; Panel b, 3 21 = 3.627 £< 0.001), and SB-277011A treatment main effect (Panel
C, F321 =13.362 < 0.001; Panel d, ~ 14 = 4.208 P< 0.05). Individual group comparisons
revealed a statistically significant reduction in cocaine-augmented locomotion after 50
mg/kg YQA14 (Panel a, g=4.347, P<0.05) or 50 mg/kg SB-277011A (Panel ¢, g = 6.870,
P<0.001), and in basal levels of locomotion after 50 mg/kg YQA14 (Panel b, g=4.62, P<
0.05) or 50 mg/kg SB-277011A (Panel d, g=3.81, P<0.05).

Effects of YQA14 and SB-277011A on cocaine self-administration in WT and D3~ mice

To further determine whether the observed pharmacological effects of YQA14 and
SB-277011A on cocaine self-administration are mediated by blockade of brain DA D3
receptors, we investigated and compared the effects of YQA14 (25 or 50 mg/kg, i.p.) and
SB-277011A (50 or 100 mg/kg, i.p.) on cocaine self-administration in WT and D3/~ mice.
Figure 8a illustrates that systemic (i.p.) administration of YQAZ14 produced a significant and
dose-dependent reduction in cocaine self-administration under FR1 reinforcement
conditions in WT (/10 = 19.421, £< 0.001), but not in D3~ mice (Fp8=2.279, P=NS).
Figure 8b illustrates that systemic administration of SB-277011A also dose-dependently
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inhibited cocaine self-administration under FR1 reinforcement in WT mice (/,, 19 = 4.443, P
< 0.05), but not in D3™/~ mice (F, 19 = 3.497, P=NS).

Finally, to determine whether YQA14 or SB-277011A also inhibits mouse cocaine self-
administration under PR reinforcement conditions, we observed the effects of YQA14 (50 or
75 mg/kg i.p.) and SB-277011A (50 or 100 mg/kg i.p.) on PR break-point levels for cocaine
self-administration in both strains of mice. Figure 9a shows that YQA14 (50 mg/kg) almost
completely inhibited cocaine self-administration in WT, but had no effect in D3™/~, mice.
However, when the dose was increased to 75 mg/kg, YQAL14 appeared to produce an
inhibitory tendency in D3™/~ mice, although this tendency toward a reduction in break-point
was not statistically significant (/, g = 2.451, P= NS). Figure 9b shows similar findings,
with SB-277011A (50 mg/kg) also almost completely inhibiting PR cocaine self-
administration in WT, but not in D3~ mice. However, at 100 mg/kg, SB-277011A appeared
to produce a tendency toward a lower breakpoint level for cocaine self-administration in
D3~ mice, although this tendency was not statistically significant (F8=1.526, P=NS).

DISCUSSION

In the present study, we report the profile of a novel D3 receptor antagonist (YQAL4), which
appears to be similarly potent and selective as SB-277011A or NGB2904 for D3 over D2
receptors (see Table 2). Strikingly, this new compound, like endogenous DA itself, has two
binding sites on D3 receptors with K; values of 0.68 x 1074 and 2.11 nM, respectively. It
also shows a longer tq;» than SB-277011A in rodents and better stability when incubated
with human hepatic microsomal enzyme (Li et a/. unpublished), suggesting that the novel
compound YQA14 has even better pharmacokinetic properties than SB-277011A, the most
well-characterized selective D3 receptor antagonist to date in animal models of addiction
(Heidbreder et al. 2005).

In the present study, we evaluated and compared the pharmacological actions of YQA14
against those of SB-277011A in animal models of drug addiction. Drug self-administration
and reinstatement of extinguished drug-seeking behavior are the most commonly used
animal models to investigate drug reward and relapse (Gardner 2000; Shalev et al. 2002).
Previous studies have shown that systemic administration of the D3 receptor antagonists
SB-277011A, NGB-2904 and others significantly and dose-dependently inhibit
reinstatement of drug-seeking behavior triggered by addictive drugs (including cocaine,
methamphetamine, nicotine and alcohol), drug-associated cues, or footshock stress (Xi et al.
2004; Gilbert et al. 2005; Gal & Gyertyan 2006; Cervo et al. 2007), but fail to inhibit i.v.
self-administration of most of these drugs (excepting alcohol) under low FR reinforcement
conditions (Di Ciano et al. 2003; Xi et al. 2005, 2006), suggesting a possible limitation of
D3 receptor antagonists in medication development for the treatment of drug addiction.

Given that YQA14 appears to be a more potent and selective D3 receptor antagonist than
SB-277011A (Table 2), and given the significant efficacy shown by SB-277011A across a
wide range of preclinical animal models of addiction (Heidbreder et a/. 2005), we
hypothesized that YQAZ14 might be more effective than SB-277011A in attenuating cocaine
self-administration. To address this issue, we used the multiple-dose cocaine self-
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administration paradigm, which has hitherto not been used to evaluate D3 receptor
antagonist effects on cocaine’s actions. In this paradigm, animals display a characteristic
inverted U-shaped dose-response self-administration curve (Panlilio, Thorndike & Schindler
2006; Xi et al. 2010), which allows a more complete assessment of cocaine’s dose—response
effects and the effects of test drugs (e.g. YQAL14 or SB-277011A) on cocaine self-
administration. In this study, we found that both YQAZ14 and SB-277011A significantly
shifted the cocaine dose-response curve downward and to the right (see the cocaine dose—
response intake curves), suggesting antagonism by YQAL4 or SB-277011A of cocaine’s
acute rewarding effect. This is congruent with SB-277011A’s acute attenuation of cocaine-
enhanced electrical brain-stimulation reward (Vorel et al. 2002). By careful examination of
drug interaction effects seen with different doses of cocaine and YQA14 or SB-277011A,
we found that both D3 receptor antagonists significantly and dose-dependently inhibited
intravenous cocaine self-administration maintained by lower doses (0.03-0.25 mg/kg per
infusion), but not by higher doses (0.5 or 1.0 mg/kg/infusion) of cocaine (Fig. 3), suggesting
that the attenuation of cocaine’s effects produced by D3 receptor antagonists is
surmountable by increased doses of cocaine. This finding is consistent with previous reports
that SB-277011A or NGB-2904 significantly inhibit cocaine-induced conditioned place
preference (Vorel et al. 2002), cocaine- or nicotine-enhanced brain-stimulation reward (Pak
et al. 2006; Xi et al. 2006) and cocaine or nicotine self-administration under high fixed-ratio
(FR10) or PR reinforcement schedules (Xi et al. 2005, 2006; Ross et al. 2007; Xi & Gardner
2007) in which the cumulative cocaine doses are much lower than those in cocaine self-
administration under low fixed-ratio (FR1, FR2) reinforcement (Andreoli et a/. 2003; Gal &
Gyertyan 2003; Xi et al. 2005, 2006), wherein selective D3 receptor antagonism has little or
no effect.

To assess whether YQAL4-induced attenuation of FR cocaine self-administration is
mediated by attenuation of cocaine’s rewarding efficacy, we also observed and compared the
effects of YQA14 and SB-277011A on cocaine self-administration under PR reinforcement.
The PR paradigm is considered to measure the rewarding efficacy of addictive drugs
(Roberts 1989; Rodefer & Carroll 1996; Arnold & Roberts 1997). Given that the PR
breakpoint level is largely cocaine dose-dependent, it has been thought to be an index of
reward strength. The present study shows that both YQA14 and SB-277011A significantly
and dose-dependently lowered break-point for cocaine self-administration under PR
reinforcement, suggesting a reduction in cocaine reward after D3 receptor blockade. This is
congruent with the previous findings that several D3 receptor antagonists (SB-277011A,
NGB2904, S33138, PG-01037) significantly inhibit PR cocaine self-administration as
reflected by lowed PR break-points (Di Ciano et al. 2003; Xi et al. 2005, 2006; Peng et al.
2009; Higley et al. 2011).

We believe that the inhibition of cocaine self-administration described above is unlikely due
to YQAZ14-induced locomotor impairment, because neither YQAZL14 nor SB-277011A, at
doses that inhibit cocaine self-administration, significantly altered oral sucrose (nondrug
reward) self-administration or locomotor activity. These findings also suggest that blockade
of D3 receptors selectively inhibit cocaine, but not natural food reward, consistent with our
previous reports (Vorel et al. 2002; Xi et al. 2006). However, with increased doses, both D3
antagonists significantly inhibited basal and cocaine-enhanced locomotion, suggesting that
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the antagonism by YQAL4 and SB-277011A of cocaine self-administration can generalize
(at high enough doses) to other effects of cocaine in rats.

Finally, to determine whether this inhibition of cocaine’s rewarding and psychomotor-
stimulating effects is mediated by blockade of brain D3 receptors /in vivo, we investigated
the effects of YQAL4 and SB-277011A on cocaine self-administration in WT mice and
D5/~ mice. We found that both YQA14 (25 or 50 mg/kg, i.p.) and SB-277011A (50 or 100
mg/kg, i.p.) significantly and dose-dependently inhibited cocaine self-administration under
FR1 reinforcement in WT mice, but not in D3~ mice. In addition, both compounds, at 50
mg/kg, almost completely inhibited cocaine self-administration under PR reinforcement in
WT mice, but not in D3~/~ mice. However, at higher doses, YQA14 (75 mg/kg) or
SB-277011A (100 mg/kg) showed a tendency to inhibit PR cocaine self-administration in
D5/~ mice, although this was not statistically significant. We suggest that this tendency, if
confirmed to be statistically significant by follow-up studies, may reflect a non-D3 (most
likely D2) receptor-mediated effect at very high doses. Further research is required to study
D3 versus D2 receptor occupancy /n vivo after administration of different doses of YQA14.
The present data suggest that the inhibition of cocaine self-administration by lower doses of
YQAUL4 or SB-277011A in both rats and mice is mediated by blockade of brain D3 receptors
in vivo.

By comparing the effective drug dose and the amplitude of pharmacological action produced
by both D3 receptor antagonists, we found that YQAZ14 appears to be as effective as
SB-277011A in antagonizing FR cocaine self-administration (Fig. 4) and cocaine-enhanced
locomotion (Fig. 7) in rats, whereas more effective than SB-277011A in inhibiting PR
cocaine self-administration in rats (Fig. 5) and cocaine self-administration under both FR
and PR reinforcement in mice (Figs 8 and 9). We note that these relatively small differences
in pharmacological action /7 vivo do not agree with the tremendous differences in their
respective receptor binding properties /n vitro. As shown on Tables 1 and 2, YQA14 has two
binding sites with high affinities (Kj.njgh = 0.68 x 1074 nM; Ki.| ow = 2.11 nM) for human
D3 receptors. The affinities of YQAZ14 for both binding sites are over 100 000- (Kij_nign) and
5-fold (Ki.Low) higher, respectively, than that of SB-277011A (K; = 11.2 nM) for human D3
receptors, suggesting that the effective in vivo drug dose of YQAZ14 should be much lower
than that of SB-277011A. The reasons underlying the conflicting findings observed /n vivo
and /n vitro are unclear. We conjecture that they may relate to the following factors. First,
D3 receptors display significant species differences in D3 receptor gene and receptor
expression between human, rat and mouse (Fu et al. 1995; Griffon et al. 1996; Smits et al.
2004). In the present study, we only investigated the receptor binding and intracellular
signal-coupling properties of YQAZ14 in cloned human D3 receptors, not in cloned rodent
D3 receptors (which are experiments yet to be undertaken). Thus, it is unclear whether two
binding sites also exist on rodent D3 receptors. Second, it was recently reported that D3
receptors may form D1-D3 or D2-D3 receptor heteromers (Marcellino ef a/. 2008; Maggio
& Millan 2010). Thus, it seems not unlikely that receptor heteromerization may block
YQAU14 binding to one of the binding sites. Finally, differential pharmacokinetic profiles of
both D3 receptor antagonists may also contribute to the conflicting findings as stated above.
Clearly, more study is needed to address this issue.
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In conclusion, the present study demonstrates that YQAZ14 is a novel selective D3 receptor
antagonist. It displays similar or higher potency and selectivity than SB-277011A for D3
over D2 and other DA receptors in receptor binding and intracellular signal-coupling assays
in vitro, and similar or more potent pharmacological action than SB-277011A in
antagonizing cocaine’s action /7 vivo. Given that YQAUL4, at doses that inhibit cocaine self-
administration, fails to inhibit locomotion and sucrose self-administration, it is suggested
that YQAL4 may produce fewer unwanted side effects (such as sedation and natural reward
suppression) if used for treating cocaine addiction at the human level. Taken together, the
present experiments support the conclusion that YQAZ14 deserves further research as a
potential medication for the treatment of cocaine or psychostimulant addiction.
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Figure2.
In vitro receptor binding properties of YQA14 and NGB2904 for cloned human D, and D3

receptors expressed on HEK293 or CHO cells. (a) YQA14 or NGB2904 dose-dependently
inhibits 0.5 nM [3H]spiperone binding at CHO-hD3R cells. YQA14 displays two high-
affinity binding sites (ICsq.nigh, ICs0-Low), Whereas NGB2904 has only one binding site at
CHO-hD3R cells. (b) YQAL14 and NGB2904, at 100-fold higher concentrations (see 1Csp),
also dose-dependently inhibits [3H]spiperone binding at HEK293-hD4R cells (1C504—

ICs0-Highs 1C50L—1C50-Low)
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membranes. YQA14 displays two functional binding sites on CHOhD3R cells in this
functional [3S]GTPyS binding assay (ICsor—ICso-High; 1CsoL—ICso-Low)
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Effects of YQA14 and SB-277011A on intravenous cocaine self-administration in rats.
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Systemic administration of YQA14 (a) or SB-277011A (c) dose-dependently shifts the
cocaine dose—response self-administration curve downward. Systemic administration of
YQA14 (b) or SB-277011A (d) dose-dependently shifted cocaine intake dose—response

curve downward and to the right. * < 0.05, ** < 0.01, *** £<0.001, compared to

vehicle control group at each cocaine dose
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Figureb.
Effect of YQA14 and SB-277011A on cocaine self-administration under PR reinforcement

in rats. Systemic administration of YQA14 (a) or SB- 277011A (b) dose-dependently
lowered PR break-point for cocaine self-administration (shown as % change) on. **£< 0.01,
*** P < 0.001, compared to vehicle pre-treatment group
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Effects of YQAL4 and SB-277011A on oral sucrose self-administration in rats. Systemic
administration of YQA14 (a) or SB-277011A (b) has no effect on oral sucrose self-
administration behavior under FR2 reinforcement

Addict Biol. Author manuscript; available in PMC 2017 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Song et al.

20000

15000

10000

Distance

5000

20000

15000

10000

Distance

5000

Figure7.

a
—@— Vehical + Vehical
—O— Vehical + Cocaine
—¥— YQA14 -12.5 + Cocaine
—{— YQA14 - 25 + Cocaine
—®- YQA14 - 50 + Cocaine
®
o
. c
(n=8) s
2
(=]
YQA14  Cocaine o
30 60 920 120
Time (min)
C
—@— Vehicle + Vehicle
—O— Vehicle + Cocaine
—¥— SB-277011A - 12.5 + Cocaine
—A— $B-277011A - 50 + Cocaine °
o
]
(n=8) ‘é’
ek (=}
,1\ s
xx
SB-277011A IT\ >
e
Cocaine * "«
30 60 20 120
Time (min)

8000

6000

4000

2000

8000

6000

4000

2000

Page 25

—@— Vehicle + Vehical
—~O— YQA14 - 12.5 mglkg
—¥— YQA14 - 25 mglkg
—/\— YQA14 - 50 mg/kg

(n=8)
o
.
YQA14
30 60 90 120
Time (min)
d

—@— Vehicle + Vehicle
~O- SB-277011A - 25 mglkg
—¥— SB-277011A - 50 mglkg

(n=8)

i

S$B-277011A

30 60 90 120

Time (min)

Effect of YQA14 and SB-277011A on basal and cocaine-enhanced locomotion in rats.
Neither YQA14 (a, b) nor SB-277011A (c, d), at the same doses (12.5 or 25 mg/kg) that
inhibit cocaine self-administration, has any effect on either basal (b, d) or 10 mg/kg cocaine-
enhanced (a, ¢) locomotion. However, when the dose was increased to 50 mg/kg, both
YQA14 and SB-277011A produced a significant reduction in basal and cocaine-enhanced
locomotion. *P< 0.05, **P< 0.01, ***F < 0.001, compared to vehicle treatment group at

each time point
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Effects of YQA14 and SB-277011A on i.v. cocaine self-administration under FR1
reinforcement in mice. Systemic administration YQA14 (25 or 50 mg/kg) or SB-277011A
(50 or 100 mg/kg) dose-dependently inhibited cocaine self-administration only in WT, but
not in D3/~ mice. *P< 0.05, **P< 0.01, ***P< 0.001, compared to vehicle control groups
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Figure9.
Effects of YQA14 and SB-277011A on cocaine self-administration under PR reinforcement

in mice. Both YQA14 and SB-277011A, at 50 mg/kg, almost completely inhibited PR
cocaine self-administration in WT mice, but not in D3™/~ mice. Higher doses of YQA14 (75
mg/kg) or SB-277011A (100 mg/kg) appeared to show a tendency toward inhibition of PR
cocaine self-administration in D3™~ mice, although this tendency was not statistically
significant. **P < 0.01, ***P< 0.001, compared to vehicle control groups
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In vitro receptor binding properties of YQAL4 on each DA receptor subtype.

Table 1

Receptor  Cell line  Radioligand ("M) K ("M) (n) Selectivity (D*/D3)
D HEK293 [HISCH23390  >10°() >10°
Ds HEK293 [SHISCH23390  >105() >10°
D, HEK293  [H]spiperone 335.3(3 =5 x 10°
150
Ds CHO [H]spiperone 0.68x 1074 2.11(5 -
D, HEK293  [3H]spiperone >10° (9 >10°

D*: D1, D2, D4, or D5.
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Table 2

Page 29

Comparisons of receptor binding affinity (Ki, nM) and selectivity of SB-277011A, NGB 2904 and YQA14 on
cloned Dg receptors.

Compound K (nM) (at D2R) Ki (nM) (at D3R) Selectivity (Do/Ds Ratio)  Reference
SB-277011A 2820 (rodent) 10.7 (rodent) 263 Reavill et al. (2000)
1050 (human) 11.2 (human) 93 Reavill et al. (2000)
NGB 2904 217 £ 12 (human) 1.4 £ 0.6 (human) 155 Yuan et al. (1998)
911 + 190 (primate) 1.1 £0.2 (primate) 830 Robarge et al. (2001)
112 + 22 (human) 2.0 3 +.4 (human) 56 Grundt et al. (2005)
502.3 + 15.4 (human) 4.36 £ 1.08 (human) 115 Present study
YQA14 335.3 +111.6 (human) Kinigh: (0.68 £0.39) x 10 >4 000 000 Present study

Ki.Low: 2.11 £ 0.66 (human) 158
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