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Abstract

The dopamine D3 receptor (D3R) has been shown to mediate many of the behavioral effects of 

psychostimulants associated with high abuse potential. This study extended the assessment of the 

highly selective D3R antagonist PG01037 on cocaine and methamphetamine (MA) self-

administration to include a food-drug choice procedure. Eight male rhesus monkeys (n=4/group) 

served as subjects in which complete cocaine and MA dose-response curves were determined 

daily in each session. When choice was stable, monkeys received acute and five-day treatment of 

PG01037 (1.0–5.6 mg/kg, i.v.). Acute administration of PG01037 was effective in reallocating 

choice from cocaine to food and decreasing cocaine intake, however, tolerance developed by day 5 

of treatment. Up to doses that disrupted responding, MA choice and intake were not affected by 

PG01037 treatment. PG01037 decreased total reinforcers earned per session and the behavioral 

potency was significantly greater on MA-food choice compared to cocaine-food choice. 

Furthermore, the acute efficacy of PG01037 was correlated with the sensitivity of the D3/D2R 

agonist quinpirole to elicit yawning. These data suggest (1) that efficacy of D3R compounds in 

decreasing drug choice is greater in subjects with lower D3R, perhaps suggesting that it is percent 

occupancy that is the critical variable in determining efficacy and (2) differences in D3R activity 

in chronic cocaine vs. MA users. Although tolerance developed to the effects of PG01037 

treatment on cocaine choice, tolerance did not develop to the disruptive effects on food-
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maintained responding. These findings suggest that combination treatments that decrease cocaine-

induced elevations in DA may enhance the efficacy of D3R antagonists on cocaine self-

administration.
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1. INTRODUCTION

Recent estimates indicate that the economic cost of drug addiction in the U.S. is over $500 

billion (cf. O’Connor et al., 2014). Considering that there are no FDA approved treatments 

for psychostimulant addiction, identifying viable neuropharmacological targets is a goal of 

preclinical research. Given the recognized importance of dopamine (DA) mechanisms in 

psychostimulant addiction, compounds that modulate DA neurotransmission have been 

investigated as possible treatment strategies. In particular, the DA D3 receptor (D3R) has 

emerged as a possible candidate among the DA D2-like receptor family. In contrast to the 

D2R subtype, the D3R is apparently upregulated following chronic stimulant abuse. For 

instance, postmortem studies of cocaine overdose victims have demonstrated that D3R 

densities are higher in the ventral striatum compared to aged-matched controls (Staley and 

Mash, 1996; Segal et al., 1997). More recently, PET studies utilizing the D3R-preferring 

ligand PHNO ([11C]-(+)-propyl-hexahydro-naphtho-oxazin) showed significantly higher 

D3R availability in cocaine-dependent individuals (Payer et al., 2013; Matuskey et al., 2014) 

as well as methamphetamine (MA) polydrug abusers (Boileau et al., 2012) compared to 

control subjects. Even further contributing to the D3R as a potential pharmacotherapeutic 

target is its restricted neuroanatomical localization in the mesolimbic DA system, an area of 

the brain implicated in mediating the reinforcing effects of psychostimulant drugs (Sokoloff 

et al., 1990; Levant, 1997). As a result, compounds selective for the D3R may affect drug-

motivated behavior while being relatively free of extrapyramidal side effects hence 

providing a preferred therapeutic target.

There is also strong behavioral evidence supporting the role of the D3R in mediating the 

effects of psychostimulants. For instance, initial studies demonstrated dose-dependent 

reductions in cocaine self-administration by various D3R agonists (Caine and Koob, 1993; 

Caine et al., 1997), perhaps in an additive manner. However, D3R agonists can function as 

reinforcers and possess cocaine-like discriminative stimulus effects (e.g., Lamas et al., 1996; 

Nader and Mach, 1996; Sinnott et al., 1999; Collins and Woods, 2007; Baladi et al., 2014) 

decreasing the likelihood of their use as pharmacotherapies for addiction. On the other hand, 

D3R antagonists or partial agonists may be the more desirable treatment strategy because 

these compounds likely lack abuse liability (Newman et al., 2005, 2012). D3R-preferring 

antagonists or partial agonists have been shown to attenuate cocaine’s discriminative 

stimulus, priming, and reinforcing effects, although accumulating data suggest that many of 

these results are species dependent (Keck et al., under review). For instance, the D3R-

selective antagonist NGB2904 (56-fold D3 vs. D2) decreased cocaine self-administration 

under a progressive-ratio (PR) schedule of reinforcement, as well as cue-, and drug-induced 
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reinstatement in rats (Gilbert et al., 2005; Xi et al., 2006; Xi and Gardner, 2007), but did not 

attenuate the discriminative stimulus or reinforcing effects of cocaine in monkeys (Martelle 

et al., 2007). Since then, additional analogues have been developed to improve D3R affinity, 

selectivity, and bioavailability (Heidbreder and Newman, 2010). For example, the novel 

olefinic analogue PG01037 is a potent (hD3R and hD2R Ki = 0.7 and 93.3 nM, respectively) 

and selective (>100-fold) D3R antagonist (Grundt et al., 2005, 2007). PG01037 has been 

shown to decrease MA self-administration under a PR schedule of reinforcement (Higley et 

al., 2010; Orio et al., 2010) and cue-induced reinstatement in rats (Higley et al., 2010) and 

unlike NGB2904, attenuated the discriminative stimulus effects of cocaine and cocaine-

induced reinstatement in monkeys, but was ineffective against cocaine self-administration 

under a second-order schedule of reinforcement (Achat-Mendes et al., 2010).

In addition to species differences, different schedules of reinforcement may also contribute 

to variable results with D3R compounds. For instance, many studies have evaluated D3R 

compounds using second-order and PR schedules of reinforcement. Although responding 

under these reinforcement schedules appears to be more sensitive to the effects of D3R 

compounds, many of these reports have also observed nonselective decreases in responding 

for alternative reinforcers under two-component multiple schedules of food and cocaine 

presentation (e.g., Claytor et al., 2006; Martelle et al., 2007). These non-selective effects 

make it difficult to determine if D3R antagonists are decreasing the reinforcing effects of 

cocaine and food or if the drug is disrupting all operant responding. Thus, the first goal of 

the present study was to extend the evaluation of PG01037 on cocaine and MA self-

administration to include non-drug responding under conditions in which disruptions in 

reinforcing effects could be distinguished from overall disruptions in operant responding. 

For these studies, we utilized a food-drug choice paradigm in which complete cocaine or 

MA dose-response curves were determined in each session (Negus, 2003). Addiction can be 

conceptualized as a choice disorder (Heyman, 2009; Banks and Negus, 2012), so animal 

studies using drug vs. non-drug choice behavior may have the greatest face validity to the 

human condition and would most effectively facilitate translation of results to clinical 

settings (Haney and Spealman, 2008; Hutsell et al., 2015). The clinical translation of drug 

effects on behavior was also pursued in the present study by comparing the acute and 

repeated (5-day) effects of PG01037 on self-administration. In the present study, when 

PG01037 was administered for 5 consecutive days, self-administration only occurred on 

days 1 and 5 of treatment to better model the human condition in which periods of 

abstinence may occur between access to cocaine or MA.

Further, individual differences involving D2/D3R availability and drug history may play a 

role in differential sensitivity to D3R compounds (Czoty and Nader, 2013; Martelle et al., 

2014). A behavioral assay that has been used to characterize D3R and D2R function is 

quinpirole-elicited yawning and hypothermia, respectively (Collins et al., 2005, 2007). 

Quinpirole is a D3/D2R agonist and the unconditioned behavior of yawning is sensitive to 

drug dose, pharmacological manipulations (Collins et al., 2007) and chronic drug history 

(Hamilton et al., 2010; Martelle et al., 2014). In fact, significant differences in potency of 

quinpirole was noted in monkeys with a MA history compared to a cocaine history (Martelle 

et al., 2014), providing an important rationale for studying D3R antagonists in monkeys with 

different stimulant histories. Another goal of the present study was to use quinpirole-elicited 
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yawning and hypothermia as unconditioned behaviors to further investigate the relationship 

between D3R and D2R sensitivity and the efficacy of PG01037 on cocaine and MA choice. 

The investigation of individual differences between treatment responders and non-

responders could provide important information regarding individualized 

pharmacotherapeutic strategies.

2. MATERIALS AND METHODS

2.1. Subjects

Eight adult male rhesus monkeys (Macaca mulatta), with extensive cocaine or MA self-

administration histories (Martelle et al., 2014; John et al. in press) served as subjects (Table 

1). All monkeys were fitted with aluminum collars and trained to sit in a primate restraint 

chair (Primate Products, Redwood City, CA). Monkeys were individually housed in 

stainless-steel cages with visual and auditory contact with each other, ad libitum access to 

water in their home cage, and fed sufficient standard laboratory chow (Purina LabDiet 5045, 

St Louis, Missouri, USA) to maintain body weights at approximately 98% of free-feeding 

weights. Environmental enrichment was provided as outlined in the Animal Care and Use 

Committee of Wake Forest University Non-Human Primate Environmental Enrichment 

Plan. Experimental procedures as well as animal housing and handling were performed in 

accordance with 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.

2.2. Surgery

All monkeys were surgically prepared with a chronic indwelling intravenous catheter and 

subcutaneous vascular access port (VAP; Access Technologies, Skokie, IL) under aseptic 

conditions. An antibiotic (30 mg/kg of kefzol, i.m.; cefazolin sodium; Marsam 

Pharamaceuticals, Inc., Cherry Hill, NJ) was administered 1 hour prior to surgery. Monkeys 

were initially anesthetized with ketamine (15 mg/kg, i.m.) and maintained with ketamine 

supplements. A catheter was inserted into a major vein (femoral or internal or external 

jugular) to the level of the posterior vena cava. The distal end of the catheter was passed 

subcutaneously to an incision made slightly off the midline of the back and attached to a 

VAP, which was placed in a pocket formed by blunt dissection. After surgery, an analgesic 

dose of Metacam (meloxicam; 0.1 mg/kg, i.m.) was administered SID for three days.

2.3. Quinpirole-elicited yawning and hypothermia

Prior to the start of the present study, cumulative quinpirole dose-response curves were 

determined in each monkey. On the day of testing, monkeys were taken from the home cage, 

placed in a primate restraint chair, and transported to a quiet procedure room with a video 

camera. They were then habituated to the room for 5 minutes. Monkeys first received an i.m. 

injection of saline (1.0 ml/10 kg) followed 30 minutes later by ascending cumulative doses 

of quinpirole (0.01, 0.03, 0.1, 0.3 mg/kg; i.m.). Yawns were recorded immediately after each 

injection for 30 minutes and defined as a full extension of the jaws, withdrawal of lips, and 

exposure of teeth (Code and Tang, 1991). Core body temperature was taken by rectal 

thermometer immediately after the monkey habituated to the room and 30 minutes after each 
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injection. Two observers blind to the experimental conditions scored videos in which the 

inter-observer variability was <5%. Some of these data were shown as group means in 

Martelle et al. (2014).

2.4. Apparatus

All behavioral studies were conducted in ventilated, sound-attenuating chambers (1.5 x 0.74 

x 0.76 m; Med Associates, St. Albans, VT). Each chamber was equipped with an operant 

panel that contained two photo-optic switches (Model 117-1007; Stewart Ergonomics, Inc., 

Furlong, PA) located on each side of the panel with a horizontal row of three stimulus lights 

positioned 14 cm above each switch. The switches were positioned to be within easy reach 

of the monkey seated in the primate chair. A food receptacle, above which was a red 

stimulus light, was located between the photo-optic switches and connected with a Tygon 

tube to a pellet dispenser (Med Associates) located on the top of the chamber for delivery of 

1-g banana-flavored food pellets (Bio-Serv, Frenchtown, NJ). A peristaltic infusion pump 

(Cole-Parmer Instrument Co., Niles, IL), located on top of the chamber, was used for 

delivering drugs at a rate of approximately 1.5 ml/10s.

Before each session, the area on the back of the animal containing the vascular access port 

was cleaned with chlorhexidine and isopropyl alcohol swabs (Prevantics™, Orangeburg, 

NY). A 22-guage Huber Point Needle (Access Technologies) was inserted into the port, 

which connected the venous catheter to the infusion pump. The pump was operated for 

approximately 3 s to fill the port with the concentration of drug available during the 

experimental session. Pretreatment drug administration was given outside the chamber 

immediately before the session and the monkey was placed into the operant chamber. After 

each session, catheters were flushed with heparinized saline (100 U/ml) to prevent clotting.

2.5. Food-drug choice

For these studies, food availability was signaled by illumination of a green light above the 

appropriate switch while different doses of cocaine or MA were signaled by illumination of 

different combinations of lights above the switch and the houselight. The multiple 

concurrent schedule consisted of 5 components in which monkeys chose between food 

pellets and ascending unit doses of cocaine or MA (i.e., no injection, 0.003, 0.01, 0.03 and 

0.1 mg/kg per injection) by using different discriminative stimuli. The drug dose was varied 

by manipulating the pump duration and consequently the volume delivered (see Czoty and 

Nader, 2013; John et al., in press). Thus, a complete dose-effect curve was determined in 

each monkey each session, typically 5 days per week. Assignment of the food or drug-

associated switch was counterbalanced across monkeys. Components were separated by a 5-

min timeout (TO) period. Each component ended when 10 total reinforcers had been earned 

(food and drug injections) or 20 minutes had elapsed, whichever came first. If 10 reinforcers 

were earned before the 20 min component ended, the component TO was added to the 

remainder of the component time, so each session was 2 hrs in duration. If a response was 

emitted on the alternate switch before an FR was completed, the response requirement on 

the first switch was reset. Delivery of a drug reinforcer was accompanied by illumination of 

the red light in the center of the response panel, above the food receptacle, during an 

injection. Following the delivery of each reinforcer (food or drug) there was a 30 second 
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timeout (TO) period during which all lights remained off and responding had no scheduled 

consequences.

Ratio requirements for food and drug were adjusted for each monkey such that allocation of 

responding to the drug switch increased over the session as the available dose of cocaine and 

MA increased (Table 1). There was not a significant difference in ratio values between self-

administration groups according to an unpaired t-test (p = 0.32). Responding was considered 

stable when ≤20% of reinforcers were earned on the drug switch when the alternative to 

food was no injection (component 1) and 0.003 mg/kg per injection cocaine/MA 

(component 2) and ≥80% of reinforcers were earned on the drug switch when the alternative 

to food was 0.03 mg/kg per injection cocaine/MA (component 4) or 0.1 mg/kg per injection 

cocaine/MA (component 5). This criterion had to be met for 3 consecutive days before a 

drug treatment was administered.

Once responding was stable, acute doses of PG01037 (1.0–5.6 mg/kg) were administered 

intravenously immediately before the self-administration session. Doses were tested 

typically twice per week, with at least 2 days between test sessions. The effect of each acute 

dose was double determined. After completing the PG01037 dose-response curve, the 

highest acute dose that produced a decrease in choice of at least 25% in the last component 

was administered intravenously for five consecutive sessions. If no dose decreased choice, 

the highest dose tested without substantial disruptive effects, defined as a reduction of total 

trials by greater than 50%, was administered intravenously for five consecutive sessions. For 

the five day treatment, self-administration only occurred on days 1 and 5 of treatment and on 

days 2–4, PG01037 was administered prior to sessions in which only component 1 (food 

alone) was available.

2.6. Data analysis

For each monkey, the total number of yawns at each of the five 30-minute bins, representing 

saline and different quinpirole doses, was determined. An ED50 was determined for each 

monkey using the ascending limb of the quinpirole-elicited yawning dose-response curve. 

For each dose, quinpirole-induced hypothermia was determined by the difference in core 

body temperature 30 minutes post injection compared to the core body temperature 

measured 30 minutes after the vehicle injection. An ED50 was determined using the 

descending limb of the quinpirole-induced hypothermia dose-response curve. In the self-

administration studies, the primary dependent variable was percent drug choice defined as: 

(number of FRs completed on the drug-associated switch ÷ total number of FRs 

completed)*100. Percent drug choice was plotted as a function of cocaine or MA dose and 

the last 3 days prior to the start of PG01037 treatment were averaged and served as baseline. 

Acute PG01037 dose-effect curves were the average of two determinations. Chronic 

PG01037 was shown as single determinations on Day 1 and Day 5 (when complete choice 

sessions were conducted). Drug choice dose-effect curves were analyzed using two-way 

repeated-measures ANOVA with cocaine or MA dose and treatment as the main factors. A 

significant ANOVA was followed by multiple comparisons post-hoc tests to compare test 

conditions with baseline conditions. For the cocaine group, data were averaged between two 

high doses: for three monkeys, 5.6 mg/kg PG01037 was the dose used in the analysis, while 
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3.0 mg/kg was the dose for one monkey. In the latter monkey, 5.6 mg/kg PG01037 

completely eliminated responding. Additional dependent variables collected during each 

session included total food reinforcers total drug reinforcers, total reinforcers per session and 

drug intake per session. These data were analyzed using a repeated measures one-way 

ANOVA across treatment drug conditions followed by the Dunnett post hoc test. The 

criterion for significance was set a priori at the 95% level of confidence (p < 0.05) in all 

cases. To correlate quinpirole-elicited yawning and hypothermia with the effects of 

PG01037 on drug choice, the latter effects were quantified by subtracting the area under the 

% choice curve after treatment from baseline. Separate Pearson correlation analyses were 

used to examine the relationship between PG01037 efficacy at decreasing cocaine and MA 

choice (i.e., area under the curve) and ED50 values quinpirole-elicited yawning and 

quinpirole-induced hypothermia. All analyses were conducted with Prism 6 for Mac OS X 

software (Graphpad Software, Inc.).

2.7. Drugs

(−)Cocaine HCl and (+)methamphetamine were supplied by the National Institute on Drug 

Abuse (Bethesda, MD) and dissolved in sterile 0.9% saline. PG01037 was synthesized as 

described in Grundt et al. (2005) in the Medicinal Chemistry Section, National Institute on 

Drug Abuse-Intramural Research Program (Baltimore, MD) and dissolved in 10% beta-

cyclodextrin and sterile water. Heat and sonication were used for solubility purposes and all 

drug solutions were passed through a sterile 0.2-μm filter (Milipore Inc) for intravenous 

administration.

3. RESULTS

3.1. Quinpirole-elicited Yawning in Food-Cocaine and Food-MA Choice Monkeys

Table 2 shows the total number of yawns at each quinpirole dose and the ED50 value for 

monkeys with cocaine and MA histories. For 2 of the 4 cocaine monkeys, peak yawns 

occurred following the highest quinpirole dose (0.3 mg/kg), while peak yawns in 3 of 4 MA 

monkeys occurred following a dose 1.5 log-units lower (0.01 mg/kg). Table 2 also shows the 

ED50 values for quinpirole-induced hypothermia for monkeys with cocaine and MA 

histories. There was a main effect of quinpirole dose [F(4,30) = 9.82, p < 0.0001], but not a 

significant main effect of group (cocaine and MA) or an interaction. These data were used to 

phenotypically characterize each monkey prior to the start of PG01037 treatment and to 

determine if there was a relationship between quinpirole ED50 dose and sensitivity to the 

acute effects of PG01037 on drug self-administration (see below).

3.2. Effects of Acute PG01037 on Food-Cocaine Choice

Under baseline conditions, monkeys exclusively chose food when the alternative was only 

food or a low dose of cocaine (0.003 mg/kg) and exclusively reallocated their behavior and 

chose cocaine when higher doses (0.03–0.1 mg/kg) were available (Fig. 1A, filled squares). 

For the group, the maximum number of trials was obtained in each component, except the 

5th component (Fig. 1B). This was represented as a decrease in food choices (Fig. 1C) and 

an increase in cocaine choices (Fig. 1D) across the session. In two of the four monkeys, all 

10 trials per component were completed across the session; for the other two monkeys, less 
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than 6 of 10 trials were completed at the highest cocaine dose (see Fig. S1). For the group, 

monkeys obtained near the maximum number of reinforcers available during the entire 

session (46.5 ± 2.4 out of 50; Fig. 1E) and average total session intake was 1.05 ± 0.2 mg/kg 

(Fig. 1F).

Acute administration of PG01037 (1.0–5.6 mg/kg) decreased choice of higher cocaine doses 

in three (R-1688, R-1689, R-1692) of four monkeys (Fig. S1). For three of the four 

monkeys, the “best dose” was 5.6 mg/kg PG01037; monkey (R-1692) demonstrated a higher 

degree of sensitivity to this dose, as reflected by a >50% reduction in total trials completed. 

For the safety of the animal, testing of this dose was discontinued and the next highest dose 

tested, 3.0 mg/kg, was included in group-averaged analysis. Two-way repeated measures 

ANOVA on mean percent cocaine choice (Fig. 1A) demonstrated a significant main effect 

of cocaine dose [F(4,12) = 14.66, p < 0.001] and a significant cocaine dose and PG01037 

treatment interaction [F(8,18) = 4.6, p < 0.01]. Post hoc analysis indicated a significant 

decrease in percent choice of both 0.03 and 0.1 mg/kg cocaine (p < 0.05) following acute 

PG01037 administration (Fig. 1A, open symbols). Consistent with the changes in percent 

cocaine choice, acute PG01037 treatment resulted in a significant reallocation of responding 

from cocaine to food (Fig. 1C and D, open symbols), and significant reductions in total 

reinforcers (Fig. 1E, open symbol) and cocaine intake (Fig. 1F, open symbol).

3.2.1. Effects of Repeated PG01037 on Food-Cocaine Choice—When PG01037 

was administered for five consecutive days with self-administration only occurring on days 

one and five of treatment, tolerance developed to the acute PG01037 reduction in cocaine 

choice by day five (Fig. 1A, gray symbols). Only one monkey (R-1692) out of four 

demonstrated a substantial reallocation from drug to food choice from both acute and 5-day 

treatment (Fig. S1). Interestingly, this monkey appeared to have the lowest sensitivity to 

quinpirole–induced yawning (ED50=0.17, Table 2). Comparing acute and 5-day PG01037 

data, there was a significant main effect of cocaine dose for total reinforcers per component 

[F(4, 12) = 5.6, p < 0.01; Fig. 1B], food reinforcers [F(4, 12) = 3.5, p < 0.05; Fig. 1C] and 

cocaine injections [F(3, 9) = 5.7, p < 0.05; Fig. 1D] and a significant main effect of 

PG01037 treatment for total reinforcers [F(2, 6) = 16.5, p < 0.01; Fig. 1B]. There was a 

significant interaction between cocaine dose and PG01037 treatment for total reinforcers 

[F(8, 24)= 6.2, p < 0.001], food reinforcers [F(8, 24) = 9.54, p < 0.0001], and a trend 

towards significance for cocaine injections [F(6, 18) = 2.6, p = 0.054]. Post hoc analysis 

revealed that both acute and 5-day PG01037 treatment significantly decreased total 

reinforcers earned early in the session, however, there was a recovery to baseline levels by 

the last two components (Fig. 1B). For cocaine intake, repeated-measures one way ANOVA 

demonstrated a main effect of PG01037 treatment [F(2, 6) = 8.8, p < 0.05], and post-hoc 

analysis revealed that acute, but not repeated, treatment significantly decreased intake from 

baseline (Fig. 1F, p < 0.05). Tolerance to the disruptive effects of PG01037 on food-

maintained responding did not develop over five days (Fig. 1C).

3.3. Effects of Acute PG01037 on Food-Methamphetamine Choice

Similar to cocaine, under baseline conditions, monkeys exclusively chose food when the 

alternative was only food or a low dose of MA (0.003 mg/kg) and exclusively reallocated 
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their behavior and chose MA when higher doses (0.03–0.1 mg/kg) were available (Fig. 2A, 

filled symbols). For the group, the maximum number of trials was obtained in each 

component, except the 5th component (Fig. 2B). This was represented as a decrease in food 

choices (Fig. 2C) and an increase in cocaine choices (Fig. 2D) across the session. For all 

monkeys, the number of trials completed at the highest MA dose was less than 10 (Fig. S2). 

Compared to the cocaine group, MA monkeys earned fewer total reinforcers during the 

entire session (43.8 ± 0.6 out of 50; Fig. 2E) and average total session intake was 0.8 ± 0.06 

mg/kg (Fig. 2F), which was also lower than total cocaine intake (Fig. 1F).

Acute administration of PG01037 resulted in variable effects on MA choice (Fig. S2), 

increasing (R-1691), decreasing (R-1567), producing biphasic effects (R-1693) or no effect 

(R-1690). Due to the individual-subject variability, acute PG01037 treatment did not 

significantly alter MA choice from baseline conditions (Fig 2A, open symbols). Post-hoc 

tests showed that acute PG01037 (1.7 mg/kg) significantly reduced total trials (Fig. 2B), and 

total food reinforcers (Fig. 2C) in the second component (0.003 mg/kg MA), without 

affecting the number of MA injections across the session (Fig. 2D). Acute PG01037 did not 

significantly affect the total reinforcers earned during the session (Fig. 2E, open symbol) or 

MA intake (Fig. 2F, open symbol).

3.3.1. Effects of Repeated PG01037 on Food-Methamphetamine Choice—
Following 5-day PG01037 treatment, MA choice was not significantly altered (Fig. 2A, gray 

symbols), however, there was a one log-unit rightward shift in the dose-effect curve for one 

monkey (R-1693; Fig. S2). There was a significant main effect of MA dose on food 

reinforcers (F(4, 12) = 18.95, p < 0.0001; Fig. 2C) and injections (F(3, 9) = 23.3, p < 0.001; 

Fig. 2D), a main effect of PG01037 treatment for total reinforcers (F(2, 6) = 8.4, p < 0.05; 

Fig. 2B), and a significant MA dose and PG01037 interaction for food reinforcers [F(8, 24) 

= 2.7, p < 0.05; Fig. 2C]. One-way repeated-measures ANOVA on total reinforcers earned 

per session revealed a significant main effect of PG01037 treatment [F(2, 6) = 8.4, p < 0.05] 

and a significant decrease compared to baseline only after day 5 of treatment (Fig. 2E, p < 

0.05), further demonstrating an enhanced reduction in behavior during repeated PG01037 

treatment. Sensitization also occurred to the effects on food reinforcers in which decreases 

by component were greater on day 5 of treatment compared to day 1 (Fig. 2C). While 5-day 

treatment with PG01037 significantly decreased total reinforcers per session (Fig. 2E), there 

was no effect on total MA intake (Fig. 2F).

3.4. Behavioral potency of PG01037

To better determine whether acute doses of PG01037 were differentially sensitive to 

cocaine-, MA- or food-maintained responding, the effect (% baseline) on mean numbers of 

total (Fig. 3A), food (Fig. 3B) and drug (Fig. 3C) reinforcers earned during each session for 

cocaine (open symbols) and MA (closed symbols) monkeys was examined. One-way 

repeated measures ANOVA performed on raw data indicated a significant main effect of 

treatment on total reinforcers for both the cocaine [F(3,8) = 10.46, p < 0.01] and MA [F(3,9) 

= 20.9, p < 0.001] self-administration groups. Post-hoc analysis revealed that the dose that 

significantly decreased total reinforcers in the MA group was one-half log-unit lower than 

the dose required to significantly decrease total reinforcers for the cocaine group (Fig. 3A). 
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Further, the dose that significantly decreased total reinforcers in the MA group (3.0 mg/kg) 

produced a much larger percent decrease from baseline than the dose (5.6 mg/kg) that 

significantly decreased total reinforcers in the cocaine group (~ 80 vs. 45% decrease, 

respectively). Qualitatively, the dose-related effects of PG01037 on total food reinforcers 

per session were similar to that on total reinforcers. One-way repeated measures ANOVA 

demonstrated a significant main effect of treatment for the cocaine [F(3, 8) = 4.4, p < 0.05) 

and MA group [F(3, 9) = 6.94, p < 0.05]. Post-hoc analysis revealed that 3.0 mg/kg 

PG01037 produced a significant decrease from baseline in the MA group and 5.6 mg/kg 

PG01037 in the cocaine group, a one-half log unit dose lower for the MA group (Fig. 3B). 

For injections earned per session, PG01037 produced a dose-dependent decrease in the MA 

group in which one-way repeated measures ANOVA demonstrated a significant main effect 

of treatment [F(3, 9) = 6.03, p < 0.05) and significant decrease from baseline for 3.0 mg/kg 

PG01037 whereas there was no main effect nor significant change from baseline at any 

individual dose for the cocaine group (Fig. 3C).

3.5. Correlation Between D3R Sensitivity and PG01037 Efficacy

Quinpirole-elicited yawning (ED50 values for each monkey) was used to characterize D3R 

sensitivity (see Table 2), while acute PG01037 efficacy was quantified by subtracting the 

area under the % choice curve after treatment from baseline (Figs. 1A and 2A). Thus, a 

positive difference in AUCbaseline and AUC+ PG01037 indicates PG01037 shifted the cocaine 

or MA dose-response curve to the right, while a negative difference indicates leftward shifts 

in the cocaine or MA dose-response curves by PG01037 (see Fig. 4). Collapsing across self-

administration groups (Fig. 4), there was a significant correlation between ED50 and 

PG01037 efficacy (r = 0.95, p < 0.001), implying that PG01037 was more effective at 

reducing drug choice in animals that were less sensitive (represented by the higher ED50 

value) to quinpirole-elicited yawning. Collapsing across self-administration groups, there 

was not a significant correlation between the ED50 value for quinpirole-induced 

hypothermia and efficacy of PG01037 to alter drug choice (r = 0.005, p = 0.99; data not 

shown).

4. DISCUSSION

The primary objective of the present study was to extend the evaluation of the novel D3R-

selective antagonist PG01037 on cocaine and MA self-administration to include a food-drug 

choice procedure in rhesus monkeys. When administered acutely to monkeys choosing 

between cocaine and food, PG01037 significantly decreased the choice of high doses of 

cocaine and overall intake. When PG01037 was administered for 5 consecutive days with 

self-administration only occurring on days 1 and 5 of treatment, tolerance developed to the 

acute effects on choice and intake. In contrast, acute administration of PG01037 did not alter 

MA choice or intake, nor did 5-day treatment, up to doses that disrupted total trials 

completed. A second aim of the present study was to characterize the individual differences 

in PG01037 efficacy. Potency of quinpirole to elicit yawning, but not hypothermia, was 

significantly correlated with acute PG01037 efficacy to reduce drug choice implicating D3R. 

The third main finding of this study demonstrated the influence that drug history can have 

on the in vivo effects of D3R antagonism. Specifically, the behavioral potency of PG01037 
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was higher in monkeys with a history of MA self-administration compared to monkeys with 

a history of cocaine self-administration, such that PG01037 did not significantly decrease 

MA choice relative to food up to doses that disrupted all responding.

The preclinical evaluation of acute dose-response curves for various treatment compounds is 

necessary for the elucidation of receptor mechanisms involved in psychostimulant abuse. In 

the present study, we compared the behavioral effects of the highly selective D3R antagonist 

PG01037 in monkeys self-administering cocaine to monkeys self-administering MA under 

similar experimental conditions. While MA, like cocaine, has been shown to function as a 

reinforcer in rats and monkeys under similar conditions (Stefanski et al., 1999, 2002; 

Kitamura et al., 2006; Wang and Woolverton, 2007; Wee et al., 2007) and elevate synaptic 

levels of DA by blocking reuptake (in addition to vesicular release), MA also displays many 

pharmacokinetic and pharmacodynamic differences. A recent retrospective population-based 

assessment reported differences in long-term consequences of MA use compared to cocaine 

use (Curtin et al., 2015). As it relates to developing pharmacotherapeutic treatments, these 

molecular differences are extremely important (Elkashef et al., 2007) and are exemplified in 

the present study with the effects of PG01037 on MA vs. cocaine self-administration. For 

instance, acute administration of PG01037 significantly decreased cocaine choice while not 

affecting MA choice. One reason for this effect could involve the larger increases in 

extracellular DA elicited by MA compared to cocaine (Camp et al., 1994; Zhang et al., 

2001) that may function to counteract D3R antagonism. Thus, the self-administration of 

drugs that increase nucleus accumbens DA to a lesser degree than cocaine and MA, like 

nicotine, may be the most sensitive to D3R blockade. Although selective D3R antagonists 

have been shown to attenuate the response to nicotine conditioned stimuli and nicotine- and 

cue-induced reinstatement of nicotine seeking in rats (Andreoli et al., 2003; Khaled et al., 

2010; Le Foll et al., 2003, 2005) and reduce cigarette craving in humans (Mugnaini et al., 

2013), additional self-administration experiments will be needed to test this hypothesis. 

Further studies are also needed to better understand the relationship between the efficacy of 

D3R antagonism and the neuropharmacology of other drugs of abuse.

In the present study, there was a positive relationship between ED50 values for quinpirole to 

elicit yawns and the efficacy of PG01037 to decrease drug choice. As reported earlier, 

quinpirole was more potent in eliciting yawning in MA-exposed monkeys compared to 

cocaine-exposed monkeys (Martelle et al., 2014). However, subjects that were less sensitive 

to quinpirole-elicited yawning demonstrated a greater decrease in drug choice by acute 

administration of PG01037 and this reached statistical significance in monkeys self-

administering cocaine. Considering the ascending limb of quinpirole-induced yawning is 

D3R-mediated and the descending limb is D2R-mediated (Collins et al., 2005, 2007), it is 

possible that subjects with larger quinpirole ED50 values have lower D3R density/sensitivity 

and/or higher D2R density/sensitivity. However, there was no relationship between ED50 

values for quinpirole-elicited hypothermia and the efficacy of PG01037 to decrease drug 

choice, which implies that the relationship with yawning is a D3R-selective mechanism. A 

lack of difference between individuals in quinpirole-induced hypothermia could also be used 

to rule out any possible pharmacokinetic mechanisms explaining the individual differences 

in quinpirole potency to elicit yawning. These findings highlight the importance of 

individual differences and phenotypic characteristics in treatment efficacy.

John et al. Page 11

Neuropharmacology. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



High and sustained D3R occupancy levels have been demonstrated to be a marker of 

efficacy for D3R antagonists in preclinical and clinical studies (Mugnaini et al., 2013; Kim 

et al., 2014). Therefore, the animals in the present study with lower D3R levels (implied by 

larger quinpirole yawning ED50 values) may have been able to obtain high D3R occupancy 

levels with PG01037 that were necessary to decrease drug choice. These findings further 

support the role of using brain D3R occupancy levels to predict the efficacy of D3R 

antagonists for the treatment of addiction. Certainly, a better understanding of individual 

differences and biomarkers to therapeutic response can aid in personalizing 

pharmacotherapeutic treatments.

There are several possible reasons for the differential behavioral sensitivity to D3R-selective 

compounds in monkeys self-administering cocaine vs. MA. Imaging studies have shown that 

the D3R are higher (Prayer et al., 2014; Boileau et al., 2012) and the D2R are lower (Volkow 

et al., 1990, 2001; Nader et al., 2006; Prayer et al., 2014) following both chronic cocaine and 

MA exposure, although it is not possible to directly compare the magnitude of the 

differences between studies. While the magnitude of change between D2R and D3R 

availability and density could be different following chronic cocaine vs. MA exposure, 

differences in D2/D3R sensitivity may be the more likely mechanism, especially considering 

there were significant differences in the efficacy of quinpirole to elicit yawns between 

groups, with MA monkeys being more sensitive to quinpirole (Martelle et al., 2014). In 

addition, other mechanisms involving neurochemical changes elicited by cocaine and MA 

may be responsible for the differential behavioral potency of D3R compounds. For instance, 

chronic cocaine and MA exposure have been shown to produce opposite effects on DA 

transporter (DAT) density (Letchworth et al., 2001; Chu et al., 2008; Groman et al., 2013). 

As a result, differences in dopaminergic tone may play a role in the postsynaptic responses 

mediated by D3Rs. Overexpression of DAT and DAT-knockout studies in transgenic mice 

illustrate the role of DAT in mediating postsynaptic D2/D3R adaptations and signaling and 

support this hypothesis. It has been shown that reductions in DAT, similar to what would be 

expected in MA-exposed animals, resulted in increased levels of D3Rs and decreased levels 

of D2Rs (Giros et al., 1996; Fauchey et al., 2000), while increased DAT expression, similar 

to what would be expected in cocaine-exposed animals, produce the opposite changes (Ghisi 

et al., 2009). Further research is warranted to determine how long-term exposure to cocaine 

and MA differentially affect neurobiology and how these differences may be incorporated 

into pharmacotherapeutic treatment strategies. If the sensitivity to quinpirole shown in Fig. 4 

does represent low D3R/high D2R densities, then it may be possible to pharmacologically 

alter receptor measures (e.g., Stanwood et al., 2000) prior to initiating treatment with 

PG01037. Such information may lead to the development of combination treatments in 

which one drug alters DA concentrations, which would enhance the effects of D3R 

antagonists.

We extended the characterization of PG01037 on food-drug choice to include 5-day 

treatments in which cocaine or MA was available only on days 1 and 5. Repeated drug 

effects on behavior are most relevant to a compound’s ultimate clinical utility, allowing for 

the assessment of whether tolerance or sensitization develops to the behavioral effects of the 

compound. While the reinforcing effects of cocaine were attenuated following acute 

administration of PG01037, these effects were not sustained by day 5 of treatment. One 
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possible reason for the development of tolerance to the acute effects may involve the rate-

decreasing effects of PG01037. Although acute PG01037 administration produced 

significant reductions in cocaine choice and intake, it also significantly reduced total trials 

and food reinforcement early in the session. Notably, a robust and persistent decrease in 

food-maintained behavior remained during sessions in which only the food component was 

available (days 2–4) and total trials were still significantly decreased on day 5 of treatment. 

These findings suggest that factors previously considered less important to the primary 

dependent variable of drug-choice compared to simple schedules of reinforcement (i.e., rate-

decreasing effects) may impact the assessment of reinforcing efficacy using food-drug 

choice paradigms (Woolverton and Balster, 1981; Negus, 2003; Czoty and Nader, 2013).

Altogether the present results indicate that the D3R may be a viable target for the treatment 

of psychostimulant abuse because of the significant decreases in cocaine choice following 

acute administration of PG01037 demonstrated in this study. However, going forward, it 

will be pertinent to better understand the mechanism for tolerance/sensitization following 

chronic treatment with D3R antagonists for clinical application (see Winhusen et al., 2014 

and John et al., in press). These data also highlight that the individual efficacy of D3R 

antagonism is related to D2/D3R sensitivity and drug history. Thus, it should be emphasized 

that pre-existing differences in D2/D3 receptors not only underlie the reinforcing effects of 

psychostimulants (e.g., Vokow et al., 1999; Morgan et al., 2002), but also treatment 

responses to drugs that target D2R and D3R. The investigation of individual differences 

between treatment responders and non-responders could provide important information 

regarding individualized pharmacotherapeutic strategies. Future treatment strategies should 

seek to incorporate these individual differences in order to maximize efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dopamine D3 receptors (D3R) mediate many behavioral effects of 

psychostimulants

• PG01037, a D3R antagonist, decreased cocaine but not methamphetamine 

reinforcement

• PG01037 effects correlated with an unconditioned behavior elicited by 

quinpirole

• Tolerance developed to the positive effects of PG01037 on cocaine choice

• The findings suggest D3R antagonists are more efficacious in certain phenotypes
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Figure 1. 
Effects of acute (open symbols) and five-day (gray symbols) PG01037 (i.v.; best dose, see 

text) treatment on choice between cocaine and food (filled squares represent baseline) in 

rhesus monkeys (n=4). Panel A ordinates: percent of reinforcers earned on the cocaine-

associated switch (left) and percent of reinforces earned on food-associated switch (right). 

Panels B–D ordinates: number of respective reinforcer earned (maximum of 10 per 

component). Panels A–D abscissae: unit dose of cocaine in mg/kg available as an alternative 

to a food pellet. Panel E ordinate: number of ratio requirements (choices) completed per 

session. Panel E abscissa: experimental end point. Panel F ordinate: overall session intake in 

mg/kg cocaine. Panel F abscissa: treatment condition. Data represent mean ± S.E.M. of 4, 

except Panel A, n=3 for percent choice in component 2 following acute treatment and 

component 3 for day 5 treatment, and n =2 for percent choice in component 2. *, p < 0.05 

compared with baseline responding.
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Figure 2. 
Effects of acute (open symbols) and five-day (gray symbols) PG01037 (1.7 mg/kg, i.v.) 

treatment on choice between methamphetamine and food (filled squares represent baseline) 

in rhesus monkeys (n=4). All details are as in Figure 1. Data represent mean ± S.E.M. of 4, 

except Panel A, n=3 for percent choice in components 1–3 following day 1 of treatment. For 

5 day treatment, n=3 for percent choice in components 1, 2, 4, 5 and n=2 in component 3.
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Figure 3. 
Effects of PG01037 (1.0–5.6 mg/kg, i.v.) on percent total (A), food (B), and drug (C) 

reinforcers in monkeys (n=4/group) choosing between food and cocaine (open symbols) or 

MA (closed symbols). Ordinates: percentage of respective baseline reinforcers earned. 

Abscissae: PG01037 dose (mg/kg). Data represent mean ± S.E.M. *, p < 0.05, **, p < 0.01, 

compared with baseline responding.
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Figure 4. 
Correlation between PG01037 effectiveness in reducing drug choice and sensitivity to 

quinpirole-elicited yawning. Ordinate: AUCbaseline – AUC+PG01037. Absicissae: ED50 values 

in mg/kg quinpirole. (r = 0.95; p < 0.001).
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TABLE 1

Parameters and drug-history for individual subjects

Subject Food FR Drug FR Lifetime intake (mg/kg)

Cocaine

R-1661 30 10 422.15

R-1688 50 40 419.3

R-1689 10 100 274.55

R-1692 30 100 225.14

MA

R-1567 40 80 84.58

R-1690 50 10 200.43

R-1691 30 10 188.42

R-1693 30 30 142.78
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