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Abstract

The dopamine D3 receptor is a target of pharmacotherapeutic interest in a variety of neurological 

disorders including schizophrenia, restless leg syndrome, and drug addiction. The high protein 

sequence homology between the D3 and D2 receptors has posed a challenge to developing D3 

receptor-selective ligands whose behavioral actions can be attributed to D3 receptor engagement, 

in vivo. However, through primarily small molecule structure-activity relationship (SAR) studies, a 

variety of chemical scaffolds have been discovered over the past two decades that have resulted in 

several D3 receptor-selective ligands with high affinity and in vivo activity. Nevertheless, viable 

clinical candidates remain limited. The recent determination of the high-resolution crystal 

structure of the D3 receptor has invigorated structure-based drug design, providing refinements to 

the molecular dynamic models and testable predictions about receptor-ligand interactions. This 

review will highlight recent preclinical and clinical studies demonstrating potential utility of D3 

receptor-selective ligands in the treatment of addiction. In addition, new structure-based rational 

drug design strategies for D3 receptor-selective ligands that complement traditional small 

molecule SAR to improve the selectivity and directed efficacy profiles are examined.

Keywords

Addiction; crystal structure; structure-activity relationships; pharmacology; receptor homology 
modeling

 1. Introduction –– The dopamine D3 receptor as a target for medication 

discovery

The neurotransmitter dopamine (DA) exerts it effects via DA receptors with varied signaling 

transduction mechanisms and expression patterns in the brain. DA receptors belong to the G 

protein-coupled receptor (GPCR) superfamily and are divided into two subfamilies. The D1-
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like DA receptors (D1 and D5) couple to stimulatory Gs proteins and enhance adenylyl 

cyclase (AC) activity and increase cytosolic cyclic adenosine monophosphate (cAMP) 

levels. D2-like DA receptors (D2, D3 and D4) couple to inhibitory Gi/o proteins that 

suppress AC activity and decrease cAMP. Within the D2-like receptor subfamily, the D2 and 

D3 receptors are the most homologous pair, sharing extensive sequence identity in the 

transmembrane domain and the putative ligand binding site (Chien et al., 2010).

First cloned and characterized in 1990 (Sokoloff et al., 1990), DA D3 receptors are 

expressed as post-synaptic receptors as well as autoreceptors (Diaz et al., 2000), providing 

inhibitory control on neuronal firing rates. The D3 receptor has a higher affinity for DA than 

the other receptor subtypes and may therefore be sensitive to tonic stimulation (Levesque et 

al., 1992). However, since D3 receptor antagonists fail to increase locomotor activity or 

elevate extracellular levels of DA in the nucleus accumbens or striatum, it appears that D3 

autoreceptors exert primarily phasic rather than tonic control of DA neurons (Millan et al., 

2000; Sokoloff et al., 2006).

The expression of D3 receptors in the human brain is primarily limited to mesolimbic 

regions, including particularly the ventral striatum, pallidum, nucleus accumbens, islands of 

Calleja, olfactory tubercle and lateral septum (Cho et al., 2010; Gurevich & Joyce, 1999; 

Searle et al., 2010). This relatively focal expression of D3 receptors in brain regions that 

govern motivational behaviors and the reward properties of addictive drugs make the D3 

receptor an enticing target for addiction pharmacotherapies. D3 receptors localized in the 

basolateral nucleus of the amygdala appear to regulate stimulus-reward associations that 

mediate reinstatement of drug-seeking behavior (Di Ciano, 2008). In the hippocampus, a 

modest density of D3 receptors have been found that regulate CREB signaling and could 

produce long-lasting effects on cognition and relapse behavior (Basile et al., 2006). In 

contrast, D2 receptors feature a broader distribution at higher concentrations, particularly in 

the dorsal striatum (Gurevich & Joyce, 1999); alteration of D2 receptor signaling is more 

commonly associated with side-effects that influence locomotor activity, motor coordination, 

prolactin secretion, and catalepsy (Cho et al., 2010; Millan et al., 1995). Hence, selective 

targeting of D3 receptor signaling has the potential to provide a more focused therapeutic 

effect while limiting potential side effects believed to be mediated primarily through D2 

receptors.

D3 receptors have additionally been shown to form heteromers with D1 receptors in the 

striatum. In these synergistic D1-D3 interactions, D3 receptor stimulation potentiates the 

effects of D1 signaling on neuronal and behavioral processes, including AC activation and 

locomotor activity (Fiorentini et al., 2008; Marcellino et al., 2008). Additional evidence 

exists for the functional coupling of D2 and D3 receptors, which may alter the apparent 

potency of some D2-like agonists (reviewed in Maggio et al., 2009). It is tempting to 

consider future directions for the development of pharmacotherapeutics targeting these 

heteromeric complexes. However, it is too soon to know whether these complexes can be 

accessed by heteromer-selective drugs, in vivo.

The DA D3 receptor has been investigated as a potential target for medication development 

to treat substance use disorders (SUDs) with a particular focus on cocaine and 
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methamphetamine. In addition to the expression and signaling patterns described above, 

alterations in D3 receptor expression patterns following drug exposure suggest an important 

role for D3 signaling in the development of addiction. Enhanced expression of D3 receptors 

has been shown following acute or chronic exposure to drugs of abuse in human postmortem 

studies (Mash & Staley, 1999; Segal et al., 1997; Staley & Mash, 1996). Increased 

expression of D3 receptors in polydrug users is correlated with self-reported drug craving 

(Boileau et al., 2012). This upregulation of D3 receptors may therefore contribute to the 

reinforcing effects of drugs of abuse and drug dependence (Le Foll et al., 2003; Segal et al., 

1997).

Currently, there are no approved medications to treat cocaine and methamphetamine 

addiction and thus developing pharmacotherapeutics to complement existing behavioral 

strategies is a fundamental goal. A commentary highlighting the D3 receptor as a viable 

target for the development of SUDs, with an emphasis on psychostimulants, has recently 

appeared (Newman et al., 2012b).

 2. D3-selective drug design using small molecule SAR

 2.1. Brief review of the D3 receptor pharmacophore template and examples of promising 
D3-selective agents for preclinical evaluation

Several comprehensive reviews describing dozens of D3-selective agents and derived 

structure-activity relationships (SAR) have been published recently (Heidbreder & Newman, 

2010; Micheli, 2011; Ye et al., 2013). Despite fertile ground for modification of the classic 

D3 pharmacophore template, several challenges remain in identifying D3-selective ligands 

with efficacies that can be translated into in vivo models and ultimately therapeutic agents to 

treat human addiction.

In general, chemical modification, initially using readily available starting materials and 

simple, high-yielding synthetic strategies, results in libraries of compounds that are tested in 

in vitro binding and functional assays to develop SAR. Increasing the affinity and selectivity 

of these molecules toward the target of interest is typically the first goal. Classical medicinal 

chemistry as well as quantitative SAR (QSAR) and other computational methods, based on 

small molecule structures have been used to guide subsequent rational drug design to 

achieve this goal as efficiently as possible. Once molecules have been identified that show 

high affinity and selectivity for the target, lead optimization proceeds. Used by most labs to 

modify lead compounds into tools that can be used for in vivo studies, the now-classic 

Lipinski rule of 5 (Lipinski, 2000; Lipinski et al., 1997) defined four parameters to aim for 

when designing molecules with drug-like physicochemical properties: a molecular weight 

(MW) <500, calculated logarithmic partition coefficient (LogP) in the range of 2-5, <5 H-

bond donors (OH, NH), and <10 H-bond acceptors (N, O). These criteria have been used to 

maximize blood brain barrier (BBB) penetration and optimize other pharmacokinetic 

parameters. However, these specifications are often too strict to comply with the highly 

“decorated” and potent compounds that are discovered through target-based SAR. This has 

resulted in an abundance of compounds with high affinity and/or selectivity for their 

biological target but that are hopelessly large and lipophilic, resulting in a poor absorption, 

Keck et al. Page 3

Adv Pharmacol. Author manuscript; available in PMC 2016 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



distribution, metabolism, excretion, and toxicity (ADMET) profiles and ultimate failure in 

the clinic (Hann & Keseru, 2012).

“Fat and flat – the enemies of drug discovery” was recently coined (Robert J. Young, 2013 

31st Camerino-Cyprus-Noordwijkerhout Symposium) and clues as to how to achieve 

molecules that are more likely to be drug-like - but still have the pharmacological specificity 

required - remains one of the biggest challenges to medicinal chemists, especially for central 

nervous system (CNS)-active drugs (Hill & Young, 2010; Wager et al., 2010). Hann and 

Keseru further elaborated on the risks of “molecular obesity” and advised that a “sweet spot” 

between molecular mass and LogP values exists that narrows the Lipinski parameters even 

further to compounds with MWs in the range of 250-500 and LogP values in the 2-4 range 

(Hann & Keseru, 2012). They refer to a set of ADMET “rules of thumb” published in 2008 

(Gleeson, 2008) that provides further data to support aiming for molecules with LogP values 

<4 and MW<400, keeping in mind ionization at physiological pH, especially for CNS-

penetrant drugs, where this is particularly important. High MWs not only preclude BBB 

penetration but increase plasma protein binding and are associated with inhibition of 

voltage-gated potassium ion channels that control electrical activity within the heart, 

commonly known as hERG (named from the human Ether-à-go-go-Related Gene that 

encodes the Kv11.1 protein). hERG channel inhibition is associated with cardiac arrhythmia 

and QT interval prolongation, therefore hERG binding is an early eliminator of an otherwise 

potential drug candidate (Gleeson, 2008). Unfortunately, high affinity for the hERG channel 

is associated with basic molecules, especially lipophilic amines, and for most GPCRs this 

provides an early confound between the biological target and the off target drug design 

(Wager et al., 2010).

The classic template of the 4-phenylpiperazines, exemplified by the early D3-selective 

ligands BP 897 (Fig. 1; Pilla et al., 1999) and NGB 2904 (Fig. 1; Yuan et al., 1998), has 

undergone significant modification to yield some very interesting D3-selective compounds, 

some of which have reached the clinical trial stage and are discussed in Section 3. The 

primary goal has been to achieve high-affinity binding to the D3 receptor and to limit or 

design out “off target” actions, especially at the other D2-family of receptors, and also at 5-

HT receptors that share common pharmacophoric elements (e.g. 5-HT1A, 5-HT2A or β-

adrenergic). Nevertheless, in some cases, multifunctional compounds that target serotonin 5-

HT1A and 5-HT2A receptors have been designed to capitalize on the overlapping SAR and to 

identify ligands that have potential as treatments for other CNS disorders such as 

schizophrenia (Butini et al., 2010). In addition, as the template is long to begin with, and 

addition of molecular “decoration” has added MW and lipophilicity, confounding activity at 

hERG channels, for example, has precluded further development of otherwise selective and 

promising agents due to predicted cardiotoxicity. Significant effort has been made in recent 

years (Bonanomi et al., 2010; Butini et al., 2010; Micheli et al., 2007; Micheli & 

Heidbreder, 2013) to address this persistent challenge with this class of drugs.

The early prototypic D3-selective ligands were characterized as antagonists or partial 

agonists, primarily in cell-based functional assays. It has been noted that the efficacies 

derived from these D3 functional assays have not always been translated into distinct 

behavioral actions (Newman et al., 2005). Indeed, compounds that have been described as 
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partial agonists or antagonists often show similar behavioral effects in the preclinical models 

of addiction (see Heidbreder & Newman, 2010, for further discussion). In addition, the 

functional potencies in the in vitro assays are often not well correlated to binding affinities at 

D3 vs. D2. To further complicate interpretation of behavioral results, many D3-selective 

compounds have less-than-optimal physicochemical properties, solubility, BBB permeability 

and pharmacokinetics likely due to their high MWs and lipophilicities. These properties may 

also contribute to the need to use higher doses of drug to observe activity in vivo than might 

have been predicted from their low nanomolar D3 receptor binding affinities. Several 

examples of these early preclinical candidates have been compared (Heidbreder & Newman, 

2010; Micheli, 2011). The early 2-OMe or 2,3-diCl-4-phenylpiperazine fragment has been 

substituted with many different substituents and even the phenyl ring has been elaborated on 

with various heteroaryl ring systems. In the GSK analogues, for example, the 4-

phenylpiperazine was first replaced with a tetrahydroisoquinoline in the prototypic 

SB277011A and later with several atypical bicyclic moieties, including the azabicyclo[3.1.0] 

hexane moiety found in their clinical candidate GSK598809 (Fig. 1), to be discussed in 

Section 3.

In most of the D3-selective compounds, the requisite linker that is equivalent to a 4-

methylene group chain seen in BP 897 and NGB 2904 remains, but has appeared in many 

functionalized forms including trans cyclohexyl (e.g., SB277011A), trans olefin (e.g., 

PG01037) and transcyclopropyl (e.g., PG 622) (Fig. 1; for review see Micheli, 2011). In all 

of these conformational isomers, the trans isomer is typically more D3-selective than the cis, 

due to higher affinity at D3 (Grundt et al., 2005; Grundt et al., 2007; Newman et al., 2003; 

Ye et al., 2013, for review). In addition, modification to this linking chain has uncovered 

enantioselectivity and a point of separation between D3 and D2 (Newman et al., 2009). For 

example, with PG 648 (Fig. 1), significant enantioselectivity at D3 (R>S ~15-fold) was not 

observed for D2 binding (<2-fold difference between enantiomers).

The amide linker has also been replaced with either oxazoles or thiotriazoles that retain the 

desired pharmacological profile and may provide additional benefits over the amide group in 
vivo (Micheli et al., 2007). Although an extended aryl amide was thought to be required for 

high-affinity binding at D3, and also for selectivity over D2 and 5-HT1A, there are several 

recent examples - especially with the triazole analogs - in which much smaller aryl ring 

systems provided comparable D3 selectivity and affinity profiles with reduced lipophilicity 

and molecular weights, which is more favorable for successful drug development (Bonanomi 

et al., 2010; Micheli et al., 2010a; Micheli et al., 2010b; and others highlighted in Micheli & 

Heidbreder, 2013). The sulfoxide moiety was also used in other analogues reported in the 

patent literature to be D3-selective (Micheli & Heidbreder, 2013). Others have also reported 

successful replacement of the amide function of BP 897 (Jean et al., 2010). It should be 

noted however, that reducing the amide linker to a secondary or tertiary amine severely 

decreases D3 receptor affinity and renders the resulting molecules nonselective over D2 

receptors (Banala et al., 2011).

A recent review of the patent literature has appeared that describes the formidable 

contribution, primarily from pharmaceutical companies since 2007 (Micheli & Heidbreder, 

2013). In this review, the authors also caution the field to recognize that potency and 
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selectivity ratios can vary across labs and across in vitro assays, making direct comparisons 

of compounds impossible unless they are evaluated side-by-side. What is not clear from the 

patent literature is how these novel molecules were designed, especially those that are at 

substantial variance from the classical pharmacophoric template.

Small molecule comparative molecular field analysis (CoMFA) or comparative molecular 

similarities index analysis (CoMSIA) and 3D-QSAR studies have been employed in the past 

(Boeckler et al., 2005; Liu et al., 2011; Lopez et al., 2010; Salama et al., 2007; Wang et al., 

2010), however the advent of GPCR homology modeling has opened additional platforms 

from which to design molecules with theoretically optimized interactions in the targeted 

receptor binding pocket(s) at the molecular level. As the high-resolution crystal structure of 

the D3 receptor was recently solved with the D2/D3 antagonist/inverse agonist eticlopride 

(Chien et al., 2010), a new opportunity for structure-based drug design is available and is 

being used for the design of novel compounds. Indeed, before the crystal structure of the D3 

receptor was published, homology models developed using the structure of 

bacteriorhodopsin, and later using bovine rhodopsin and the β2-adrenergic receptor 

structures, provided an excellent basis for D3 receptor homology models (e.g., Hobrath & 

Wang, 2006; Wang et al., 2010). One example of this strategy is work published by the 

Gmeiner group in which the crystal structure of the β2-adrenergic receptor was used to 

derive models for the D2, D3 and D4 receptor subtypes (Ehrlich et al., 2009). Docking 

analyses led the authors to perform site-directed mutagenesis studies that examined amino 

acid residues in transmembrane segments (TMs) 2 and 3. By incorporating SAR from their 

library of small molecules, the individual contributions to D2-subtype selectivity were 

identified. Importantly, these studies recognized the 4-phenylpiperazine as being the primary 

recognition moiety for the orthosteric binding site (OBS) for all three members of the D2 

family of receptors (Ehrlich et al., 2009).

Other groups have compared homology models for the D3 receptor with homology models 

for the hERG channel in an attempt to optimize their molecules for high-affinity binding to 

the D3 receptor while reducing affinity for the hERG channel (Bonanomi et al., 2010; 

Micheli et al., 2010b; Micheli et al., 2007). This effort has resulted in the discovery of D3-

selective antagonists without predicted QT interval prolongation, a very important finding 

for drug development.

 2.2. The design of D3-selective agonists, partial agonists and antagonists

Highly D3 receptor selective agonists have been elusive until recently and are only now 

beginning to be tested preclinically (Chen et al., 2011; Johnson et al., 2012). These 

compounds have been designed with a hybrid approach, using a classic D2/D3 agonist (e.g. 

pramipexole) as the primary pharmacophore (PP) and then elaborating with extended linkers 

attached via either piperazinylaryl amides or aryl amides to give fully efficacious, D3-

selective agonists in vitro (). An additional report (Tschammer et al., 2011) used a similar 

template to discover compounds with enantioselectivity as well as functional selectivities, 

another very hot topic for drug discovery, with great interest to relate functional selectivity 

to behavioral activity in the future. Further characterization of these molecules in vivo will 
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provide critical data to assess the translation of cell-based functional assay results to D3 

agonist mediated behaviors.

D3-selective antagonists and partial agonists have been more easily designed as they 

typically share the classic pharmacophore. Nevertheless, modification of these molecules 

has thus far not led to tractable SAR regarding efficacies. This pursuit has been partially 

confounded by the paucity of functional assays that gave consistent efficacy predictions in 

the first few years of D3 receptor research (Levant, 1997) resulting in a diversity of assays 

used across labs, producing different measured potencies and efficacies for the same 

compounds (e.g., BP 897; for review see Newman et al., 2005). To further confound the 

field, behavioral actions produced by partial agonists vs. antagonists have not been well-

defined. Numerous studies suggest that these D3-selective compounds prevent extracellular 

DA from binding to the receptor, and that this action leads to decreased self-administration 

and reinstatement to drug-seeking behaviors. However, it is still unclear whether or not an 

antagonist or partial agonist would be the preferred pharmacotherapy to treat substance use 

disorders. This has been debated in the literature (e.g., Newman et al., 2012b) and goes 

beyond the scope of the present review. However, we describe recent examples of preclinical 

evaluation of D3 receptor antagonists and/or partial agonists in models of addiction to 

provide evidence that the D3 receptor is a promising target for drug development.

 2.3. Recent examples of D3 receptor-selective compounds in preclinical models of 
addiction

Several classes of chemical structures have been explored in the search for D3-selective 

ligands. In this section, we discuss some of the major chemical classes that have been 

explored in SAR studies and tested in animal models of addiction. Because this review is not 

meant to be a comprehensive evaluation of the preclinical literature, we will focus on reports 

published since 2008 and recommend to the reader these reviews for earlier work 

(Heidbreder et al., 2005; Heidbreder & Newman, 2010; Joyce & Millan, 2005; Micheli, 

2011; Micheli & Heidbreder, 2013; Newman et al., 2012b; Newman et al., 2005; Xi & 

Gardner, 2007).

Effective preclinical models are essential for identifying the in vivo profile of novel D3 

receptor partial agonists and antagonists as well as advancing the field’s understanding of 

the role of D3 receptor signaling in drug addiction. Since the cloning of the D3 receptor 

gene in 1990, animal studies have been crucial to elucidate the in situ functions of D3 

receptors. Over the past 15 years, a variety of factors influencing the in vivo selectivity and 

efficacy of D3 receptor-selective compounds have been identified through behavioral 

evaluation in a variety of preclinical models, in rodents and nonhuman primates.

A common finding with D3-selective antagonists in behavioral models of addiction is that 

these compounds are typically ineffective in reducing drug self-administration under low 

fixed-ratio (FR) schedules, in which typically one (FR1) or two (FR2) lever presses in an 

operant chamber result in the delivery of the reinforcer (e.g., intravenous cocaine or 

methamphetamine). These low FR schedules of reinforcement are useful for exploring drug 

intake patterns, but are not well-suited to measure the reinforcing effects of drugs of abuse 

(Heidbreder & Newman, 2010; O'Brien & Gardner, 2005). Similarly, D3-selective 
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antagonists are often ineffective in second-order reinforcement schedules, in which a subject 

responds according to a unit schedule (such as FR10) for a brief stimulus presentation (such 

as a light) and the unit schedule is then reinforced according to a separate schedule of 

reinforcement (such as a fixed time interval) via drug delivery. In contrast, progressive ratio 

(PR) schedules of drug reinforcement - believed to be more sensitive to a drug’s reinforcing 

effectiveness and motivational effects (Arnold & Roberts, 1997; O'Brien & Gardner, 2005; 

Richardson & Roberts, 1996) - are sensitive to D3 antagonism.

Other models of addiction are more sensitive to modulation of D3 receptor signaling. Drug-

seeking behavior can be attenuated in several models of relapse-like behavior, such as drug-, 

cue- or stress-induced reinstatement. In these models, animals are trained to self-administer 

methamphetamine (or another reinforcer) until stable behavior is established. Following this 

training, the reinforcer is removed from future training sessions, extinguishing the drug-

seeking behavior. Robust drug-seeking behavior (i.e., active lever pressing) can be induced 

by non-contingent exposure to the drug, drug-associated cues, stress or a stress-like trigger 

such as yohimbine (Shaham et al., 2003). Several studies have reported that D3 antagonism 

attenuates reinstated drug-seeking behavior.

The subjective, rewarding properties of addictive drugs are also commonly evaluated using 

conditioned place preference (CPP) tests in which the positive incentive salience of a drug 

can be measured using a fairly simple Pavlovian learning paradigm (O'Brien & Gardner, 

2005; Tzschentke, 2007). D3 receptor antagonists have been reported to block the 

expression of CPP, but less consistently to attenuate the acquisition of CPP (Beninger & 

Banasikowski, 2008)

 2.3.1. 4-Phenylpiperazines—A large library now exists of D3-selective or D3-

preferential antagonists and partial agonists in which the 4-phenylpiperazine is the core 

structure, as illustrated in Fig. 1. This general molecular template has been explored in 

multiple SAR studies and several “hits” from this class have shown efficacy in preclinical 

models of addiction.

 BP 897: First reported in 1999 to attenuate cocaine-taking and -seeking behavior in rats 

(Pilla et al., 1999), BP 897 was one of the first D3-selective phenylpiperazines widely 

researched in addiction models. Since then, BP 897 has been reported to inhibit cocaine-

seeking behavior, morphine CPP, as well as conditioned activity associated with 

amphetamine, nicotine and cocaine (Garcia-Ladona & Cox, 2003; Le Foll et al., 2005). 

Recent work has shown that BP 897 did not reduce nicotine self-administration or cue-

induced reinstatement to nicotine-seeking behavior (Khaled et al., 2010). BP 897 can 

attenuate methamphetamine-enhanced brain stimulation, but produces an aversive effect at 

high doses (Spiller et al., 2008).

BP 897 entered early phase clinical trials for the treatment of addictions to cocaine, nicotine 

and alcohol as well as for treatments for schizophrenia and Parkinson’s disease (Garcia-

Ladona & Cox, 2003). Approximately 70-fold selective for human D3 receptors versus D2 

receptors, with apparent partial agonist signaling properties, BP 897 was not successful as a 

clinical treatment. This may have been due to side effects arising from BP 897’s insufficient 
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selectivity for D3 over D2, 5-HT1A, and α1- and α2-adrenoceptors (Garcia-Ladona & Cox, 

2003; Xi & Gardner, 2007).

 NGB 2904: Compared to BP 897, NGB 2904 has substantially improved D3 selectivity 

over D2, HT1A, and α1- and α2-adrenoceptors (Xi & Gardner, 2007). NGB 2904 has been 

reported to reduce cocaine self-administration under a PR schedule and block reinstatement 

to cocaine-seeking behavior (Xi & Gardner, 2007). Pretreatment with NGB 2904 attenuated 

methamphetamine-enhanced brain stimulation reward in rats (Spiller et al., 2008). However, 

NGB 2904 is poorly water soluble and is highly lipophilic, which likely precluded it from 

investigation as a clinical candidate (Mason et al., 2010).

 PG01037: More than 100-fold selective for D3 over D2, PG01037 was initially reported 

in 2005 (Grundt et al, 2005). Since then, PG01037 has been investigated in a wide variety of 

addiction models. PG01037 did not alter methamphetamine or sucrose self-administration 

under low FR schedules of reinforcement in mice or rats (Caine et al., 2012; Higley et al., 

2011b; Orio et al., 2010). However, PG01037 significantly lowered the breakpoint for 

methamphetamine and sucrose self-administration under PR reinforcement, attenuated 

methamphetamine-enhanced brain stimulation, and blocked cue-induced reinstatement of 

methamphetamine seeking (Higley et al., 2011b; Orio et al., 2010). Similarly, low FR 

schedule cocaine and food self-administration were not altered by PG01037 administration 

in squirrel monkeys, but it significantly attenuated cocaine’s discrimination stimulus effects 

and cocaine-induced reinstatement (Achat-Mendes et al., 2010). In an effect similar to 

genetic knockout of the D3 receptor, treatment with PG01037 in wild-type mice disrupted 

reconsolidation of cocaine-induced CPP memory (Yan et al., 2013).

PG01037 has improved water solubility over NGB 2904 (Mason et al., 2010). However, it is 

also a substrate for P-glycoprotein, an ATP-dependent drug efflux pump found at the BBB, 

which likely limits its potential for translation to the clinic (Mason et al., 2010).

 CJB 090: CJB 090 (Fig. 1) is the saturated analogue of PG01037 and somewhat less D3-

preferential (50- vs. 133-fold) in binding over D2 receptors (Newman et al., 2005). This 

compound attenuated methamphetamine self-administration under FR1 reinforcement in rats 

with long-access (6-hour sessions, 6 days per week) but not short-access (1-hour sessions, 3 

days per week). Additionally, under a PR schedule of reinforcement, CJB 090 attenuated 

self-administration in both the short- and long-access groups (Orio et al., 2010). 

Pretreatment with CJB 090 significantly decreased cocaine’s discriminative stimulus effects 

in squirrel monkeys. However, CJB 090 failed to inhibit either self-administration of cocaine 

or cocaine-induced reinstatement of drug-seeking (Achat-Mendes et al., 2009).

 PG 619: PG 619 (Fig. 1) was synthesized and characterized while looking for 

improvements to the PG01037 structure (Grundt et al., 2005; Grundt et al., 2007). Cocaine 

self-administration by male rhesus monkeys under a FR30 schedule of reinforcement was 

not altered by PG 619. However, PG 619 significantly attenuated cocaine-induced 

reinstatement (Blaylock et al., 2011). Nevertheless, subsequent testing in a rhesus monkey 

food/drug choice paradigm, PG 619 failed to demonstrate any efficacy in attenuating self-

administration of either cocaine or methamphetamine (personal communication from Dr. 
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Michael Nader, Wake Forest University Medical School). In addition, a poor ADME profile 

in rats (unpublished data) dampened enthusiasm for further development of this agent.

 YQA14: Administration of YQA14 (Fig. 1) attenuated cocaine self-administration under 

PR reinforcement in rats without altering oral sucrose self-administration or locomotor 

activity at the same tested doses (Song et al., 2012). YQA14 decreased cocaine self-

administration under FR1 and PR reinforcement schedules in wild-type mice but had no 

effect on D3 receptor knockout mice (Song et al., 2012), supporting a D3 receptor mediated 

effect. Similarly, YQA14 attenuated acquisition and expression of cocaine-induced CPP in 

WT mice but not D3 receptor knockout mice (Song et al., 2013).

 Cariprazine (RGH 188): Cariprazine (RGH 188; Fig. 1) is a D3-preferring D3/D2 partial 

agonist in clinical development as an atypical antipsychotic for the treatment of 

schizophrenia and bipolar mania/mixed episodes (Agai-Csongor et al., 2012; Citrome, 

2013). To date, only one study has been published evaluating cariprazine in addiction 

models. Román et al. (2013) found that oral administration of cariprazine significantly 

increased cocaine self-administration in rats but inhibited cue-induced reinstatement of 

cocaine-seeking behavior. The enhanced self-administration effect may be due to a 

cariprazine-mediated reduction in the rewarding effects of cocaine, necessitating more 

cocaine infusions to achieve the same reward (Román et al., 2013).

 2.3.2. Additional structural templates

 SB277011A: One of the D3-selective ligands most extensively studied in addiction 

models over the past five years, SB277011A was initially described in 2000 (Reavill et al., 

2000; Stemp et al., 2000). Previous reviews have covered the effects of SB277011A in 

preclinical addiction models (Heidbreder et al., 2005; Xi & Gardner, 2007). Since 2008, 

SB277011A has been tested in multiple models against a variety of different addictive drugs, 

detailed below.

SB277011A blocked cue-induced reinstatement of nicotine-seeking in rats (Khaled et al., 

2010). Pretreatment with SB277011A did not alter methamphetamine self-administration 

under FR2 schedule of reinforcement but did significantly lower PR breakpoints and inhibit 

methamphetamine-induced reinstatement (Higley et al., 2011a). SB277011A significantly 

attenuated methamphetamine-enhanced brain stimulation reward in rats (Spiller et al., 2008). 

Cue-induced cocaine seeking and incubation of cocaine craving was attenuated by 

SB277011A administered either systemically or locally into nucleus accumbens or central 

amygdala in rats (Xi et al., 2013). Administration of SB277011A attenuated morphine-

triggered reactivation of cocaine-induced conditioned place preference in adult male rats 

(Rice et al., 2013) and decreased the conditioned place aversion following naloxone-induced 

withdrawal from acute morphine administration (Rice et al., 2012a). Infusion of SB277011A 

into the nucleus accumbens significantly inhibited the expression of morphine-induced 

context-specific locomotor sensitization (Liang et al., 2011).

GlaxoSmithKline halted clinical development of SB277011A (Xi & Gardner, 2007) after it 

was determined that the drug has a short half-life and poor oral bioavailability in primates 
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(Austin et al., 2001) despite having favorable pharmacokinetics in the rat (Stemp et al., 

2000).

 S33138: The hexahydrochromeno[3,4-c]pyrrole, S33138 (Fig. 1) was reported in 2008 in 

an in-depth series of in vitro and in vivo pharmacological characterizations aimed at 

assessing its effects as an antipsychotic (Millan et al., 2008a; Millan et al., 2008b; Millan et 

al., 2008c). Since then, it has been explored to a limited extent in models of addiction. In 

rats, pretreatment with low doses of S33138 attenuated cocaine-enhanced brain-stimulation 

reward and cocaine-induced reinstatement of drug-seeking behavior. However, at higher 

doses, FR2 cocaine and sucrose self-administration behavior was altered, locomotion in a 

rotarod task was impaired and an aversive-like rightward shift in brain-stimulation reward 

rate-frequency reward functions was reported (Peng et al., 2009). Ethanol consumption in 

mice was significantly inhibited by S33138 administration, but only at doses that also 

decreased water consumption (Rice et al., 2012b).

 Buspirone: Buspirone (Fig. 1) has received extensive recent interest as a clinically 

available drug that may be repurposed for addiction treatment (Le Foll & Boileau, 2013). An 

atypical anxiolytic, buspirone is a partial agonist at the 5-HT1A receptor, but is also a high-

affinity antagonist of DA D3 and D4 receptors (Bergman et al., 2013). In adult male rhesus 

monkeys, buspirone pretreatment attenuated cocaine self-administration at doses that did not 

reliably alter food-maintained responding (Bergman et al., 2013; Mello et al., 2013b). 

Chronic buspirone treatment was also effective in reducing cocaine, nicotine, or combined 

cocaine+nicotine self-administration in rhesus monkeys (Mello et al., 2013a; Mello et al., 

2013b). In rats, buspirone was reduced the anxiolytic effects of withdrawal from cocaine (de 

Oliveira Citó et al., 2012).

 2.3.3. Preclinical support and caveats for translation of the D3 hypothesis to 
the clinic—D3-selective ligands have been widely studied in addiction models. Among the 

patterns that emerge, D3 antagonism is clearly most effective in self administration under a 

PR schedule of reinforcement and in reinstatement paradigms while generally ineffective in 

FR studies. This suggests that D3 antagonism reduces the rewarding efficacy and motivation 

to self-administer the drug of abuse, without substantially disrupting general behavior. 

However, studies that compare D3 antagonist effects on drug-taking to effects on food or 

sucrose rewards have not been fully explored. In developing potential medications it is 

important to ascertain whether or not these behavioral effects are specific to drug-induced 

reward-seeking behaviors or generalize to natural rewards as well.

Developing behavioral models in animals that translate to human behavior is a continual 

challenge in psychiatric drug development and may be especially challenging in the 

psychostimulant drug abusing population. Moreover, many of the compounds tested in 

preclinical models have specific drawbacks that have halted or precluded translation to the 

clinic. The chemical structures of these compounds are commonly large and lipophilic, 

which can be problematic in terms of solubility and drug ADMET properties (see Section 

2.1 for further discussion). Also, very few studies have detailed the metabolic profiles of 

these compounds.
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Finally, it is not currently clear from preclinical studies whether antagonist or partial agonist 

effects on D3 receptors is preferable for treatment. More detailed study is needed of in vivo 
D3 signaling to determine whether there is a functional difference between D3 antagonists 

or partial agonists in drug-taking or drug-seeking animals; given the D3 receptor’s high 

affinity for DA, partial agonism may be effectively indistinguishable from antagonism when 

DA levels are very high, as they are well-known to be during drug-taking and -seeking 

behaviors. It is anticipated that many of these questions and caveats will be addressable with 

better drug molecules.

 3. Clinical studies targeting the D3 receptor in the treatment of addiction

A critical consideration for clinical trial success is the demonstration that the new drug 

engages its biological target (e.g. central D3 receptors) at doses that are related to its 

pharmacological action (e.g., drug craving cessation). Hence, the discovery of a D3-

preferential positron emission tomography (PET) ligand to monitor drug occupancy and 

selectivity at D3 receptors was essential. As described above, selective D3 receptor ligands 

that are active in vivo have remained a challenge. The further requirements for a PET ligand: 

1) high affinity (Ki<1 nM) 2) >30-fold selectivity for the target 3) rapid BBB penetration 

and 4) limited metabolism has provided significant challenge to identifying a D3-preferntial 

PET ligand.

 [11C]PHNO

Currently, [11C]PHNO (Fig. 2), a D3-prefential agonist has been used in this capacity, 

although it is perhaps not ideal. First introduced as a nonselective D2/D3 receptor agonist 

(Horn et al., 1984; Martin et al., 1985), PHNO was developed as a potential agonist 

treatment for Parkinson’s disease (Koller et al., 1987; Rose & Nashef, 1987). Subsequently 

[11C]PHNO was first characterized as binding to high affinity states of the D2/D3 receptor 

in human subjects (Willeit et al., 2006) and later as a D3 receptor agonist (Narendran et al., 

2006). It has subsequently been further characterized (Ginovart et al., 2007) and more 

recently used to demonstrate D3 receptor involvement (Graff-Guerrero et al., 2009a; Graff-

Guerrero et al., 2009b; Graff-Guerrero et al., 2008; Willeit et al., 2008) and upregulation in 

methamphetamine abusers (Boileau et al., 2012). In addition, [11C]PHNO has been used to 

validate D3 receptor occupancy for the D3 antagonist ABT 925 (Graff-Guerrero et al., 

2010). A [11C]PHNO PET study is planned to evaluate whether D3 receptor expression is 

elevated in smokers versus nonsmokers and whether correlations exist between D3 receptor 

binding and the reactivity to smoking cues as measured by functional MRI 

(ClinicalTrials.gov Identifier: NCT01784016). Another planned [11C]PHNO PET study 

seeks to determine whether the smoking cessation drug varenicline alters D2/D3 receptor 

binding in tobacco smokers (ClinicalTrials.gov Identifier: NCT01632189).

 GSK598809

To date, only a few D3-selective antagonists have progressed to human clinical testing. The 

first compound from GlaxoSmithKline, GSK598809 (Fig. 1), entered phase 1 clinical trials 

in 2007 and phase 2 trials for smoking cessation and compulsive overeating (e.g., 

ClinicalTrials.gov Identifiers: NCT00437632, NCT01188967, NCT00793468, 
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NCT00605241, NCT01039454 ). Cognate analogue GSK618334 also entered phase 1 

clinical trials in 2007 (ClinicalTrials.gov Identifiers: NCT00513279, NCT00814957, 

NCT01036061). To date, 9 trials have been completed with GSK598809 and this compound 

was deemed to be safe and well tolerated in healthy volunteers (Mugnaini et al., 2013; 

Searle et al., 2010). Importantly, studies using the D3-preferential PET ligand [11C]PHNO in 

human volunteers demonstrated that GSK598809 engages with D3-receptor rich regions of 

the human brain, upon oral administration, in the substantia nigra but not in the dorsal 

regions of the striatum (Searle et al., 2010). Boileau et al. (2012) determined that 

methamphetamine polydrug users had higher [11C]PHNO binding in the D3 receptor-rich 

substantia nigra, globus pallidus, and ventral pallidum, and lower binding in the D2 receptor-

rich dorsal striatum compared to healthy controls. [11C]PHNO binding within the substantia 

nigra correlated with self-reported drug craving (Boileau et al., 2012).

A recent study using GSK598809 and [11C]PHNO sought to predict the ability of 

GSK598809 to reduce nicotine-seeking/craving behavior in human cigarette smokers and 

the relationship to D3 occupancy by this D3 antagonist. These results were compared with 

an ex vivo autoradiography study in rats and the demonstration that GSK598809 dose 

dependently reduced the expression of nicotine-induced conditioned place preference. 

Although an absolute translation of these findings was not achieved in this preliminary 

study, the results suggest that GSK598809 binds to D3 receptors in a dose-dependent 

manner and support further investigation of GSK598809 for smoking cessation in human 

subjects. Further translation of preclinical findings that GSK598809 and other D3 

antagonists and partial agonists may be effective in reducing methamphetamine and/or 

cocaine craving in humans has yet to be evaluated. In order to advance to phase 2 clinical 

trials for cocaine or methamphetamine abuse, further drug-interaction studies must be 

conducted. In addition, as the D3 antagonists appear to be more effective in reducing drug 

and/or cue-induced reinstatement to drug seeking in laboratory animals than blocking self-

administration of cocaine or methamphetamine, the design of clinical trials must take this 

into account.

 BP1.4979

Bioprojet recently disclosed their novel D3 antagonist BP1.4979 and recruitment for a 

clinical trial on smoking cessation has begun (ClinicalTrials.gov Identifier: NCT01785147).

 Buspirone

Finally, as noted above, the clinically available atypical anxiolytic drug buspirone (Fig. 1) 

has recently shown promise in preclinical studies (Bergman et al., 2013; Mello et al., 2013a; 

Mello et al., 2013b; Newman et al., 2012b; Shelton et al., 2013) for the treatment of 

psychostimulant abuse. Although buspirone is not a D3-selective antagonist, its metabolic 

profile suggests primary metabolites bind to D3 (and D4) receptors (Bergman et al., 2013). 

Target engagement using PET imaging and clinical studies are in progress 

(ClinicalTrials.gov Identifier: NCT01699828) that will inform future exploration of this 

repurposed drug for treatment of SUDs.
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 4. The structural basis of D3 over D2 receptor selectivity and the future of 

rational drug design for D3 receptor-selective ligands

Despite a number of preclinical candidates and a handful of D3-selective antagonists or 

partial agonists in clinical trials for smoking cessation, the need to identify novel templates 

and better drug molecules to target the D3 receptor still exists. It is important to note, for 

example, that in treating SUDs, toxicology and safety studies must be done with the new 

medication candidate and in the presence of the abused drug e.g. cocaine. Drug 

combinations can produce untoward side effects that could not be predicted by the drug 

interacting with its primary target (e.g. D3 receptor) and may be related to off target actions 

or metabolic vulnerability of a particular structural template. Hence, using all the available 

structural information to identify new leads remains important in the pursuit of medication 

candidates. Small molecule drug discovery usually begins with identifying lead compounds 

that recognize the biological target of interest. The advancement of high-throughput screens 

(Macarron et al., 2011) and rational lead design and optimization with in silico models 

(Jorgensen, 2009) have been a more recent source of novel leads.

Common structural features of GPCRs include the 7 TMs, extracellular and intracellular 

loops (ECLs and ICLs) (Rosenbaum et al., 2009). Specifically for class A rhodopsin-like 

GPCRs, to which DA receptors belong, a conserved “toggle switch” in TM6 is involved in 

receptor activation – the impact of the reconfiguration of this switch upon agonist binding is 

propagated to the intracellular side and triggers the release of a conserved ionic lock 

between TM3 and TM6, which has been found to stabilize the receptor in an inactive state 

(Ballesteros et al., 2001a; Shi et al., 2002). Such transitions between active and inactive 

states have significant impact on the shape and size of the orthosteric ligand binding site; it 

is computationally complex to design and optimize antagonists or agonists for a particular 

receptor with desired affinity and efficacy in a structure-based manner.

Due to the high-homology among GPCRs especially within the same family (e.g., between 

rhodopsin and aminergic receptors), computational models of the D3 receptor were 

previously built based on the crystal structures of homologous proteins for which crystal 

structures had been solved (Hobrath & Wang, 2006; Varady et al., 2003). These resulting 

homology models were then used to characterize points of interaction of small molecules at 

the binding site, through medicinal chemistry, chimera studies and single point mutations on 

the receptor (e.g., Ehrlich et al., 2009). Before the crystallographic coordinates of D3 crystal 

structure were published, a competition was held to determine how well various GPCR 

modeling and docking procedures performed in identifying key ligand-receptor interactions, 

comparing these results to the crystal structure of the D3 receptor. The best-performing 

complex models approached the accuracy of the experimentally determined details, 

especially in revealing those in the conserved OBS (Kufareva et al., 2011).

Several groups have used homology models of the D3 receptor to design libraries of D3-

selective ligands. For example, Levoin and colleagues recently demonstrated that the binding 

site in their “historical” rhodopsin-based D3 receptor homology model was as well-suited 

for lead optimization as the crystal structure of the D3 receptor, which explained the 

successful utilization of the model in their drug discovery processes (Levoin et al., 2011). 
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Similarly, the β-adrenergic receptor-based D3 homology model appeared to perform as well 

as the D3 receptor crystal structure in retrieving known hit compounds in in silico high-

throughput screening trials with a library of 3 million commercially available molecules. 

Interestingly, the homology model and the crystal structure have different enrichments of the 

chemical scaffolds, as the OBS in the homology model is slightly more open (Carlsson et al., 

2011). In that study, because the compounds were screened against the OBS, none of the hit 

compounds showed appreciable selectivity for D3 over D2 receptor; nevertheless, novel 

scaffolds that can be modified to enhance selectivity were uncovered (Carlsson et al., 2011).

Interestingly, all of the novel hits identified by Carlsson et al. (2011) were found to be 

antagonists, which raises the question of how we may be able to rationally introduce efficacy 

into our D3 receptor-selective agents using computational modeling techniques. A recent 

review evaluating the progress in the structure-based drug design for GPCRs highlighted the 

advances that are being made with the availability of many high-resolution GPCR structures 

in both active and inactive states; thus far, most successful investigations have improved 

ligand binding affinities towards individual receptors but, in most cases, without addressing 

selectivity or efficacy issues (Congreve et al., 2011). Thus, in comparison, the novelty of our 

approach is to reveal molecular determinants of D3 over D2 receptor selectivity as well as 

D3 receptor efficacy. To this end, we have built and refined D3 and D2 receptor models in 

both inactive and active states. In addition to the D3 receptor structure, stabilized in an 

inactive conformation by eticlopride, a D3/D2 receptor-selective inverse agonist (Chien et 

al., 2010), we used the differences in the inactive and active structures of β1 and β2 

adrenergic receptors (Cherezov et al., 2007; Rasmussen et al., 2011; Warne et al., 2011) to 

guide the construction of a D3 receptor model with the OBS in the active conformation. For 

comparative investigations of D3 vs. D2 receptor, we also correspondingly built and refined 

D3 receptor-based homology models of the D2 receptor (Chien et al., 2010; Newman et al., 

2012a). Using these models, the results of our molecular docking and dynamics studies 

suggested that the primary pharmacophore (PP) of D3 receptor-selective compounds is 

bound in the OBS, while the arylamide secondary pharmacophore (SP) is accommodated in 

a secondary binding pocket (SBP) formed by residues from TMs1, 2, 3, 7 and divergent 

ECL1 and ECL2 (Chien et al., 2010; Newman et al., 2012a).

To further dissect the contributions of individual pharmacophore components of D3 

receptor-selective compounds to the selectivity and efficacy, we incrementally deconstructed 

our D3 receptor-selective antagonist R22 (R-PG 648, Fig. 1, 3) into “synthons”. Starting 

with the PP, 2,3-diCl-phenylpiperazine, we added N-alkyl substituents one methylene group 

at a time toward the amide functional group. We also synthesized the SP, N-n-butyl-

indole-2-amide. These synthons were tested for receptor binding affinities and functional 

efficacies at the D3 and D2 receptors. This study confirmed that the 2,3-diCl-4-

phenylpiperazine or its cognate 2-OMe-4-phenylpiperazine served as the PP and that 

addition of the N-n-butyl linking chain resulted in increased binding affinities at both the D2 

and D3 receptors, with essentially no change in selectivity, until the indole amide was added 

to make the full D3 receptor-selective ligands. Given the near identity of the D3 and D2 

receptor residues in the OBS that bind the PP and the linker region, it is expected that the 

synthons lacking the SP would have little or no selectivity for these two receptors (Newman 

et al., 2012a).
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Moreover, we also found the N-n-butyl-indole-2-amide had very poor affinity for both the 

D2 and D3 receptors and was functionally inactive, suggesting that the SP alone does not 

confer D3 receptor-selectivity. The question thus became: how does D3 selectivity arise in 

these molecules? Our computational modeling and analysis indicated that substitutions on 

the terminal 4-phenylpiperazine ring, in combination with the linker, affect the orientation of 

the PP in the OBS, which consequently influences the exact orientation of the SP. Thus, we 

proposed that D3 receptor selectivity arises from divergent interactions of the SP within a 

second binding pocket, separate but affected by the PP in the OBS (Newman et al., 2012a).

Our study also demonstrated that depending on the 4-phenylpiperazine substitution pattern, 

efficacies could range from a nearly full agonist (2,3-diCl-4-phenylpiperazine) to a very low 

efficacy partial agonist (e.g., N-n-butyl-2,3-diCl-4-phenylpiperazine or the 2-OMe-4-

phenylpiperazine). In the context of accumulated understanding of monoamine receptor 

activation (Ballesteros et al., 2001b; Shi & Javitch, 2002), our modeling results indicated 

that efficacy depends on the binding mode in the OBS and suggested that the efficacy of D3 

receptor-selective ligands could be manipulated by modifying the PP that binds to the OBS 

(Newman et al., 2012a).

As noted above, the SBP diverges significantly between the D3 and D2 receptors. Initial 

chimera studies using R-PG 648 (R22) pointed to a role of the extracellular loops in receptor 

subtype selectivity (Newman et al., 2009). A more complete study, using eight D2/D3 

chimeras and our most D3-selective compound to-date (BAK 2-66, Fig. 1), suggested a 

appreciable role for the ECL2 in ligand binding: replacing this loop in the D2 receptor with 

the D3 receptor ECL2 sequence improved binding affinity by 37-fold. However, a more 

dramatic improvement was seen in chimeras of the D2 receptor that included TMs 1 and 2 

and ECL1 of the D3 receptor, resulting in a dramatic 441-fold improvement in binding over 

the D2 wild-type receptor (Banala et al., 2011). Indeed, the binding affinity for BAK 2-66 at 

this chimera was nearly four-fold higher than at the wild-type D3 receptor (Banala et al., 

2011). Follow-up studies have specifically characterized the divergence in the shape, size, 

and dynamics of the SBP of D3 and D2 receptors (Michino et al., submitted). The combined 

computational and experimental results indicated that ECL1 plays a key role in determining 

the D3 receptor over D2 receptor selectivity of R22. In particular, a single Gly residue in the 

EL1 was found to be able to interconvert the binding selectivity of R22 in D3 and D2, and 

suggest the non-conserved ECL1 can influence the orientation of conserved TM2, and thus 

render different shapes and sizes of the SBP in both D3 and D2 receptors (Michino et al., 

submitted).

 5. Summary

The DA D3 receptor remains an enticing target for addiction pharmacotherapy. A panoply of 

D3-selective compounds have been tested in vivo, producing promising results in addiction 

models and supporting the hypothesis that D3 receptor signaling is an important component 

of the reinforcing aspects of addictive drugs. Promising recent clinical trial results suggest 

that the D3 receptor remains a viable clinical target, but data are still limited in this regard. 

Continued development of novel D3-selective compounds is necessary as there are currently 

no FDA-approved treatments for psychostimulant addiction and no current candidates in 
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phase 3 clinical trials, to our knowledge. The new molecular tools discussed in this review 

hold great promise in identifying new D3-preferential ligands for clinical development.

This is a very exciting time in GPCR research and structure-based drug design. Many crystal 

structures of both active and inactive receptor states are now available, providing important 

clues to address the drug discovery issues that were difficult to tackle without high-

resolution structural information, such as selectivity and efficacy. The efforts of medicinal 

chemists have already optimized many lead molecules, but there is still a need for 

“molecular tweaking” to convert research tools into viable medications. Combining crystal 

structure-informed computational models with, for example, the hERG channel model 

(Micheli et al., 2010a; Micheli et al., 2010b) will further refine small molecule medicinal 

chemistry and enhance the likelihood of designing viable clinical candidates. Models of 

increasing complexity can be combined with molecular pharmacology techniques and may 

be able to identify unexplored (allosteric?) binding sites that will ultimately provide 

improved drug-like molecule design for the future.

 Acknowledgements

This work was supported in part by the NIDA Intramural Research Program (AHN) and DA023694 (LS). TMK is 
supported by an NIH IRTA post-doctoral fellowship and CB is supported by an NIH post-baccalaureate fellowship. 
AHN and LS would like to acknowledge the members of our labs, past and present, and our wonderful collaborators 
who have helped move our D3 receptor program forward.

 Abbreviations

DA Dopamine

GPCR G protein-coupled receptor

AC adenylyl cyclase

cAMP cyclic adenosine monophosphate

SUDs substance use disorders

SAR structure-activity relationships

QSAR quantitative structure-activity relationships

MW molecular weight

LogP logarithmic partition coefficient

BBB blood brain barrier

ADMET absorption, distribution, metabolism, excretion, and toxicity

CNS central nervous system

hERG human Ether-à-go-go-Related Gene

CoMFA comparative molecular field analysis
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CoMSIA comparative molecular similarities index analysis

TM transmembrane segment

OBS orthosteric binding site

FR fixed-ratio

PR progressive ratio

CPP conditioned place preference

PET positron emission tomography

ECL extracellular loop

ICL intracellular loop

PP primary pharmacophore

SP secondary pharmacophore

SBP secondary binding pocket
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Figure 1. 
Chemical structures of D3 receptor antagonists/partial agonists used in preclinical and 

clinical studies
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Figure 2. 
Chemical structures of recently described D3 receptor agonists
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Figure 3. 
Predicted binding mode of R-PG 648 in the dopamine D3 receptor. The primary and 

secondary pharmacophores of R-PG 648 occupy the orthosteric binding site (OBS) and the 

secondary binding pocket (SBP), respectively. The OBS and SBP are in surface 

representation.

Keck et al. Page 29

Adv Pharmacol. Author manuscript; available in PMC 2016 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction –– The dopamine D3 receptor as a target for medication discovery
	2. D3-selective drug design using small molecule SAR
	2.1. Brief review of the D3 receptor pharmacophore template and examples of promising D3-selective agents for preclinical evaluation
	2.2. The design of D3-selective agonists, partial agonists and antagonists
	2.3. Recent examples of D3 receptor-selective compounds in preclinical models of addiction
	2.3.1. 4-Phenylpiperazines
	BP 897
	NGB 2904
	PG01037
	CJB 090
	PG 619
	YQA14
	Cariprazine (RGH 188)

	2.3.2. Additional structural templates
	SB277011A
	S33138
	Buspirone

	2.3.3. Preclinical support and caveats for translation of the D3 hypothesis to the clinic


	3. Clinical studies targeting the D3 receptor in the treatment of addiction
	[11C]PHNO
	GSK598809
	BP1.4979
	Buspirone

	4. The structural basis of D3 over D2 receptor selectivity and the future of rational drug design for D3 receptor-selective ligands
	5. Summary
	References
	Figure 1
	Figure 2
	Figure 3

