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A B S T R A C T

Opioid abuse and related overdose deaths continue to rise in the United States, contributing to the current
national opioid crisis. Although several opioid-based pharmacotherapies are available (e.g., methadone, bu-
prenorphine, naloxone), they show limited effectiveness in long-term relapse prevention. In response to the
opioid crisis, the National Institute on Drug Abuse proposed a list of pharmacological targets of highest priority
for medication development for the treatment of opioid use disorders (OUD). Among these are antagonists of
dopamine D3 receptors (D3R). In this review, we first review recent progress in research of the dopamine
hypothesis of opioid reward and abuse and then describe the rationale and recent development of D3R ligands
for the treatment of OUD. Herein, an emphasis is placed on the effectiveness of newly developed D3R antagonists
in the animal models of OUD. These new drug candidates may also potentiate the analgesic effects of clinically
used opioids, making them attractive as adjunctive medications for pain management and treatment of OUD.

Drug overdose is the leading cause of accidental deaths in the
United States, with opioids being the most commonly abused drug
class. In 2017, more than 70,000 Americans died from drug overdose,
mainly from opioids (Centers for Disease Control and Prevention, 2019;
Colon-Berezin et al., 2019). While abuse of prescription opioids (e.g.,
oxycodone) has played a significant role in the opioid crisis, advancing
to heroin, that can be laced with the synthetic opioid, fentanyl or its
analogs, is another devastating factor ravaging communities across
North America (Drug Enforcement Administration, 2007; Somerville
et al., 2017). Indeed, the recent increase in drug overdose deaths is so
steep (Colon-Berezin et al., 2019; Jannetto et al., 2019; Rudd et al.,
2016) that it has contributed to the reduction in the country’s life ex-
pectancy over the last three years (Centers for Disease Control and
Prevention, 2019) and to the declaration of a national opioid crisis
(White House, 2017). This crisis will undoubtedly be exacerbated by
the current COVID-19 pandemic (Volkow, 2020).

While opioid addiction is taking a toll on American society (NIDA,
2016), available treatments for long term abstinence provide limited
effectiveness (Kleber, 2007; Nielsen et al., 2016; Stotts et al., 2009). The
currently available opioid agonist medication methadone or the partial
agonist buprenorphine have shown some effectiveness in reducing drug
craving and withdrawal, and naloxone can rapidly reverse the effects of
opioid overdose (Jordan et al., 2019a; Koehl et al., 2019; Mattick et al.,
2014; Volkow et al., 2019). However, chronic opioid treatment carries

the risk of abuse liability and side effects such as constipation, nausea,
vomiting and/or respiratory depression that can be lethal (Benyamin
et al., 2008; Kheradmand et al., 2010). In addition, among those who
receive such treatment, discontinuation rates over 30 days after treat-
ment initiation are high (up to 70 %) (Morgan et al., 2018).

The biggest challenge in the treatment of opioid use disorder (OUD)
continues to be relapse prevention for which pharmacotherapies have
had limited success. It is estimated that up to 90 % of individuals will
return to drug use within a year after termination of treatment (Darke
et al., 2007; Grella and Lovinger, 2011; Hser et al., 2015; Nosyk et al.,
2013; Vaillant, 1973). Overall, the prevalence of abstinence from
opioid use is low (less than 30 % after 10–30 years of observation), and
many individuals tend to use other drugs and alcohol even during
opioid abstinence (Grella and Lovinger, 2011). Therefore, immediate
solutions for the opioid crisis and developing more effective treatments
for OUD are desperately needed. The ideal therapeutic for the treatment
of OUD would be a medication that reduces opioid abuse and prevents
relapse without producing deleterious side effects on it own.

As part of the National Institutes of Health, the National Institute on
Drug Abuse (NIDA) is devoted to addressing the opioid crisis and has
proposed a list of the 10 highest priority pharmacological targets for
medication discovery research (Rasmussen et al., 2019). One of the
highlighted targets on this list is the dopamine D3 receptor (D3R).
These receptors are highly expressed in the mesolimbic system,

https://doi.org/10.1016/j.neubiorev.2020.04.024
Received 22 April 2020; Accepted 28 April 2020

⁎ Corresponding author at: 251 Bayview Blvd, NIDA IRP, BRC Suite 200, Baltimore, MD, 21224, United States.
E-mail address: zxi@mail.nih.gov (Z.-X. Xi).

Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

Available online 03 May 2020
0149-7634/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2020.04.024
https://doi.org/10.1016/j.neubiorev.2020.04.024
mailto:zxi@mail.nih.gov
https://doi.org/10.1016/j.neubiorev.2020.04.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2020.04.024&domain=pdf


including regions such as the nucleus accumbens (NAc), amygdala,
olfactory tubercle, and insular cortex; brain regions that play a pivotal
role in reward and motivation (Bouthenet et al., 1991; Diaz et al., 1994;
Gurevich and Joyce, 1999; Levant, 1997). This restricted localization of
D3Rs predicts a lack of extrapyramidal side-effects associated with D2-
like receptor antagonists (Galaj et al., 2014; Ross et al., 2007; You et al.,
2018) in treatment approaches and has led to the discovery of a number
of highly selective D3R antagonists or partial agonists. Several D3R li-
gands have been tested extensively in animal models of psychostimu-
lant (cocaine, methamphetamine) use disorders and produced pro-
mising results, which have been reviewed comprehensively elsewhere
(Heidbreder, 2005; Keck et al., 2014; Le Foll et al., 2014; Le Foll and Di
Ciano, 2015; Newman et al., 2012; Sokoloff and Le Foll, 2017; Xi and
Gardner, 2008, 2007). Perhaps, as opioids produce their euphoric and
antinociceptive effects through opioid receptors, less attention has been
directed toward the potential utility of D3R ligands for the treatment of
OUD. In this review, we will first describe the neural mechanisms un-
derlying opioid reward, focusing on the dopamine (DA) hypothesis,
followed by the rationale for developing D3R-based pharmacotherapies
for OUD. We then will review recent progress in preclinical and clinical
studies supporting the utility of novel D3R antagonists in the treatment
of OUD. Emphasis is placed on the efficacy of D3R ligands in attenua-
tion of opioid reward and propensity to relapse, core features of opioid
addiction. Among animal models, intravenous drug self-administration,
conditioned place preference (CPP) and intracranial self-stimulation
(ICSS) are commonly used procedures to evaluate drug rewarding ef-
fects, whereas reinstatement of drug-seeking behavior triggered by
drugs, cues or stress is often used to model relapse in humans.

1. Rationale for developing D3 receptor-based medication
strategy

1.1. Dopamine hypothesis of opioid reward

The rewarding effects of opioids are mediated by stimulation of
opioid receptors, of which there are four primary subtypes: mu, kappa,
delta, and opioid-receptor like-1 (also known as the nociception re-
ceptor). Although all opioid receptor subtypes are involved in the
pharmacology of opioid actions, mu opioid receptors (MORs) have been
recognized as the primary mediators of the opioid rewarding effects
that can lead to abuse and/or dependence (Darcq and Kieffer, 2018;
Wang, 2019). Thus, a major focus in medication discovery research has
been on developing various MOR agonist (e.g., methadone), partial
agonist (e.g., buprenorphine), or antagonist (e.g., naloxone) therapies
for OUD (Jordan et al., 2019a). Although methadone or buprenorphine
maintenance therapy is frequently used as the first-in-line treatment for

controlling withdrawal symptoms and illicit opioid intake, these
opioids are less effective in relapse prevention (Jordan et al., 2019a). In
addition, methadone has significant abuse potential, as demonstrated in
a number of clinical and preclinical studies (Jordan et al., 2019a),
making it a Schedule II drug. Thus, in search for alternative therapeutic
strategies for OUD it is imperative to focus on ligands such as D3R
antagonists that lack abuse liability (Beardsley et al., 2001; Jordan
et al., 2019b; Song et al., 2014; Spiller et al., 2008; Xi et al., 2006). Also,
it is important to expand our understanding of the neural mechanisms
underlying opioid reward to develop better pharmacotherapies for
OUD. To date, the neural mechanisms underlying opioid reward have
not been fully elucidated. A well accepted view is that both DA-de-
pendent and DA-independent mechanisms might be involved in opioid
reward (Fields and Margolis, 2015; Steidl et al., 2017).

1.1.1. VTA GABA disinhibition hypothesis
Receptor ligand autoradiography and genetic knock-in tagging of

opioid receptors with fluorescent markers have been used to detect mu
and delta opioid receptor expression in the brain (Erbs et al., 2015;
Kitchen et al., 1997; Mansour et al., 1987). In the midbrain, MORs are
found mainly in the substantia nigra, a structure adjacent to the ventral
tegmental area (VTA) (Méndez et al., 2003; Tempel and Zukin, 1987),
while in the VTA MOR-immunostaining is found mainly on non-dopa-
mine neurons (Garzón and Pickel, 2001). Opioids, that bind to MORs,
Gi-protein coupled receptors (Kosterlitz and Paterson, 1980; Pasternak
and Wood, 1986), appear to directly inhibit VTA GABAergic neurons
that provide tonic inhibition to neighboring VTA DA neurons (Gysling
and Wang, 1983; Johnson and North, 1992; Margolis et al., 2014).
Based on these findings, it was proposed that opioid-induced reward
might require disinhibition of adjacent DA neurons through inhibitory
GABAergic interneurons (Gysling and Wang, 1983; Johnson and North,
1992) (Fig. 1). This VTA GABA-DA disinhibition hypothesis continues
to be influential as it provides a neurophysiologically tested model
linking opioid reward with the well-defined mesolimbic DA reward
system. This hypothesis was later supported by a series of behavioral
studies demonstrating that morphine can be self-administered directly
into the VTA (Bozarth and Wise, 1981; David and Cazala, 1994; Devine
and Wise, 1994; Welzl et al., 1989) and intra-VTA infusions of mor-
phine, DAMGO (a MOR agonist), or endomorphin-1 (an endogenous
MOR ligand) can lead to the acquisition of CPP (Bals-Kubik et al., 1993;
Phillips and LePiane, 1980) or support self-administration (Zangen
et al., 2002). In contrast, MOR antagonists, such as naloxone, when
infused to the VTA can effectively block morphine CPP (Olmstead and
Franklin, 1997).

Fig. 1. Dopamine (DA) hypothesis of opioid reward.
The mesolimbic DA system originates with DA neurons
in the ventral tegmental area (VTA) and projects to the
nucleus accumbens (NAc) and prefrontal cortex. VTA
DA neurons receive GABAergic inputs from multiple
brain regions including the VTA, NAc, ventral pallidum
(VP), and rostromedial tegmental nucleus (RMTg). Mu
opioid receptors (MOR) are highly expressed in
GABAergic neurons, particularly in the RMTg . Opioids
bind to MORs, producing an inhibitory effect on GABA
neuron activity and GABA release from the terminals in
the VTA that subsequently disinhibits VTA DA neu-
rons. Recent studies suggest that opioid-induced DA
neuron disinhibition is caused by inhibition of GABA
release onto DA neurons mainly from the RMTg,
modestly from the NAc and VP, and minimally from
the VTA GABA interneurons.
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1.1.2. NAc GABA disinhibition hypothesis
The striatum, composed of the dorsal and ventral part with NAc,

receives DA inputs from the VTA and substantia nigra pars compacta
(SNc) and is a key substrate for natural and drug rewards (Merrer et al.,
2009). Striatal medium-spiny neurons (MSNs) fall into two classes, D1-
or D2-receptor-expressing MSNs. D1-MSNs with high expression of
MORs send GABAergic projections to the substantia nigra and VTA
while D2-MSNs to the globus pallidus/ventral pallidum (Cui et al.,
2014). Earlier studies showed that rats learn to self-administer opioids
directly into the NAc (Olds, 1982), suggesting an important role of the
NAc in opioid reward. A recent study using conditional MOR-KO mice
(Dlx5/6-Cre × Oprm1-flox) demonstrated that selective deletion of
MORs from both D1- and D2-MSNs significantly increased heroin self-
administration and decreased locomotor response to heroin (Charbogne
et al., 2017). In addition, the conditional MOR-KO mice in striatal
GABA neurons displayed higher break-point for heroin-taking and
higher cue-induced reinstatement responding, but failed to show
changes in heroin-induced CPP and heroin-induced striatal DA release
(Charbogne et al., 2017). These findings suggest that deletion of the
MORs in both D1- and D2-MSNs significantly alters motivation for
heroin-taking rather than heroin reward. In contrast, another report
from the same group showed that genetic deletion of MORs abolished
the analgesic effect of morphine, as well as CPP and physical depen-
dence, while ectopic rescue of MOR expression in striatal pre-
prodynorphin-positive neurons (i.e., D1-MSNs) restored opioid-induced
CPP, locomotor sensitization, to some extent, opioid self-administra-
tion, in MOR-KO mice (Cui et al., 2014), suggesting an important role of
D1-MSNs in opioid reward (Cui et al., 2014). Although the neural cir-
cuits underlying these findings remain to be determined, it was pro-
posed that D1-MSNs with rescued MORs may form monosynaptic GA-
BAergic inputs onto the DA neurons in the VTA and SNc (Cui et al.,
2014). This hypothesis is supported by neuroanatomical evidence that
D1-MSNs in the direct pathway preferentially form monosynaptic
connections with DA neurons in the VTA and SNc (Fujiyama et al.,
2011; Watabe-Uchida et al., 2012), but not supported by functional
evidence that NAc MSNs preferentially synapse on non-DA neurons in
the VTA (Xia et al., 2011). Thus, it is conceivable that a NAc GABA
disinhibition mechanism may contribute to opioid reward (Fig. 1).

1.1.3. VP GABA disinhibition hypothesis
As stated above, striatal D2-MSNs mainly project to the globus

pallidus (GP) and ventral pallidum (VP). VP GABA neurons receive
direct input from NAc D2-MSNs and project to a number of brain re-
gions including the VTA (Floresco et al., 2003). Early studies indicated
that approximately half of VP neurons are inhibited by local application
of DAMGO (Mitrovic and Napier, 1995). Intra-VP morphine was suffi-
cient to induce motor sensitization, while blockade of VP MORs atte-
nuated morphine-induced motor sensitization (Mickiewicz et al., 2009).
A recent electrophysiological study indicated that optogenetic activa-
tion of VP GABA terminals in the VTA elicited inhibitory postsynaptic
currents (IPSCs) in both DA and non-DA neurons, and these IPSCs were
inhibited by the MOR agonist DAMGO (Hjelmstad et al., 2013), sug-
gesting that opioid inhibition of VP GABA neurons may also contribute
to disinhibition of VTA DA neurons (Fig. 1).

1.1.4. RMTg GABA disinhibition hypothesis
In addition, recent studies indicate that GABA neurons in the ros-

tromedial tegmental nucleus (RMTg), known as the tail of the VTA
(Barrot et al., 2012), send inhibitory projections to VTA DA neurons
(Jhou et al., 2009a; Lecca et al., 2012) (Fig. 1). The RMTg is both
anatomically and functionally distinct from the VTA as the majority of
RMTg neurons are GAD67-positive GABAergic cells (Jhou et al., 2009a;
Olson and Nestler, 2007). Functional assays suggest the presence of
MOR expression in the cell bodies of RMTg GABA neurons (Jhou et al.,
2009a; Wasserman et al., 2016) and their projection terminals in the
VTA (Jalabert et al., 2011). A lack of DA neurons in the RMTg is a key

feature that distinguishes this region from the VTA and SNc (Jhou et al.,
2009a, 2009b; Olson and Nestler, 2007). Electrophysiological record-
ings show that systemic or local administration of opioids strongly in-
hibits RMTg GABA neurons that leads to disinhibition of DA neurons in
the VTA and SNc (Jalabert et al., 2011; Lecca et al., 2012; Matsui and
Williams, 2011). In support of this premise are the studies showing that
rats can learn to self-administer opioids into the RMTg more vigorously
than into the VTA and intra-RMTg infusions of opioids can lead to the
acquisition of CPP (Jhou et al., 2012). Intra-RMTg infusions of mor-
phine can also increase open-field locomotion (Steidl et al., 2017) but
reduce intravenous heroin self-administration (Steidl et al., 2015).
These findings have been corroborated by a subsequent study showing
that chemogenetic excitation of RMTg GABA neurons using the hM3Dq
DREADD inhibits systemic morphine-induced locomotion, while che-
mogenetic inhibition of RMTg GABA neurons via hM4Di DREADD fa-
cilitates systemic morphine-induced locomotion (Wasserman et al.,
2016). Matsui and colleagues who examined GABAergic inhibitory
postsynaptic currents (IPSCs) evoked by selective optical stimulation of
afferents originated from the VTA, NAc or RMTg found that the in-
hibition induced by MOR agonists was pathway dependent (Matsui
et al., 2014). Morphine induced ∼50 % inhibition of IPSCs evoked by
optical stimulation of GABA neurons from the RMTg, ∼20 % inhibition
from the NAc, and minimal (∼10 %) inhibition from the VTA inter-
neurons (Matsui et al., 2014). These findings suggest that opioid-in-
duced disinhibition of DA neurons might be mediated mainly by in-
hibition of GABA afferents from the RMTg, rather than from NAc or
VTA GABA interneurons (Matsui et al., 2014) (Fig. 1). This hypothesis
has been further supported by an in vivo experiment showing that
morphine, when infused locally into the RMTg, increases the firing rate
of DA neurons but when infused into the VTA, it fails to alter the firing
of DA neurons (Jalabert et al., 2011).

1.1.5. DA-independent mechanism of opioid reward
However, not all evidence supports the DA disinhibition hypothesis.

For example, DA-deficient mice (i.e. mice with genetic deletion of
tyrosine hydroxylase, the DA synthesis enzyme) can express morphine
CPP (Hnasko et al., 2005). Chemical lesions of DA terminals in the NAc
with 6-OHDA were shown to produce no effect on heroin self-admin-
istration (Dworkin et al., 1988; Gerrits et al., 1994; Pettit et al., 1984).
In addition, the non-selective DA antagonists alpha-flupenthixol and
haloperidol significantly decrease cocaine, but not heroin, self-admin-
istration (Ettenberg et al., 1982; van Ree and Ramsey, 1987), sug-
gesting that cocaine and heroin rewards are mediated by different
mechanisms. In addition, morphine can be self-administered directly
into the NAc by rats and mice (Amalric and Koob, 1985; David and
Cazala, 2000; Olds, 1982) and intra-NAc microinjections of the per-
ipherally limited opioid antagonist methylnaloxonium can block
heroin-induced hyperlocomotion in rats (Amalric and Koob, 1985). In
contrast, pharmacological blockade or downregulation of NAc dopa-
mine D1 receptors (D1Rs) attenuates cocaine but not heroin self-ad-
ministration (Gerrits et al., 1994; Pisanu et al., 2015). Thus, the ques-
tion whether dopaminergic mechanisms alone are responsible for
opioid reward is still passionately debated (Badiani et al., 2011; Blum
et al., 2015; Nutt et al., 2015).

1.1.6. Opioids activate a subpopulation of VTA DA neurons
To further address this controversy, a more recent study examined

VTA DA neuron responses to heroin using c-Fos immunohistochemistry
and in vivo Ca++ imaging (GCaMP6) techniques. Heroin injection ac-
tivated DA neurons in freely moving, drug naive rats mainly in the
medial part of the VTA and increased DA release primarily in the medial
shell of the NAc, as assessed by a genetically encoded DA reporter
(Corre et al., 2018). Optogenetic activation of VTA DA neurons has
been shown to be rewarding, while optogenetic activation of VTA
GABA neurons is aversive (Corre et al., 2018; Tan et al., 2012; van
Zessen et al., 2012). Chemogenetic inhibition of DA neurons in the
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medial part of the VTA blocked intravenous heroin self-administration
and systemic administration of heroin also inhibited the rewarding ef-
fects produced by optogenetic inhibition of VTA GABA neurons (Corre
et al., 2018). These findings suggest that opioids may selectively acti-
vate a subpopulation of VTA DA neurons, producing rewarding effects
(Corre et al., 2018), which may partially explain the conflicting findings
described above. In other words, there is a portion of DA neurons in the
VTA that are highly sensitive to heroin, while DA neurons in other parts
of the VTA are not. Nevertheless, these new findings provide convincing
evidence that DA is at least partially involved in the rewarding effects of
opioids and other non-DA mechanisms remain to be determined.

1.2. D3Rs as promising therapeutic targets for OUD

Identification of the role of DA in opioid reward processes clearly
points towards DA receptors as potential targets for the treatment of
OUD. DA receptors belong to the G protein-coupled receptor (GPCR)
superfamily and are divided into D1-like (D1 and D5) and D2-like (D2R,
D3R, D4R) receptors. Since D4 and D5 receptor densities are very low in
the mesolimbic DA system (Meador-Woodruff et al., 1992; O’Malley
et al., 1992), current attention in drug development toward substance
use disorders has largely been focused on the D1R, D2R, and D3Rs (Cho
et al., 2010; Galaj et al., 2018; Heidbreder, 2005). Among the three DA
receptors, of particular interest are D3Rs.

First, D3Rs have a unique anatomic distribution as they are pre-
ferentially localized in the mesolimbic DA system, including the NAc,
islands of Calleja, and olfactory tubercle (Bouthenet et al., 1991; Diaz
et al., 1994; Levesque et al., 1992). In addition, a modest density of
D3Rs is also expressed in the basolateral nucleus of the amygdala and
hippocampus, the regions that regulate motivational behaviors and
relapse to drug seeking (Basile et al., 2006; Di Ciano, 2008). In contrast,
D1Rs and D2Rs feature a broader distribution and higher concentra-
tions in the brain (Dearry et al., 1990; Weiner et al., 1991) and al-
teration of these receptors is often associated with unwanted side-ef-
fects such as extrapyramidal movement disorders, cognition
dysfunction, dysphoria, prolactin secretion, and catalepsy (Cho et al.,
2010; Millan et al., 1995). Thus, the relatively focal expression of D3Rs
in the mesolimbic system makes the D3Rs a promising therapeutic
target for substance use disorders.

Second, D3Rs have the highest affinity for endogenous DA of all
known receptors (Levant, 1997; Levesque et al., 1992; Sokoloff et al.,
2001), suggesting their prominent role in the normal functioning of the
mesolimbic DA system. Third, it is well documented that drugs of abuse
may up-regulate D3Rs in the mesolimbic DA system. A series of studies
have shown that chronic exposure to cocaine and cocaine overdoses are
associated with increased D3R expression in the striatum of human
victims and experimental animals (Boileau et al., 2012; Le Foll et al.,
2002; Mash and Staley, 1999; Neisewander et al., 2004; Segal et al.,
1997; Staley and Mash, 1996). In addition, other psychostimulants, like
nicotine, can induce behavioral sensitization and significantly increase
D3R binding and mRNA levels in the NAc shell (Le Foll et al., 2003).
Furthermore, repeated administration of morphine was shown to pro-
duce significant increases in D3R mRNA in the caudate–putamen and
ventral midbrain, including the SNc and VTA with a significant de-
crease in D2R mRNA in the caudate–putamen (Spangler et al., 2003).
This selective upregulation of D3R expression following repeated drug
exposures suggests an important role for D3Rs in the development of
addiction.

The role of D3Rs in opioid related-behaviors has also been ex-
tensively studied with transgenic D3-KO mice. Genetic deletion of D3Rs
in D3-KO mice attenuates opioid action, including opioid reward. We
have recently reported that D3-KO mice, in contrast to wild type mice,
display a higher rate of heroin (and cocaine) self-administration,
greater motivation for drug, and a higher level of drug-seeking during
extinction and a reinstatement test (Boateng et al., 2015; Song et al.,
2012; Zhan et al., 2018). We also demonstrated that the elevated drug

intake by D3-KO mice was accompanied by decreased DA response to
heroin or cocaine in the NAc, suggesting that the observed increase in
drug self-administration might indicate compensatory responses due to
reduced opioid or cocaine reward (Song et al., 2012; Zhan et al., 2018).
This is consistent with the findings that D3-KO mice also displayed
attenuated locomotor response to acute cocaine or heroin (Song et al.,
2012; Zhan et al., 2018) and blockade of the development of locomotor
sensitization to intermittent morphine administration (Li et al., 2010;
Lv et al., 2019; Narita et al., 2003). Deletion of D3Rs also attenuated
morphine-induced tolerance in analgesia and withdrawal symptoms (Li
et al., 2012). In contrast to the above, it was also reported that genetic
deletion of D3Rs enhances opioid-induced CPP and locomotor activity
(Frances et al., 2004a; Narita et al., 2003). These data suggest that D3Rs
play an important role in opioid reward, analgesia and opioid with-
drawal.

Finally, inspired by the essential role of DA in psychostimulant re-
ward, D3Rs have been extensively studied as potential therapeutic
targets for psychostimulant abuse and addiction. In support of this
notion are the findings that D3R antagonists or partial agonists can
reduce motivation to psychostimulant seeking in multiple animal
models of relapse (Chen et al., 2014; Galaj et al., 2014; Gilbert et al.,
2005, 2005; Higley et al., 2011, 2011; Peng et al., 2009, 2009; Song
et al., 2014; Xi et al., 2006, 2004). In addition, under a progressive ratio
(PR) schedule of reinforcement, during which work demands for drug
self-administration are progressively increased, treatment with D3R
antagonists reduce break points (BPs) for cocaine self-administration
(Heidbreder, 2005; Keck et al., 2015, 2014; Le Foll et al., 2014;
Newman et al., 2012; Sokoloff and Le Foll, 2017), suggesting a reduc-
tion in motivation for drug or drug reward. These findings have been
corroborated by reports that D3R antagonists can reduce cocaine- or
methamphetamine-enhanced brain stimulation reward (Pak et al.,
2006; Song et al., 2014; Vorel et al., 2002; Xi et al., 2006, 2005) and
block cocaine- or methamphetamine-induced CPP (Aujla and Beninger,
2005; Galaj et al., 2014; Hachimine et al., 2014; Song et al., 2013; Vorel
et al., 2002). Indisputably, D3R antagonists are highly promising can-
didates in translational medication development for the treatment of
psychostimulant use disorders [for reviews see (Heidbreder, 2005;
Heidbreder and Newman, 2010; Keck et al., 2015, 2014; Le Foll et al.,
2014; Le Foll and Di Ciano, 2015; Newman et al., 2012; Sokoloff and Le
Foll, 2017)] and may be therapeutically beneficial for preventing and/
or treating OUD.

2. Progress in preclinical research

Despite a plethora of evidence supporting an important role of D3Rs
in drug reward and addiction, the therapeutic potential of D3R-based
compounds in the treatment of OUD has been largely ignored until re-
cently. Based on the above rationale for developing D3R-based phar-
macotherapies for treatment of substance use disorders, D3R antago-
nists or partial agonists might be equally or possibly more effective in
reducing opioid reward and relapse.

2.1. Older generation D3R antagonists and partial agonists

2.1.1. BP897
BP897 is a potent D3R partial agonist with ∼70-fold selectivity for

D3R (Ki = 0.92 nM) over D2Rs (Ki = 61 nM) and other receptors such
as 5-HT1A receptors (Ki = 84 nM), adrenergic alpha1 (Ki = 60 nM),
and alpha2 adrenoreceptors (Ki = 83 nM) (Pilla et al., 1999) (Fig. 2;
Table 1). The pharmacological action of BP897 on cocaine reward and
relapse has been studied exclusively in experimental animals (see re-
views by (Heidbreder, 2005; Heidbreder and Newman, 2010; Keck
et al., 2014; Xi and Gardner, 2008). A few studies also evaluated the
potential utility of BP897 on OUD. When administered prior to mor-
phine CPP conditioning sessions, BP897 enhanced the acquisition, but
when administered prior to the CPP expression test, it reduced
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morphine CPP in WT mice, but not in D3-KO mice (Frances et al.,
2004a, 2004b), suggesting D3R-mediated effects. In addition, BP897
reduced morphine cue-induced c-fos activation in the somatosensory
cortex of WT, but not D3-KO mice (Frances et al., 2004a). In contrast,
BP897 did not alter morphine-induced analgesia (Frances et al.,
2004b), something that the next generation of D3R ligands would soon
be capable of doing.

Initial enthusiasm for BP897 soon diminished as additional findings
that BP897 also behaves as a potent antagonist at D2Rs (pKb = 8.05)
(Wicke and Garcia-Ladona, 2001; Wood et al., 2000). Indeed, BP897
was reported to produce aversive side-effects, as assessed in brain-sti-
mulation reward and conditioned place aversion (CPA) paradigms
(Duarte et al., 2003; Gyertyan and Gal, 2003) that may be directly re-
lated to D2R blockade. Further, at high doses, BP897 induced catalepsy
in rats, ptosis and lethargy in monkeys and potentiated the hypothermic

effect of R(+)7-OH-DPAT (D2/3R agonist), also most likely through its
action at D2R (Beardsley et al., 2001; Garcia-Ladona and Cox, 2003;
Pilla et al., 1999).

2.1.2. NGB 2904
As more challenges with BP897 transpired, scientific interest shifted

to another D3R antagonist, NGB 2904 (Fig. 2). NGB 2904 was first
reported in 1998 and described as a selective D3R antagonist (Ki = 0.90
nM), displaying 150-fold selectivity for primate D3Rs (Ki = 1.4 nM)
over D2Rs (Ki = 217 nM) (Yuan et al., 1998) and 800-fold selectivity
for rat D3Rs (Ki = 1.1 nM) over D2Rs (Ki = 911 nM) (Table 1)
(Newman et al., 2003). In regard to its pharmacokinetics, NGB 2904
showed a moderate distribution and high blood clearance (74 % of rat
liver blood flow) after a single intravenous injection at a dose of 0.5
mg/kg. NGB 2904 was able to penetrate the rat blood brain barrier with

Fig. 2. Chemical structures of D3R antagonists or partial agonists tested in animal models of opioid abuse and addiction.
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a steady state brain/ plasma ratio of 1:1.7, reaching the absolute level
of 62 ng/g (Xi and Gardner, 2007). In animal models of addiction, NGB
2904 was shown to reduce the rewarding effects of psychostimulants
and to inhibit cue-induced drug seeking (Gilbert et al., 2005; Spiller
et al., 2008; Xi et al., 2006). Also, NGB 2904 itself demonstrated low
abuse liability as when substituted for cocaine, it was not able to
maintain self-administration in rats nor did it alter electrical brain-sti-
mulation reward (BSR) on its own (Xi et al., 2006).

Interestingly, pretreatment with NGB 2904 produced a modest, but
not significant, reduction in heroin-enhanced BSR (Xi and Gardner,

2007). NGB 2904 was also tested in a heroin relapse paradigm
(Table 2). In rats with a history of heroin self-administration that un-
derwent 48-h food deprivation prior to a reinstatement test, NGB 2904
caused a significant reduction in heroin seeking (Tobin et al., 2009).
However, NGB 2904 had no effect on cue-induced reinstatement of
heroin seeking (Tobin et al., 2009), suggesting a limited therapeutic
potential for OUD. To our knowledge, NGB 2904 has not been tested in
opioid self-administration or CPP paradigms that would allow further
evaluation of its potential utility in the treatment of OUD.

Further, newer generation analogues of NGB2904, including
PG01037 (Newman et al., 2005) have provided important tools toward
D3R-based medication development and have shown promising results
in animal models of psychostimulant abuse and addiction (Heidbreder
and Newman, 2010). However, to date, their efficacy against opioid-
related behaviors was unknown until recently (see Sections 2.2.2 and
2.2.3).

2.1.3. SB277,011A
Among the originally reported D3R antagonists, SB277,011A has

been the most extensively studied. SB277,011A is a highly selective and
potent D3R antagonist with 120- and 80-fold selectivity for D3Rs over
D2Rs in human (Ki = 10.7 nM for D3R; Ki = 2820 for D2R) and rat (Ki

= 11.2 nM for D3R; Ki = 1050 for D2R), respectively (Reavill et al.,
2000) (Fig. 2, Table 1). In regards to its pharmacokinetics, central
nervous system (CNS) penetration studies showed that SB277,011A
readily entered the brain, with a steady-state brain/plasma ratio of
3.6:1 (as compared to 1:1.7 for NGB 2904) reaching an absolute brain
level of 147.3 ng/g (in contrast to 62 ng/g for NGB 2904) (Reavill et al.,
2000). The literature provides compelling evidence that SB277,011A
can attenuate the rewarding effects of cocaine, nicotine and metham-
phetamine, reduce break-points in responding for psychostimulants and

Table 1
In vitro receptor binding affinities and selectivity of D3R ligands on D3Rs over
D2Rs.

Compound hD2R (Ki,
nM)

hD3R (Ki,
nM)

D2/D3
Ratio

Reference

BP897 61 0.92 70 Pilla et al. (1999)
NGB 2904 217 1.4 150 Yuan et al. (1998)
SB-277011A 2820 10.7 263 Newman et al.

(2005)
SR 21502 511 4.2 120 Ananthan et al.

(2014)
YQA14 335.3 2.11 159 Song et al. (2011)
PF-4363467 3.1 692 223 Wager et al. (2017)
BAK4-54 12.9 0.12 109 Boateng et al.

(2015)
CAB2-015 15.8 0.35 45 Boateng et al.

(2015)
(± )-VK4-116 11,400 6.8 1700 Kumar et al. (2016)
R-VK4-116 10,800 7.4 1735 Shaik et al. (2019)
(± )-VK4-40 151 0.36 417 Kumar et al. (2016)
R-VK4-40 219 0.89 247 Shaik et al. (2019)

Table 2
In vivo behavioral effects of several D3R antagonists or partial agonists in animal models of opioid abuse and addiction.

D3R Ligand Major behavioral findings References

BP 897 ↓ Morphine-induced CPP (acquisition, expression) Frances et al. (2004a)
No effect on opioid analgesia

NGB 2904 No effect on heroin-enhanced eICSS Xi and Gardner (2007); Tobin et al. (2009)
↓ Stress-induced reinstatement of heroin-seeking
No effect on heroin-primed reinstatement

SB277,011A ↓ Heroin-induced CPP (acquisition, expression) Boateng et al. (2015); Ashby et al. (2003)
↓ Heroin self-administration

YQA14 ↓ Morphine-induced CPP (expression, reinstatement) Lv et al. (2019); Hu et al. (2013)
No effect on the acquisition of morphine CPP
↓ Morphine-induced sensitization

SR 21502 ↓ Heroin-induced CPP (expression) Galaj et al. (2015)
↓ Cue-induced reinstatement Eon et al. (2015)
↓ Opioid tolerance and withdrawal

PF-4363467 ↓ fentanyl self-administration Wager et al. (2017)
↓ cue/drug-induced reinstatement
↑ Oxycodone analgesia

BAK4-54 ↓ Oxycodone-induced hyperactivity You et al. (2017); Boateng et al. (2015)
↓ Heroin or oxycodone self-administration
↓ Extinction response
↓ Oxycodone-primed reinstatement

CAB2-015 ↓ Oxycodone-induced hyperactivity You et al. (2017)
↓ Heroin or oxycodone self-administration
↓ Extinction response
↓ Oxycodone-primed reinstatement

(± )-VK4-116 ↓ Oxycodone-induced hyperactivity You et al. (2018); Kumar et al. (2016); de Guglielmo et al. (2020)
↓ Oxycodone-induced CPP
↓ Heroin or oxycodone self-administration (FR2, PR)
↓ Extinction response
↓ Oxycodone-primed reinstatement
↓ Oxycodone withdrawal-induced CPA
↑ Oxycodone analgesia
↓ Withdrawal-induced hyperalgesia and irritability

R-VK4-40 ↓ Brain-stimulation reward by stimulation of VTA DA neurons Jordan et al. (2019b)
↓ Oxycodone self-administration (FR2, PR)
↑ Oxycodone analgesia
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reinstatement of drug-seeking [see reviews by (Heidbreder, 2005;
Heidbreder and Newman, 2010; Keck et al., 2014; Xi and Gardner,
2008)].

Notably, SB277,011A has also been evaluated in animal models of
opioid addiction (Table 2). Four days of heroin vs. saline conditioning
produced significant heroin CPP in rats while pretreatment with
SB277,011A prior to each heroin injection reduced the acquisition of
CPP (Ashby et al., 2003). When administered prior to a CPP test,
SB277,011A reduced the expression of heroin CPP (Ashby et al., 2003),
suggesting that it can reduce the rewarding effects of heroin and heroin
cues. These findings are in line with reports that SB277,011A can re-
duce responding for heroin self-administration in WT mice, but not in
D3-KO mice (Boateng et al., 2015) (referred as Compound 2 in this
report), further suggesting its effects are mediated by D3Rs.

However, the initial enthusiasm for this D3R antagonist quickly
diminished due to its high clearance in primate and human liver
homogenates (CLi = 7.4 and 27 ml/min/g liver tissue, respectively),
poor oral bioavailability (about 35 % in rats and 2 % in primates), and
very short half-life (half-life of 2 h in rats and<20 min in primates)
(Austin et al., 2001; Reavill et al., 2000; Stemp et al., 2000). In addi-
tion, SB277,011A and a newer generation D3R antagonist
(GSK598,809) were reported to increase blood pressure, particularly
when combined with cocaine (Appel et al., 2015; Jordan et al., 2019c),
making them less desirable candidates for the treatment of cocaine and
opioid use disorders.

2.1.4. YQA14
YQA14 is a highly selective D3R antagonist that was reported to

bind to two binding sites on the D3R, Ki-High (0.68 × 10−4 nM) and Ki-

Low (2.11 nM), and at the respective binding sites it shows approxi-
mately 5,000,000-fold and 150-fold selectivity for D3R over D2R (Song
et al., 2011). Moreover, in vivo pharmacokinetic assays suggest that
YQA14 has improved oral bioavailability (> 40 %) and a longer half-
life (> 2 h in humans) as compared to SB277,011A (approximately 20
min) (Hu et al., 2013). When tested in behavioral paradigms, YQA14
has been shown to inhibit morphine-induced behavioral sensitization in
WT mice but not D3 KO mice (Lv et al., 2019). In addition, YQA14 was
effective in blocking the expression and drug-primed reinstatement of
morphine CPP but not the acquisition of CPP (Hu et al., 2013). YQA14
has not been tested in intravenous opioid self-administration para-
digms.

2.1.5. SR 21502
From efforts focusing on the acylaminobutylarylpiperazine class of

D3R ligands, SR 21502 (Fig. 1) was identified as a ligand with high
affinity for D3Rs (Ki = 4.2±0.6 nM) and> 120-fold binding se-
lectivity over D2Rs (Ki = 511±66 nM) (Fig. 2, Table 1). In functional
activity assays using forskolin-stimulated cAMP accumulation and
agonist-stimulated mitogenesis assays, this compound was character-
ized as an antagonist/weak partial agonist at the D3R and an antagonist
at the D2R (Ananthan et al., 2014). In animal models, SR 21502 was
shown to be effective in reducing the rewarding effects of cocaine,
motivation for cocaine seeking and cue-induced relapse in rodents [see
review by (Galaj et al., 2018)].

The therapeutic potential of SR 21502 seemingly expands to opioid-
related behaviors (Table 2). Ranaldi and colleagues demonstrated that
SR 21502 also dose-dependently reduced the expression of heroin CPP
and attenuated cue-induced reinstatement of opioid-seeking behavior
in animals with a history of heroin self-administration (Galaj et al.,
2015). When co-administered with morphine, SR 21502 reduced mor-
phine-induced analgesia tolerance as evidenced by a reduction in the
rightward shift of the dose-response function (Eon et al., 2015). In an
assessment of opioid dependence using naloxone-induced withdrawal,
mice with a history of SR 21502 and morphine co-treatment exhibited
less withdrawal symptoms than mice given a standard morphine
treatment, suggesting that SR 21502 might diminish opioid tolerance

and physical dependence (Eon et al., 2015).
It is noteworthy that none of the older generation compounds were

tested for their effects on opioid induced anti-nociception. A key
characteristic that the newer generation D3R ligands display is to either
have no effect on analgesia or enhance the analgesic effects of sub-
optimal doses of oxycodone (see Section 2.2.4 and 2.2.5)

2.2. Newer generation D3R antagonists and partial agonists

An enormous challenge is to develop D3R antagonists or partial
agonists with a high degree of selectivity for D3Rs over D2Rs and im-
proved bioavailability and pharmacokinetics profiles (Heidbreder,
2008; Heidbreder and Newman, 2010; Keck et al., 2014; Newman et al.,
2012). High selectivity would make it possible to minimize D2R-
mediated extrapyramidal symptoms and more precisely target D3Rs
within the mesolimbic system that is largely implicated in addiction.
Improved bioavailability and pharmacokinetics profiles would open the
door to translational studies for their potential utility in the treatment
substance abuse in humans.

2.2.1. PF-4363467
PF-4363467 developed by Pfizer, Inc. was characterized as a dual

D3/D2R antagonist with high affinity for the D3R (D3R Ki = 3.1 nM)
and good selectivity over D2R (D2R Ki = 692 nM) (Fig. 2) (Wager et al.,
2017). It exhibits excellent brain penetration in rats, with equivalent
free drug levels in plasma and brain compartments (Wager et al., 2017).
In animal models of drug addiction, PF-4363467 reduced fentanyl self-
administration and robustly attenuated drug/cue-induced reinstate-
ment of fentanyl seeking in rats without producing extrapyramidal
symptoms, despite high D2R occupancy (85.9 % at 32 mg/kg dose)
(Wager et al., 2017), suggesting that it deserves further studies as a
potential pharmacotherapy for the treatment of OUD.

2.2.2. BAK4-54
BAK4-54 [(described as Compound 16 in.(Boateng et al., 2015)

(Fig. 2) is a newer generation D3R ligand with a dual functional profile.
At low doses it was identified as a D3R antagonist (IC50 = 8.0 nM) and
at higher doses a partial D3R agonist (25 % stimulation, EC50 = 140
nM; Table 1) (Boateng et al., 2015). In a radioligand binding assay,
BAK4−54 showed high affinity for D3Rs (Ki = 0.12 nM) with 100-fold
selectivity for D3Rs over D2Rs (Ki = 12.9 nM). In a metabolic stability
assay with mouse liver microsomes fortified with nicotinamide adenine
dinucleotide phosphate (NADPH), BAK4-54 showed improved meta-
bolic stability, as compared to earlier generation D3R antagonists, re-
maining at 37 % level in the plasma 1 h after incubation and with half-
life time t½=67.5 min (Boateng et al., 2015).

Given its improved pharmacokinetic profile, the therapeutic utility
of BAK4-54 has been explored in animal models of OUD (Table 2).
BAK4-54 has been shown to be effective in reducing heroin and oxy-
codone self-administration under a FR1 schedule of reinforcement
(Boateng et al., 2015; You et al., 2017). BAK4-54 attenuated heroin self-
administration in WT mice, but not in D3R KO mice, suggesting D3R-
mediated effects (Boateng et al., 2015). In addition, repeated admin-
istration of BAK4-54 facilitated extinction of oxycodone seeking and its
acute administration reduced drug-primed reinstatement of oxycodone
seeking in rats (You et al., 2017). BAK4-54, at higher doses, also re-
duced oxycodone-induced increases in locomotion without affecting
spontaneous locomotor activity or sucrose self-administration, sug-
gesting that its attenuating effects are opioid-specific (You et al., 2017).
These findings are in line with previous reports that other D3R an-
tagonists can reduce opioid-related behaviors (Ashby et al., 2003;
Frances et al., 2004a; Galaj et al., 2015; Tobin et al., 2009).

2.2.3. CAB2-015
Concurrent with the development of BAK4-54 (Fig.1; Table 1),

CAB2-015 [described as Compound 32 in(Boateng et al., 2015)] was
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reported to behave as a D3R antagonist (IC50 = 7.4 nM) and a partial
D3R agonist at higher doses (31 % stimulation, EC50 = 20 nM). In a
radioligand binding assay, CAB2-015 showed high affinity for D3Rs (Ki

= 0.35 nM) and D2Rs (Ki = 15.8 nM) but lower selectivity (45-fold) for
D3Rs over D2Rs (Boateng et al., 2015). CAB2-015 also displayed high
affinity for the 5-HT receptor subtypes (Ki = 2.46 nM for 5-HT1A, 0.33
nM for 5-HT2A, 3.80 nM for 5-HT2C) and behaved as a potent 5-HT1A

agonist (Boateng et al., 2015). When tested for phase 1 metabolic sta-
bility after oral administration, in mouse liver microsomes fortified
with NADPH, CAB2-015 showed better metabolic stability than older
generation D3R antagonists or its analogue, BAK4-54, remaining at 54
% level in the plasma over 1 h with half-life time t½=41.8 min
(Boateng et al., 2015).

CAB2-015 was also effective in reducing drug self-administration
maintained by multiple doses of oxycodone in rats, shifting the dose-
response curve downward (Table 2) (You et al., 2017). In a mouse drug
self-administration paradigm, CAB2-015 reduced heroin intake in WT
mice and at high doses also in D3-KO mice, suggesting its attenuating
effects on heroin self-administration are mediated by both D3Rs and
non-D3Rs, presumably D2Rs and 5-HT receptors to which CAB2-015
show high binding affinities (Boateng et al., 2015). In addition, CAB2-
015 displayed the ability to facilitate abstinence from oxycodone, as
assessed by reductions in lever pressing during extinction (You et al.,
2017). In an animal model of relapse, CAB2-015 attenuated reinstate-
ment of oxycodone seeking induced by drug priming, suggesting its
therapeutic utility in relapse prevention (You et al., 2017). In addition,
CAB2-015 also reduced sucrose self-administration, demonstrating a
propensity to decrease other rewarding substances, in contrast to BAK4-
54.

2.2.4. (± )VK4-116 and its R-enantiomer
More recent efforts have used the D3R crystal structure in drug

design (Chien et al., 2010; Keck et al., 2014). Improvement in D3R
selectivity and drug-like properties came to fruition with the develop-
ment of (± )VK4-116 (Fig. 2). Described as Compound 19 in.(Kumar
et al., 2016), (± )VK4-116 is characterized as a highly selective D3R
antagonist with 1700-fold binding selectivity for D3Rs (Ki = 6.84 nM)
over D2Rs (Ki = 11400) (Table 1), showing moderate affinity for 5-
HT1A, 5-HT2A and 5-HT2C receptors (Kumar et al., 2016). Of note, (± )
VK4-116 does not bind to mu, kappa or delta opioid receptors at a
concentration of 10 μM (Kumar et al., 2016). In the quinpirole-stimu-
lated mitogenesis assay with CHO cells transfected with human D3Rs,
(± )VK4-116 behaved as an antagonist with an IC50 = 360 nM (Kumar
et al., 2016). When tested for phase 1 metabolism in a mouse liver
microsomes assay fortified with NADPH, (± )VK4-116 showed very
high metabolic stability after oral administration with> 80 % re-
maining in the plasma over 1 h (Kumar et al., 2016). These findings
have been corroborated by further metabolic analyses using rat, rhesus
monkey and human liver microsomes (You et al., 2018). In all three
species, (± )VK4-116 showed high stability, with the highest metabolic
stability in rat (> 85 % remaining at 1 h) and long half-life (t1/2 =250,
116 and 102 min in rat, human and monkey, respectively), suggesting
that (± )VK4-116 is a novel D3R antagonist with excellent brain pe-
netration and a stable metabolic profile. These findings are especially
exciting given that D3R antagonists have been notorious for their me-
tabolic instability and poor pharmacokinetics hence, hindering their
efficacy and translational potential (Keck et al., 2015).

Emerging evidence suggests that (± )VK4-116 can attenuate
opioid-induced behavioral effects (Table 2). Mice repeatedly treated
with oxycodone showed increased locomotor activity over time, sug-
gesting oxycodone behavioral sensitization. Pretreatment with (± )
VK4-116 reduced the acute effects of oxycodone and blocked the de-
velopment of oxycodone sensitization in mice (Kumar et al., 2016). In
addition, when co-administered with oxycodone prior to each oxyco-
done conditioning session, (± )VK4-116 dose-dependently reduced the
acquisition of oxycodone-induced CPP in rats, suggesting potential

preventive utility for OUD (Kumar et al., 2016). (± )VK4-116 has been
also tested in intravenous opioid self-administration paradigms where
pretreatment with (± )VK4-116 during the first 5 days of oxycodone
self-administration attenuated the acquisition of self-administration in
rats (You et al., 2018). In rats well-trained to self-administer oxycodone
under a FR2 schedule of reinforcement, (± )VK4-116 reduced drug
self-administration maintained by different doses of oxycodone, also
suggesting therapeutic utility for OUD (You et al., 2018). In addition,
treatment with (± )VK4-116 decreased the escalation of oxycodone
self-administration in male and female rats with extended access to
drug (de Guglielmo et al., 2020). Further evaluation of (± )VK4-116
indicated that it can reduce break-points for oxycodone under a PR
schedule of reinforcement, facilitate extinction of drug seeking and
reduce drug-primed reinstatement of oxycodone seeking in rats, sug-
gesting its ability to diminish motivation for oxycodone, cravings and
relapse (You et al., 2018). Given that (± )VK4-116 produces no effects
on inactive lever pressing or sucrose self-administration, it was sug-
gested that is safe, does not alter non-drug reinforcement, nor does it
produce motoric impairment (You et al., 2018). Further, in an assess-
ment of opioid dependence using naloxone-induced withdrawal, pre-
treatment with (± )VK4-116 dose-dependently reduced naloxone-pre-
cipitated conditioned place aversion in rats (You et al., 2018) and
withdrawal-induced hyperalgesia and irritability-like behaviors (de
Guglielmo et al., 2020), suggesting that (± )VK4-116 has the ability to
attenuate opioid withdrawal symptoms.

Opioids are often prescribed as the first line of analgesics for the
treatment of severe or chronic pain, but their long-term effectiveness is
limited due to the development of tolerance, opioid-induced hyper-
algesia and abuse liability (DuPen et al., 2007; Joseph et al., 2010).
Therefore, alternative anti-nociceptive treatments are of particular in-
terest. Interestingly, (± )VK4-116 has been recently shown to po-
tentiate the analgesic effects of oxycodone, as assessed in a hot plate
assay (You et al., 2018). Rats pretreated with (± )VK4-116 prior to
oxycodone treatment displayed longer latencies in response to thermal
pain compared to oxycodone alone treatment. This unique character-
istic of (± )VK4-116 may be advantageous in pain management
therapy as it suggests that lower doses of prescription opioids could be
used to mitigate pain when combined with (± )VK4-116, and thus
reduce the risk of abuse and the development of dependence.

As (± )VK4-116 has a chiral center in its linking chain, it was im-
portant for us to separate the enantiomers and further assess their
pharmacological properties since R- and S-enantiomers may have dif-
ferent receptor binding properties and pharmacokinetic profiles. The
synthesis of enantiomers was recently achieved and both R- and S-VK4-
116 were evaluated for their in vitro profiles (Shaik et al., 2019). Ad-
ditional development of of the eutomer, R-VK4-116 is underway.

It is well known that D3Rs are also expressed in renal arteries in the
kidney, which regulates blood pressure. Blockade of peripheral D3Rs
may cause sodium retention and, consequently, hypertension by an-
tagonizing the inhibitory effects of DA on sodium transport (Zeng et al.,
2008, 2004). Such effects are observed in mice with genetic deletion of
D3R alleles that developed elevated systolic blood pressure and dia-
stolic hypertension (Jose et al., 1997). These adverse effects of D3R
antagonists would be problematic in people who suffer from substance
use disorders given the cardiovascular consequences of cocaine abuse
(Goldstein et al., 2009; Zimmerman, 2012) and renal injury observed in
some alcohol and drug users (Bundy et al., 2018; Crowe et al., 2000). In
addition, people who abuse opioids often use cocaine and other drugs of
abuse. Therefore, the combination of heroin, cocaine and some D3R
antagonists might be of particular concern. As described above, the D3R
antagonists SB277011A and GSK598,809 were reported to increase
blood pressure in dogs and rats, especially in the presence of cocaine
(Appel et al., 2015; Jordan et al., 2019c). In contrast to these findings,
we have recently reported that the both enantiomers of VK4-116 and a
close analogue, VK4-40 (Shaik et al., 2019) do not exhibit adverse
cardiovascular effects (Jordan et al., 2019c). In particular, rats
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implanted with telemetric devices and treated with cocaine or oxyco-
done showed increases in blood pressure, heart rate, body temperature
and locomotor activity (Jordan et al., 2019c). R-VK4-116 reduced body
temperature when administered alone. Pretreatment with R-VK4-116
also reduced oxycodone-induced increases in body temperature and
blood pressure. Similarly, cocaine-induced increases in blood pressure
and heart rate were attenuated by R-VK4-116 (Jordan et al., 2019c).
The reasons for why R-VK4-116 does not share the cardiovascular ef-
fects of previously evaluated D3R antagonists are unknown at present,
but it has been suggested that differences in cardiovascular parameters
might be related to differences in greater selectivity for D3Rs over other
receptors (e.g. D1, D2 or 5-HT receptors) that also play a role in car-
diovascular tone (Alves et al., 2019; Cuevas et al., 2013; Goldberg,
1984; Thomas et al., 2013; Zeng et al., 2004). Nevertheless, these un-
ique characteristics make R-VK4-116 an attractive lead candidate in
translational medicine for opioid, and perhaps psychostimulant, use
disorders. In fact, based on compelling preclinical findings suggesting
the therapeutic utility of R-VK4-116, the National Center for Advancing
Translational Sciences (NCATS) has begun Investigational New Drug
(IND) development of this compound for the prevention and treatment
of OUD under the NIH Helping to End Addiction Long-term Initiative
(HEAL).

2.2.5. (± )VK4-40 and its R-enantiomer
(± )VK4-40 [described as compound 23 in.(Kumar et al., 2016)

(Table 1)] is a close analogue of (± )VK4-116 that was identified as a
D3R partial agonist with high affinity for D3Rs (Ki = 0.36 nM) over
D2Rs (Ki = 151 nM) but lower selectivity (417-fold) for D3Rs over
D2Rs relative to (± )VK4-116 (Kumar et al., 2016). As with (± )VK4-
116, (± )VK4-40 has a chiral center in its linking chain, which has been
resolved (Shaik et al., 2019). R-VK4-40 was determined to be a D3R
antagonist, whereas the S-enantiomer was a partial agonist with high
affinity for D3Rs (Ki = 0.89 nM) vs. D2Rs (Ki = 219 nM) and 247-fold
D3R selectivity (Shaik et al., 2019). Indeed, different efficacies between
enantiomers have been reported before for PG648, another high affinity
D3R antagonist that was developed for psychostimulant use disorders
(Keck et al., 2015; Newman et al., 2009) but has not been evaluated in
animal models of OUD.

Based on a Phase 1 metabolic assay with rat liver microsomes, R-
VK4-40 was determined to be metabolically stable in the presence of
NADPH with 86 % remaining level in the plasma over 1 h (Jordan et al.,
2019b). R-VK4-40 also showed excellent brain penetration. After oral
administration at the dose of 10 mg/kg, R-VK4-40 achieved a maximum
concentration in brain 2 h post-administration (Jordan et al., 2019b).

When evaluated in animal models of OUD (Table 2), R-VK4-40 dose-
dependently inhibited oxycodone self-administration maintained under
FR1 and PR schedules of reinforcement in rats (Jordan et al., 2019b).
Jordan and colleagues also evaluated the effects of R-VK4-40 on opto-
genetic intracranial self-stimulation (aka oICSS) maintained by optical
activation of VTA DA neurons in the presence or absence of oxycodone.
Transgenic DAT-cre mice were injected with Cre-dependent light-sen-
sitive channelrhodopsin (ChR2) virus that was expressed into VTA DA
neurons under the DA transporter promoter. DAT-cre mice were then
trained to press the lever for oICSS. Optogenetic activation of VTA DA
neurons produced robust oICSS responding that was attenuated by R-
VK4-40 treatment in a dose-dependent manner, suggesting that the
rewarding effects of oICSS are mediated at least in part by D3Rs. While
low doses of oxycodone enhanced and high doses of oxycodone reduced
oICSS, pretreatment with R-VK4-40 blocked oxycodone-enhanced
oICSS (Jordan et al., 2019b), suggesting that R-VK4-40 can reduce the
rewarding effects of oxycodone.

Notably, during a hot plate assay, R-VK4-40 did not compromise the
analgesic effects of oxycodone and in fact, it increased latencies to
emission of thermal nociceptive response, shifting the oxycodone-dose
response curve upward (Jordan et al., 2019b), suggesting an additive
analgesic effect to oxycodone. Interestingly, R-VK4-40 alone produced

similar analgesic effects as those produced by oxycodone without af-
fecting locomotor activity or performance on the rotarod test (Jordan
et al., 2019b). These findings suggest that R-VK4-40 exhibits similar
anti-nociceptive characteristics to those of R-VK4-116. Although spe-
cific mechanisms underlying R-VK4-40-induced analgesic effects are yet
to be determined, it is noteworthy that D3-KO mice also show abnormal
responses to thermal pain stimulation (hyperalgesia or hypoalgesia), as
assessed in hot plate and tail flick assays (Brewer et al., 2014; Li et al.,
2012; Zhu et al., 2010).

The spinal cord, specifically the dorsal horn, is the first CNS site
processing nociceptive information where D3Rs and MORs are ex-
pressed (Abbadie et al., 2002; Levant and McCarson, 2001; Ray and
Wadhwa, 2004). While MORs modulate pain-related information (Goff
et al., 1998; Millan et al., 1988), DA seems to mediate pain-associated
responses (Clemens and Hochman, 2004; Garraway and Hochman,
2001; Keeler et al., 2012) and D3Rs in the dorsal horn seem to modulate
the MOR system (Brewer et al., 2014). It is conceivable that the MOR-
D3R interaction takes place in the dorsal horn during pain processing
and D3R antagonists likely potentiate the analgesic effect of MOR-based
opioids through this mechanism. Clearly, more research is needed to
further address mechanistic underpinnings of D3R effects on analgesia.
Nevertheless, given that R-VK4-40 may augment the analgesic effects of
the commonly prescribed analgesic oxycodone, these exciting findings
unlock clinical possibilities in the realm of pain management, offering
the options of prescribing opioids at lower doses and potentially miti-
gating the risks of opioid-induced tolerance, respiratory depression and
addiction.

Importantly, similarly to R-VK4-116, R-VK4-40 has been reported to
lack the adverse cardiovascular effects that are common among other
D3R antagonists (Jordan et al., 2019c). A recent telemetry study re-
ported that R-VK4-40 alone reduced blood pressure and heart rate in
rats. Pretreatment with R-VK4-40 attenuated oxycodone-induced in-
creases in blood pressure and oxycodone or cocaine-induced increases
in heart rate and body temperature (Jordan et al., 2019c). It is unclear
how R-VK4-40 and R-VK4-116 reduce cardiovascular parameters in
oxycodone or cocaine-exposed rats. However, it is conceivable that
these effects are mediated by D3Rs or 5-HT receptors rather than D2R
antagonism given the fact that these ligands show moderate binding
affinities for 5-HT receptors, high selectivity for D3R over D2R and that
the D2R antagonism in fact increases blood pressure and heart rate
(Jordan et al., 2019c).

3. Challenges in translational research

Although D3Rs have long been a focus of medication development
for addiction, translational potential of D3R-targeted ligands to clinical
settings has, to date, been limited. Two approaches in D3R-based
medication development research have been used: repurposing medi-
cations already approved by the FDA for other disorders and developing
novel D3R antagonists.

3.1. Buspirone

Buspirone is a FDA-approved medication used for the treatment of
anxiety. Its therapeutic effects are believed to be mediated by its partial
agonist action at 5-HT1A receptors Ki-High (19.2 nM) and Ki-Low (111 nM)
(Noël et al., 2014). However, buspirone has moderately high affinity to
D3Rs (Ki = 98 nM) (Bergman et al., 2013; Kula et al., 1994), suggesting
a potential involvement of D3Rs in its anxiolytic effects or anti-addic-
tive effects. Preclinical studies showed that buspirone can reduce
opioid-induced CPP, morphine sensitization, withdrawal-related hy-
peralgesia (Haleem et al., 2014; Haleem and Nawaz, 2017) as well as
attenuate tolerance to analgesic effect of morphine (Nayebi et al.,
2010). However, in rats trained to discriminate morphine from saline,
buspirone failed to block the discriminative stimulus effect of morphine
and was partially substituted for U50,488, a kappa opioid agonist
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(Powell et al., 1994).
As preclinical studies suggest buspirone may act at the D3R and

mitigates some behavioral effects of abused drugs, it has been proposed
that buspirone might be effective for a clinical population struggling
with addiction (Bergman et al., 2013; Newman et al., 2012). However,
clinical studies found little or no significant benefits of buspirone in
relapse prevention for smoking (Schneider et al., 1996) and in reduc-
tions of drug (cocaine, cannabis) and alcohol consumption (Malec et al.,
1996a, 1996b; McRae-Clark et al., 2015, 2009; Winhusen et al., 2014).
Although the mechanisms underlying these negative findings are un-
clear, they might partially be explained by its non-selectivity and low
occupancy at the D3Rs in human brain. At a relatively high dose (120
mg), buspirone has been reported to produce only a modest (< 25%)
displacement of [11C-(+)-PHNO] binding in brain regions with high
density of D3Rs (Le Foll et al., 2016). To date, there has been no clinical
trial to evaluate the effectiveness of buspirone in controlling opioid
intake and relapse. However, buspirone has been shown to reduce
withdrawal symptoms in heroin addicted individuals (Buydens-
Branchey et al., 2005; Rose et al., 2003), suggesting that it may be
effective, perhaps adjunctively with other medication and psycho-social
options, in the treatment of OUD. Overall these findings suggest that
more selective D3R antagonists with higher D3R affinity, and thus the
potential of greater brain D3R occupancy, might be more suitable for
clinical investigation.

3.2. GSK598,809

To our knowledge, there have been only a few D3R antagonists
(GSK598,809, ABT-925, and S33138) that progressed to clinical trials
(Le Foll et al., 2014; Wager et al., 2017). GSK598,809, with higher
affinity to D3Rs than buspirone, showed effectiveness in reducing
craving for cigarettes (Mugnaini et al., 2013). Using 125I-7OH-PIPAT
autoradiography and 11C-PHNO positron emission tomography,
Mugnaini and colleagues showed a direct relationship between the
occupancy of the D3Rs by GSK598809 in rat, baboon, and human
brains and its effectiveness in reducing nicotine-seeking/rewarding
behaviors. In rats, GSK598809 dose-dependently reduced nicotine CPP
whereas in human smokers it alleviated craving for nicotine (Mugnaini
et al., 2013). In addition, GSK598,809 has been shown to be effective in
reducing appetitive responses and attentional bias to food cues in
overweight and obese individuals (Mogg et al., 2012; Nathan et al.,
2012). Although GlaxoSmithKline opted to not pursue GSK598,809,
cardiovascular effects recently reported may have precluded further
development for SUD (Appel et al., 2015; Jordan et al., 2019c). (Be-
gining a new paragraph) Compared to both GSK598809 and buspirone,
newer generation D3R antagonists such as VK4-116 and VK4-40 display
several unique advantages – higher D3R selectivity, improved phar-
macokinetic profiles, enhanced opioid analgesia and minimal side ef-
fects. More importantly, these novel D3R antagonists, in addition to
their low abuse liability have been shown to be highly effective in re-
ducing opioid self-administration, motivation for drug and opioid
seeking, making them promising candidates for clinical trials.

4. Future directions

Given the staggering numbers of opioid-related casualties and the
lack of effective therapies in relapse prevention, the development of
novel pharmacotherapies for OUD is of ultimate importance. As the
opioid epidemic derived from the rampant misuse of prescribed and
illegal opioids is taking its toll on our communities, non-opioid ther-
apeutic approaches are desperately needed. An ideal pharmacother-
apeutic would be the one that can control compulsive opioid taking,
attenuate the rewarding effects of opioids, diminish craving and, per-
haps most importantly, prevent relapse. In addition, a desirable ther-
apeutic would also be able to ameliorate opioid withdrawal symptoms
and either have no effect on or preferably potentiate opioid analgesic

effects, while itself lacking abuse potential. Thus far, several newly
developed D3R antagonists, as described above, meet these criteria.

We note that most of the recent studies were performed in males,
and potential sex differences in efficacy of D3R antagonists are un-
known, although in one study (de Guglielmo et al., 2020) no sex dif-
ferences were found. Importantly, the chronic use of D3R ligands has
not been extensively studied and more studies are needed to determine
whether newly developed D3R antagonists are effective against other
commonly abused opioids such as fentanyl and its analogs or can al-
leviate physical withdrawal. Comparative studies between D3R an-
tagonists and partial agonists may also be required to determine op-
timal efficacy and compliance in the treatment of OUDs.

In conclusion, based on the empirical evidence stemming from an-
imal research, further investigation of novel D3R ligands as potential
therapeutics for the prevention and treatment of OUD is critical.
Notably, such efforts have been recently recognized by NIDA
(Rasmussen et al., 2019), which proposed D3Rs as high priority phar-
macological targets for rapid medication development aimed at com-
batting the current opioid crisis. Investment in compounds such as R-
VK4-116 and R-VK4-40 by the NIH with funding from HEAL is the first
step.

Acknowledgement

This research was supported by the National Institute on Drug
Abuse Intramural Research Program (Z1A DA000620-02).

References

Abbadie, C., Lombard, M.C., Besson, J.M., Trafton, J.A., Basbaum, A.I., 2002. Mu and
delta opioid receptor-like immunoreactivity in the cervical spinal cord of the rat after
dorsal rhizotomy or neonatal capsaicin: an analysis of pre- and postsynaptic receptor
distributions. Brain Res. 930, 150–162. https://doi.org/10.1016/s0006-8993(02)
02242-4.

Alves, B.B., Oliveira, G., de, P., Moreira Neto, M.G., Fiorilli, R.B., do Cestário, E.E.S.,
2019. Use of atypical antipsychotics and risk of hypertension: a case report and re-
view literature. SAGE Open Med. Case Rep. 7, 2050313X19841825. https://doi.org/
10.1177/2050313X19841825.

Amalric, M., Koob, G.F., 1985. Low doses of methylnaloxonium in the nucleus accumbens
antagonize hyperactivity induced by heroin in the rat. Pharmacol. Biochem. Behav.
23, 411–415. https://doi.org/10.1016/0091-3057(85)90014-0.

Ananthan, S., Saini, S.K., Zhou, G., Hobrath, J.V., Padmalayam, I., Zhai, L., Bostwick, J.R.,
Antonio, T., Reith, M.E., McDowell, S., Cho, E., McAleer, L., Taylor, M., Luedtke, R.R.,
2014. Design, synthesis, and structure-activity relationship studies of a series of [4-(4-
carboxamidobutyl)]-1-arylpiperazines: insights into structural features contributing
to dopamine D3 versus D2 receptor subtype selectivity. J. Med. Chem. 57,
7042–7060.

Appel, N.M., Li, S.H., Holmes, T.H., Acri, J.B., 2015. Dopamine D3 receptor antagonist
(GSK598809) potentiates the hypertensive effects of cocaine in conscious, freely-
moving dogs. J. Pharmacol. Exp. Ther. 354, 484–492. https://doi.org/10.1124/jpet.
115.224121.

Ashby Jr., C.R., Paul, M., Gardner, E.L., Heidbreder, C.A., Hagan, J.J., 2003. Acute ad-
ministration of the selective D3 receptor antagonist SB-277011A blocks the acquisi-
tion and expression of the conditioned place preference response to heroin in male
rats. Synapse 48, 154–156. https://doi.org/10.1002/syn.10188.

Aujla, H., Beninger, R.J., 2005. The dopamine D(3) receptor-preferring partial agonist BP
897 dose-dependently attenuates the expression of amphetamine-conditioned place
preference in rats. Behav. Pharmacol. 16, 181–186.

Austin, N.E., Baldwin, S.J., Cutler, L., Deeks, N., Kelly, P.J., Nash, M., Shardlow, C.E.,
Stemp, G., Thewlis, K., Ayrton, A., Jeffrey, P., 2001. Pharmacokinetics of the novel,
high-affinity and selective dopamine D3 receptor antagonist SB-277011 in rat, dog
and monkey: in vitro/in vivo correlation and the role of aldehyde oxidase.
Xenobiotica 31, 677–686. https://doi.org/10.1080/00498250110056531.

Badiani, A., Belin, D., Epstein, D., Calu, D., Shaham, Y., 2011. Opiate versus psychosti-
mulant addiction: the differences do matter. Nat. Rev. Neurosci. 12, 685–700.
https://doi.org/10.1038/nrn3104.

Bals-Kubik, R., Ableitner, A., Herz, A., Shippenberg, T.S., 1993. Neuroanatomical sites
mediating the motivational effects of opioids as mapped by the conditioned place
preference paradigm in rats. J. Pharmacol. Exp. Ther. 264, 489–495.

Barrot, M., Sesack, S.R., Georges, F., Pistis, M., Hong, S., Jhou, T.C., 2012. Braking do-
pamine systems: a new GABA master structure for mesolimbic and nigrostriatal
functions. J. Neurosci. 32, 14094–14101. https://doi.org/10.1523/JNEUROSCI.
3370-12.2012.

Basile, M., Lin, R., Kabbani, N., Karpa, K., Kilimann, M., Simpson, I., Kester, M., 2006.
Paralemmin interacts with D3 dopamine receptors: implications for membrane lo-
calization and cAMP signaling. Arch. Biochem. Biophys. 446, 60–68. https://doi.org/
10.1016/j.abb.2005.10.027.

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

47

https://doi.org/10.1016/s0006-8993(02)02242-4
https://doi.org/10.1016/s0006-8993(02)02242-4
https://doi.org/10.1177/2050313X19841825
https://doi.org/10.1177/2050313X19841825
https://doi.org/10.1016/0091-3057(85)90014-0
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0020
https://doi.org/10.1124/jpet.115.224121
https://doi.org/10.1124/jpet.115.224121
https://doi.org/10.1002/syn.10188
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0035
https://doi.org/10.1080/00498250110056531
https://doi.org/10.1038/nrn3104
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0050
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0050
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0050
https://doi.org/10.1523/JNEUROSCI.3370-12.2012
https://doi.org/10.1523/JNEUROSCI.3370-12.2012
https://doi.org/10.1016/j.abb.2005.10.027
https://doi.org/10.1016/j.abb.2005.10.027


Beardsley, P.M., Sokoloff, P., Balster, R.L., Schwartz, J.C., 2001. The D3R partial agonist,
BP 897, attenuates the discriminative stimulus effects of cocaine and D-amphetamine
and is not self-administered. Behav. Pharmacol. 12, 1–11.

Benyamin, R., Trescot, A.M., Datta, S., Buenaventura, R., Adlaka, R., Sehgal, N., Glaser,
S.E., Vallejo, R., 2008. Opioid complications and side effects. Pain Phys. 11,
S105–120.

Bergman, J., Roof, R.A., Furman, C.A., Conroy, J.L., Mello, N.K., Sibley, D.R., Skolnick, P.,
2013. Modification of cocaine self-administration by buspirone (buspar®): potential
involvement of D3 and D4 dopamine receptors. Int. J. Neuropsychopharmacol. 16,
445–458. https://doi.org/10.1017/S1461145712000661.

Blum, K., Thanos, P.K., Oscar-Berman, M., Febo, M., Baron, D., Badgaiyan, R.D., Gardner,
E., Demetrovics, Z., Fahlke, C., Haberstick, B.C., Dushaj, K., Gold, M.S., 2015.
Dopamine in the brain: hypothesizing surfeit or deficit links to reward and addiction.
J. Reward Defic. Syndrome 1, 95–104. https://doi.org/10.17756/jrds.2015-016.

Boateng, C.A., Bakare, O.M., Zhan, J., Banala, A.K., Burzynski, C., Pommier, E., Keck,
T.M., Donthamsetti, P., Javitch, J.A., Rais, R., Slusher, B.S., Xi, Z.X., Newman, A.H.,
2015. High affinity dopamine D3 receptor (D3R)-selective antagonists attenuate
heroin self-administration in wild-type but not D3R knockout mice. J. Med. Chem.
58, 6195–6213. https://doi.org/10.1021/acs.jmedchem.5b00776.

Boileau, I., Payer, D., Houle, S., Behzadi, A., Rusjan, P.M., Tong, J., Wilkins, D., Selby, P.,
George, T.P., Zack, M., Furukawa, Y., McCluskey, T., Wilson, A.A., Kish, S.J., 2012.
Higher binding of the dopamine D3 receptor-preferring ligand [11C]-(+)-propyl-
hexahydro-naphtho-oxazin in methamphetamine polydrug users: a positron emission
tomography study. J. Neurosci. 32, 1353–1359. https://doi.org/10.1523/
JNEUROSCI.4371-11.2012.

Bouthenet, M.L., Souil, E., Martres, M.P., Sokoloff, P., Giros, B., Schwartz, J.C., 1991.
Localization of dopamine D3 receptor mRNA in the rat brain using in situ hy-
bridization histochemistry: comparison with dopamine D2 receptor mRNA. Brain
Res. 564, 203–219.

Bozarth, M.A., Wise, R.A., 1981. Intracranial self-administraion of morphine into the
ventral tegmental area in rats. Life Sci. 28, 551–555.

Brewer, K.L., Baran, C.A., Whitfield, B.R., Jensen, A.M., Clemens, S., 2014. Dopamine D3
receptor dysfunction prevents anti-nociceptive effects of morphine in the spinal cord.
Front. Neural Circ. 8, 62. https://doi.org/10.3389/fncir.2014.00062.

Bundy, J.D., Bazzano, L.A., Xie, D., Cohan, J., Dolata, J., Fink, J.C., Hsu, C., Jamerson, K.,
Lash, J., Makos, G., Steigerwalt, S., Wang, X., Mills, K.T., Chen, J., He, J.,
Investigators, the C.S, 2018. Self-reported tobacco, alcohol, and illicit drug use and
progression of chronic kidney disease. CJASN 13, 993–1001. https://doi.org/10.
2215/CJN.11121017.

Buydens-Branchey, L., Branchey, M., Reel-Brander, C., 2005. Efficacy of buspirone in the
treatment of opioid withdrawal. J. Clin. Psychopharmacol. 25, 230–236. https://doi.
org/10.1097/01.jcp.0000162804.38829.97.

Centers for Disease Control and Prevention, 2019. CDC in Action: 2018 Response to the
Opioid Crisis. Opioids Portal | CDC [WWW Document]. URL https://www.cdc.gov/
opioids/accomplishments.html (Accessed 9.24.19). .

Charbogne, P., Gardon, O., Martín-García, E., Keyworth, H.L., Matsui, A., Mechling, A.E.,
Bienert, T., Nasseef, M.T., Robé, A., Moquin, L., Darcq, E., Ben Hamida, S., Robledo,
P., Matifas, A., Befort, K., Gavériaux-Ruff, C., Harsan, L.-A., von Elverfeldt, D.,
Hennig, J., Gratton, A., Kitchen, I., Bailey, A., Alvarez, V.A., Maldonado, R., Kieffer,
B.L., 2017. Mu opioid receptors in gamma-aminobutyric acidergic forebrain neurons
moderate motivation for heroin and palatable food. Biol. Psychiatry 81, 778–788.
https://doi.org/10.1016/j.biopsych.2016.12.022.

Chen, Y., Song, R., Yang, R.F., Wu, N., Li, J., 2014. A novel dopamine D3 receptor an-
tagonist YQA14 inhibits methamphetamine self-administration and relapse to drug-
seeking behaviour in rats. Eur. J. Pharmacol. 743, 126–132. https://doi.org/10.
1016/j.ejphar.2014.09.026.

Chien, E.Y.T., Liu, W., Zhao, Q., Katritch, V., Han, G.W., Hanson, M.A., Shi, L., Newman,
A.H., Javitch, J.A., Cherezov, V., Stevens, R.C., 2010. Structure of the human do-
pamine D3 receptor in complex with a D2/D3 selective antagonist. Science 330,
1091–1095. https://doi.org/10.1126/science.1197410.

Cho, D.I., Zheng, M., Kim, K.-M., 2010. Current perspectives on the selective regulation of
dopamine D₂ and D₃ receptors. Arch. Pharm. Res. 33, 1521–1538. https://doi.org/10.
1007/s12272-010-1005-8.

Clemens, S., Hochman, S., 2004. Conversion of the modulatory actions of dopamine on
spinal reflexes from depression to facilitation in D3 receptor knock-out mice. J.
Neurosci. 24, 11337–11345. https://doi.org/10.1523/JNEUROSCI.3698-04.2004.

Colon-Berezin, C., Nolan, M.L., Blachman-Forshay, J., Paone, D., 2019. Overdose deaths
involving fentanyl and fentanyl analogs - New York City, 2000–2017. MMWR Morb.
Mortal. Wkly. Rep. 68, 37–40. https://doi.org/10.15585/mmwr.mm6802a3.

Corre, J., van Zessen, R., Loureiro, M., Patriarchi, T., Tian, L., Pascoli, V., Lüscher, C.,
2018. Dopamine neurons projecting to medial shell of the nucleus accumbens drive
heroin reinforcement. Elife 7. https://doi.org/10.7554/eLife.39945.

Crowe, A.V., Howse, M., Bell, G.M., Henry, J.A., 2000. Substance abuse and the kidney.
QJM 93, 147–152. https://doi.org/10.1093/qjmed/93.3.147.

Cuevas, S., Villar, V.A., Jose, P.A., Armando, I., 2013. Renal dopamine receptors, oxi-
dative stress, and hypertension. Int. J. Mol. Sci. 14, 17553–17572. https://doi.org/
10.3390/ijms140917553.

Cui, Y., Ostlund, S.B., James, A.S., Park, C.S., Ge, W., Roberts, K.W., Mittal, N., Murphy,
N.P., Cepeda, C., Kieffer, B.L., Levine, M.S., Jentsch, J.D., Walwyn, W.M., Sun, Y.E.,
Evans, C.J., Maidment, N.T., Yang, X.W., 2014. Targeted expression of μ-opioid re-
ceptors in a subset of striatal direct-pathway neurons restores opiate reward. Nat.
Neurosci. 17, 254–261. https://doi.org/10.1038/nn.3622.

Darcq, E., Kieffer, B.L., 2018. Opioid receptors: drivers to addiction? Nat. Rev. Neurosci.
19, 499–514. https://doi.org/10.1038/s41583-018-0028-x.

Darke, S., Ross, J., Mills, K.L., Williamson, A., Havard, A., Teesson, M., 2007. Patterns of
sustained heroin abstinence amongst long-term, dependent heroin users: 36 months

findings from the Australian Treatment Outcome Study (ATOS). Addict. Behav. 32,
1897–1906. https://doi.org/10.1016/j.addbeh.2007.01.014.

David, V., Cazala, P., 1994. A comparative study of self-administration of morphine into
the amygdala and the ventral tegmental area in mice. Behav. Brain Res. 65, 205–211.
https://doi.org/10.1016/0166-4328(94)90106-6.

David, V., Cazala, P., 2000. Anatomical and pharmacological specificity of the rewarding
effect elicited by microinjections of morphine into the nucleus accumbens of mice.
Psychopharmacology (Berl.) 150, 24–34. https://doi.org/10.1007/s002130000425.

de Guglielmo, G., Kallupi, M., Sedighim, S., Newman, A.H., George, O., 2020. Dopamine
D3 receptor antagonism reverses the escalation of oxycodone self-administration and
decreases withdrawal-induced hyperalgesia and irritability-like behavior in oxyco-
done-dependent heterogeneous stock rats. Front. Behav. Neurosci. 13, 292. https://
doi.org/10.3389/fnbeh.2019.00292.

Dearry, A., Gingrich, J.A., Falardeau, P., Fremeau Jr., R.T., Bates, M.D., Caron, M.G.,
1990. Molecular cloning and expression of the gene for a human D1 dopamine re-
ceptor. Nature 347, 72–76. https://doi.org/10.1038/347072a0.

Devine, D.P., Wise, R.A., 1994. Self-administration of morphine, DAMGO, and DPDPE
into the ventral tegmental area of rats. J. Neurosci. 14, 1978–1984.

Di Ciano, P., 2008. Drug seeking under a second-order schedule of reinforcement depends
on dopamine D3 receptors in the basolateral amygdala. Behav. Neurosci. 122,
129–139.

Diaz, J., Levesque, D., Lammers, C.H., Griffon, N., Martres, M.P., Schwartz, J.C., Sokoloff,
P., 1994. Phenotypical characterization of neurons expressing the dopamine D 3
receptor in the rat brain. Neuroscience 65, 731–745.

Drug Enforcement Administration, 2007. Control of a Chemical Precursor Used in the
Illicit Manufacture of Fentanyl as a List I Chemical. US Department of Justice, Drug
Emforcement Administration, Washington, DC.

Duarte, C., Lefebvre, C., Chaperon, F., Hamon, M., Thiebot, M.-H., 2003. Effects of a
dopamine D3 receptor ligand, BP 897, on acquisition and expression of food-, mor-
phine-, and cocaine-induced conditioned place preference, and food-seeking behavior
in rats. Neuropsychopharmacology 28, 1903–1915.

DuPen, A., Shen, D., Ersek, M., 2007. Mechanisms of opioid-induced tolerance and hy-
peralgesia. Pain Manag. Nurs. 8, 113–121. https://doi.org/10.1016/j.pmn.2007.02.
004.

Dworkin, S.I., Guerin, G.F., Co, C., Goeders, N.E., Smith, J.E., 1988. Lack of an effect of 6-
hydroxydopamine lesions of the nucleus accumbens on intravenous morphine self-
administration. Aug. Pharmacol Biochem Behav. 30 (4), 1051–1057.

Eon, V., Giuvelis, D., Ananthan, S., Bilsky, E., 2015. Efficacy of dopamine D3 receptor
antagonist SR 21502 in reducing opioid tolerance and dependence. FASEB J. 29, 614.
https://doi.org/10.1096/fasebj.29.1_supplement.614.5. 5.

Erbs, E., Faget, L., Scherrer, G., Matifas, A., Filliol, D., Vonesch, J.-L., Koch, M., Kessler,
P., Hentsch, D., Birling, M.-C., Koutsourakis, M., Vasseur, L., Veinante, P., Kieffer,
B.L., Massotte, D., 2015. A mu-delta opioid receptor brain atlas reveals neuronal co-
occurrence in subcortical networks. Brain Struct. Funct. 220, 677–702. https://doi.
org/10.1007/s00429-014-0717-9.

Ettenberg, A., Pettit, H.O., Bloom, F.E., Koob, G.F., 1982. Heroin and cocaine intravenous
self-administration in rats: mediation by separate neural systems.
Psychopharmacology 78, 204–209.

Fields, H.L., Margolis, E.B., 2015. Understanding opioid reward. Trends Neurosci. 38,
217–225. https://doi.org/10.1016/j.tins.2015.01.002.

Floresco, S.B., West, A.R., Ash, B., Moore, H., Grace, A.A., 2003. Afferent modulation of
dopamine neuron firing differentially regulates tonic and phasic dopamine trans-
mission. Nat. Neurosci. 6, 968–973.

Frances, H., Le Foll, B., Diaz, J., Smirnova, M., Sokoloff, P., 2004a. Role of DRD3 in
morphine-induced conditioned place preference using drd3-knockout mice.
Neuroreport 15, 2245–2249.

Frances, H., Smirnova, M., Leriche, L., Sokoloff, P., 2004b. Dopamine D3 receptor ligands
modulate the acquisition of morphine-conditioned place preference.
Psychopharmacology 175, 127–133. https://doi.org/10.1007/s00213-004-1807-9.

Fujiyama, F., Sohn, J., Nakano, T., Furuta, T., Nakamura, K.C., Matsuda, W., Kaneko, T.,
2011. Exclusive and common targets of neostriatofugal projections of rat striosome
neurons: a single neuron-tracing study using a viral vector. Eur J Neurosci. 33 (4),
668–677.

Galaj, E., Ananthan, S., Saliba, M., Ranaldi, R., 2014. The effects of the novel DA D3
receptor antagonist SR 21502 on cocaine reward, cocaine seeking and cocaine-in-
duced locomotor activity in rats. Psychopharmacology 231, 501–510.

Galaj, E., Manuszak, M., Babic, S., Ananthan, S., Ranaldi, R., 2015. The selective dopa-
mine D3 receptor antagonist, SR 21502, reduces cue-induced reinstatement of heroin
seeking and heroin conditioned place preference in rats. Drug Alcohol Depend. 156,
228–233. https://doi.org/10.1016/j.drugalcdep.2015.09.011.

Galaj, E., Ewing, S., Ranaldi, R., 2018. Dopamine D1 and D3 receptor polypharmacology
as a potential treatment approach for substance use disorder. Neurosci. Biobehav.
Rev. 89, 13–28. https://doi.org/10.1016/j.neubiorev.2018.03.020.

Garcia-Ladona, F.J., Cox, B.F., 2003. BP 897, a selective dopamine D3 receptor ligand
with therapeutic potential for the treatment of cocaine-addiction. CNS Drug Rev. 9,
141–158.

Garraway, S.M., Hochman, S., 2001. Modulatory actions of serotonin, norepinephrine,
dopamine, and acetylcholine in spinal cord deep dorsal horn neurons. J.
Neurophysiol. 86, 2183–2194. https://doi.org/10.1152/jn.2001.86.5.2183.

Garzón, M., Pickel, V.M., 2001. Plasmalemmal mu-opioid receptor distribution mainly in
nondopaminergic neurons in the rat ventral tegmental area. Synapse 41, 311–328.
https://doi.org/10.1002/syn.1088.

Gerrits, M.A., Ramsey, N.F., Wolterink, G., van Ree, J.M., 1994. Lack of evidence for an
involvement of nucleus accumbens dopamine D1 receptors in the initiation of heroin
self-administration in the rat. Psychopharmacology 114, 486–494.

Gilbert, J.G., Newman, A.H., Gardner, E.L., Ashby Jr., C.R., Heidbreder, C.A., Pak, A.C.,

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

48

http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0065
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0065
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0065
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0070
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0070
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0070
https://doi.org/10.1017/S1461145712000661
https://doi.org/10.17756/jrds.2015-016
https://doi.org/10.1021/acs.jmedchem.5b00776
https://doi.org/10.1523/JNEUROSCI.4371-11.2012
https://doi.org/10.1523/JNEUROSCI.4371-11.2012
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0095
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0095
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0095
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0095
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0100
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0100
https://doi.org/10.3389/fncir.2014.00062
https://doi.org/10.2215/CJN.11121017
https://doi.org/10.2215/CJN.11121017
https://doi.org/10.1097/01.jcp.0000162804.38829.97
https://doi.org/10.1097/01.jcp.0000162804.38829.97
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0120
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0120
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0120
https://doi.org/10.1016/j.biopsych.2016.12.022
https://doi.org/10.1016/j.ejphar.2014.09.026
https://doi.org/10.1016/j.ejphar.2014.09.026
https://doi.org/10.1126/science.1197410
https://doi.org/10.1007/s12272-010-1005-8
https://doi.org/10.1007/s12272-010-1005-8
https://doi.org/10.1523/JNEUROSCI.3698-04.2004
https://doi.org/10.15585/mmwr.mm6802a3
https://doi.org/10.7554/eLife.39945
https://doi.org/10.1093/qjmed/93.3.147
https://doi.org/10.3390/ijms140917553
https://doi.org/10.3390/ijms140917553
https://doi.org/10.1038/nn.3622
https://doi.org/10.1038/s41583-018-0028-x
https://doi.org/10.1016/j.addbeh.2007.01.014
https://doi.org/10.1016/0166-4328(94)90106-6
https://doi.org/10.1007/s002130000425
https://doi.org/10.3389/fnbeh.2019.00292
https://doi.org/10.3389/fnbeh.2019.00292
https://doi.org/10.1038/347072a0
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0205
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0205
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0210
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0210
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0210
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0215
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0215
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0215
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0220
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0220
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0220
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0225
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0225
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0225
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0225
https://doi.org/10.1016/j.pmn.2007.02.004
https://doi.org/10.1016/j.pmn.2007.02.004
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0235
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0235
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0235
https://doi.org/10.1096/fasebj.29.1_supplement.614.5
https://doi.org/10.1007/s00429-014-0717-9
https://doi.org/10.1007/s00429-014-0717-9
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0250
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0250
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0250
https://doi.org/10.1016/j.tins.2015.01.002
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0260
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0260
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0260
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0265
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0265
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0265
https://doi.org/10.1007/s00213-004-1807-9
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0275
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0275
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0275
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0275
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0280
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0280
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0280
https://doi.org/10.1016/j.drugalcdep.2015.09.011
https://doi.org/10.1016/j.neubiorev.2018.03.020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0295
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0295
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0295
https://doi.org/10.1152/jn.2001.86.5.2183
https://doi.org/10.1002/syn.1088
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0310
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0310
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0310
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0315


Peng, X.-Q., Xi, Z.-X., 2005. Acute administration of SB-277011A, NGB 2904, or BP
897 inhibits cocaine cue-induced reinstatement of drug-seeking behavior in rats: role
of dopamine D3 receptors. Synapse 57, 17–28.

Goff, J.R., Burkey, A.R., Goff, D.J., Jasmin, L., 1998. Reorganization of the spinal dorsal
horn in models of chronic pain: correlation with behaviour. Neuroscience 82,
559–574. https://doi.org/10.1016/s0306-4522(97)00298-4.

Goldberg, L.I., 1984. Dopamine receptors and hypertension. Physiologic and pharmaco-
logic implications. Am. J. Med. 77, 37–44. https://doi.org/10.1016/s0002-9343(84)
80036-4.

Goldstein, R.A., DesLauriers, C., Burda, A., Johnson-Arbor, K., 2009. Cocaine: history,
social implications, and toxicity: a review. Semin. Diagn. Pathol. 26, 10–17.

Grella, C.E., Lovinger, K., 2011. 30-year trajectories of heroin and other drug use among
men and women sampled from methadone treatment in California. Drug Alcohol
Depend. 118, 251–258. https://doi.org/10.1016/j.drugalcdep.2011.04.004.

Gurevich, E.V., Joyce, J.N., 1999. Distribution of dopamine D3 receptor expressing
neurons in the human forebrain: comparison with D2 receptor expressing neurons.
Neuropsychopharmacology 20, 60–80. https://doi.org/10.1016/S0893-133X(98)
00066-9.

Gyertyan, I., Gal, K., 2003. Dopamine D3 receptor ligands show place conditioning effect
but do not influence cocaine-induced place preference. Neuroreport 14, 93–98.

Gysling, K., Wang, R.Y., 1983. Morphine-induced activation of A10 dopamine neurons in
the rat. Brain Res. 277, 119–127.

Hachimine, P., Seepersad, N., Ananthan, S., Ranaldi, R., 2014. The novel dopamine D3
receptor antagonist, SR 21502, reduces cocaine conditioned place preference in rats.
Neurosci. Lett. 569, 137–141.

Haleem, D.J., Nawaz, S., 2017. Inhibition of reinforcing, hyperalgesic, and motor effects
of morphine by buspirone in rats. J. Pain 18, 19–28. https://doi.org/10.1016/j.jpain.
2016.10.001.

Haleem, D.J., Ikram, H., Haleem, M.A., 2014. Inhibition of apomorphine-induced con-
ditioned place preference in rats co-injected with buspirone: relationship with ser-
otonin and dopamine in the striatum. Brain Res. 1586, 73–82. https://doi.org/10.
1016/j.brainres.2014.06.022.

Heidbreder, C., 2005. Novel pharmacotherapeutic targets for the management of drug
addiction. Eur. J. Pharmacol. 526, 101–112. https://doi.org/10.1016/j.ejphar.2005.
09.038.

Heidbreder, C., 2008. Selective antagonism at dopamine D3 receptors as a target for drug
addiction pharmacotherapy: a review of preclinical evidence. CNS Neurol. Disord.
Drug Targets 7, 410–421.

Heidbreder, C.A., Newman, A.H., 2010. Current perspectives on selective dopamine D3
receptor antagonists as pharmacotherapeutics for addictions and related disorders.
Ann. N. Y. Acad. Sci. 1187, 4–34. https://doi.org/10.1111/j.1749-6632.2009.
05149.x.

Higley, A.E., Kiefer, S.W., Li, X., Gaal, J., Xi, Z.-X., Gardner, E.L., 2011. Dopamine D(3)
receptor antagonist SB-277011A inhibits methamphetamine self-administration and
methamphetamine-induced reinstatement of drug-seeking in rats. Eur. J. Pharmacol.
659, 187–192. https://doi.org/10.1016/j.ejphar.2011.02.046.

Hjelmstad, G.O., Xia, Y., Margolis, E.B., Fields, H.L., 2013. Opioid modulation of ventral
pallidal afferents to ventral tegmental area neurons. J. Neurosci. 33, 6454–6459.
https://doi.org/10.1523/JNEUROSCI.0178-13.2013.

Hnasko, T.S., Sotak, B.N., Palmiter, R.D., 2005. Morphine reward in dopamine-deficient
mice. Nature 438, 854–857. https://doi.org/10.1038/nature04172.

Hser, Y.I., Evans, E., Huang, D., Weiss, R., Saxon, A., Carroll, K.M., Woody, G., Liu, D.,
Wakim, P., Matthews, A.G., Hatch-Maillette, M., Jelstrom, E., Wiest, K., McLaughlin,
P., Ling, W., 2015. Long-term outcomes after randomization to buprenorphine/na-
loxone versus methadone in a multi-site trial. Addiction. https://doi.org/10.1111/
add.13238.

Hu, R., Song, R., Yang, R., Su, R., Li, J., 2013. The dopamine D3 receptor antagonist
YQA14 that inhibits the expression and drug-primed reactivation of morphine-in-
duced conditioned place preference in rats. Eur J Pharmacol. (13), 00782–00786.
https://doi.org/10.1016/j.ejphar.2013.10.026. pii: S014-2999.

Jalabert, M., Bourdy, R., Courtin, J., Veinante, P., Manzoni, O.J., Barrot, M., Georges, F.,
2011. Neuronal circuits underlying acute morphine action on dopamine neurons.
Proc. Natl. Acad. Sci. U. S. A. 108, 16446–16450. https://doi.org/10.1073/pnas.
1105418108.

Jannetto, P.J., Helander, A., Garg, U., Janis, G.C., Goldberger, B., Ketha, H., 2019. The
fentanyl epidemic and evolution of fentanyl analogs in the United States and the
European Union. Clin. Chem. 65, 242–253. https://doi.org/10.1373/clinchem.2017.
281626.

Jhou, T.C., Fields, H.L., Baxter, M.G., Saper, C.B., Holland, P.C., 2009a. The rostromedial
tegmental nucleus (RMTg), a GABAergic afferent to midbrain dopamine neurons,
encodes aversive stimuli and inhibits motor responses. Neuron 61, 786–800. https://
doi.org/10.1016/j.neuron.2009.02.001.

Jhou, T.C., Geisler, S., Marinelli, M., Degarmo, B.A., Zahm, D.S., 2009b. The mesopontine
rostromedial tegmental nucleus: a structure targeted by the lateral habenula that
projects to the ventral tegmental area of Tsai and substantia nigra compacta. J. Comp.
Neurol. 513, 566–596. https://doi.org/10.1002/cne.21891.

Jhou, T.C., Xu, S.-P., Lee, M.R., Gallen, C.L., Ikemoto, S., 2012. Mapping of reinforcing
and analgesic effects of the mu opioid agonist endomorphin-1 in the ventral midbrain
of the rat. Psychopharmacology (Berl.) 224, 303–312. https://doi.org/10.1007/
s00213-012-2753-6.

Johnson, S.W., North, R.A., 1992. Opioids excite dopamine neurons by hyperpolarization
of local interneurons. J. Neurosci. 12, 483–488.

Jordan, C.J., Cao, J., Newman, A.H., Xi, Z.-X., 2019a. Progress in agonist therapy for
substance use disorders: lessons learned from methadone and buprenorphine.
Neuropharmacology. https://doi.org/10.1016/j.neuropharm.2019.04.015.

Jordan, C.J., Humburg, B., Rice, M., Bi, G.-H., You, Z.-B., Shaik, A.B., Cao, J., Bonifazi, A.,

Gadiano, A., Rais, R., Slusher, B., Newman, A.H., Xi, Z.-X., 2019b. The highly se-
lective dopamine D3R antagonist, R-VK4-40 attenuates oxycodone reward and aug-
ments analgesia in rodents. Neuropharmacology, 107597. https://doi.org/10.1016/j.
neuropharm.2019.04.003.

Jordan, C.J., Humburg, B.A., Thorndike, E.B., Basha Shaik, A., Xi, Z.-X., Baumann, M.H.,
Hauck Newman, A., Schindler, C.W., 2019c. Newly-developed dopamine D3 receptor
antagonists, R-VK4-40 and R-VK4-116, do not potentiate cardiovascular effects of
cocaine or oxycodone in rats. J. Pharmacol. Exp. Ther. https://doi.org/10.1124/jpet.
119.259390.

Jose, P.A., Drago, J., Accili, D., Eisner, G.M., Felder, R.A., 1997. Transgenic mice to study
the role of dopamine receptors in cardiovascular function. Clin. Exp. Hypertens. 19,
15–25.

Joseph, E.K., Reichling, D.B., Levine, J.D., 2010. Shared mechanisms for opioid tolerance
and a transition to chronic pain. J. Neurosci. 30, 4660–4666. https://doi.org/10.
1523/JNEUROSCI.5530-09.2010.

Keck, T.M., Burzynski, C., Shi, L., Newman, A.H., 2014. Beyond small-molecule SAR:
using the dopamine D3 receptor crystal structure to guide drug design. Adv.
Pharmacol. 69, 267–300. https://doi.org/10.1016/B978-0-12-420118-7.00007-X.

Keck, T.M., John, W.S., Czoty, P.W., Nader, M.A., Newman, A.H., 2015. Identifying
medication targets for psychostimulant addiction: unraveling the dopamine D3 re-
ceptor hypothesis. J. Med. Chem. 58, 5361–5380. https://doi.org/10.1021/
jm501512b.

Keeler, B.E., Baran, C.A., Brewer, K.L., Clemens, S., 2012. Increased excitability of spinal
pain reflexes and altered frequency-dependent modulation in the dopamine D3-re-
ceptor knockout mouse. Exp. Neurol. 238, 273–283. https://doi.org/10.1016/j.
expneurol.2012.09.002.

Kheradmand, A., Banazadeh, N., Abedi, H., 2010. Physical effects of methadone main-
tenance treatment from the standpoint of clients. Addict. Health 2, 66–73.

Kitchen, I., Slowe, S.J., Matthes, H.W., Kieffer, B., 1997. Quantitative autoradiographic
mapping of mu-, delta- and kappa-opioid receptors in knockout mice lacking the mu-
opioid receptor gene. Brain Res. 778, 73–88. https://doi.org/10.1016/s0006-
8993(97)00988-8.

Kleber, H.D., 2007. Pharmacologic treatments for opioid dependence: detoxification and
maintenance options. Dialogues Clin. Neurosci. 9, 455–470.

Koehl, J.L., Zimmerman, D.E., Bridgeman, P.J., 2019. Medications for management of
opioid use disorder. Am. J. Health Syst. Pharm. 76, 1097–1103. https://doi.org/10.
1093/ajhp/zxz105.

Kosterlitz, H.W., Paterson, S.J., 1980. Characterization of opioid receptors in nervous
tissue. Proc. R. Soc. Lond. B Biol. Sci. 210, 113–122. https://doi.org/10.1098/rspb.
1980.0122.

Kula, N.S., Baldessarini, R.J., Kebabian, J.W., Neumeyer, J.L., 1994. S-(+)-aporphines are
not selective for human D3 dopamine receptors. Cell. Mol. Neurobiol. 14, 185–191.
https://doi.org/10.1007/bf02090784.

Kumar, V., Bonifazi, A., Ellenberger, M.P., Keck, T.M., Pommier, E., Rais, R., Slusher, B.S.,
Gardner, E., You, Z.B., Xi, Z.X., Newman, A.H., 2016. Highly selective dopamine D3
receptor (D3R) antagonists and partial agonists based on eticlopride and the D3R
crystal structure: new leads for opioid dependence treatment. J. Med. Chem. 59,
7634–7650. https://doi.org/10.1021/acs.jmedchem.6b00860.

Le Foll, B., Di Ciano, P., 2015. Neuronal circuitry underlying the impact of D3 receptor
ligands in drug addiction. Eur. Neuropsychopharmacol. 25, 1401–1409. https://doi.
org/10.1016/j.euroneuro.2014.08.017.

Le Foll, B., Francès, H., Diaz, J., Schwartz, J.-C., Sokoloff, P., 2002. Role of the dopamine
D3 receptor in reactivity to cocaine-associated cues in mice. Eur. J. Neurosci. 15,
2016–2026.

Le Foll, B., Diaz, J., Sokoloff, P., 2003. Increased dopamine D3 receptor expression ac-
companying behavioral sensitization to nicotine in rats. Synapse 47, 176–183.
https://doi.org/10.1002/syn.10170.

Le Foll, B., Collo, G., Rabiner, E.A., Boileau, I., Merlo Pich, E., Sokoloff, P., 2014.
Dopamine D3 receptor ligands for drug addiction treatment: update on recent find-
ings. Prog. Brain Res. 211, 255–275. https://doi.org/10.1016/B978-0-444-63425-2.
00011-8.

Le Foll, B., Payer, D., Di Ciano, P., Guranda, M., Nakajima, S., Tong, J., Mansouri, E.,
Wilson, A.A., Houle, S., Meyer, J.H., Graff-Guerrero, A., Boileau, I., 2016. Occupancy
of dopamine D3 and D2 receptors by buspirone: a [11C]-(+)-PHNO PET study in
humans. Neuropsychopharmacology 41, 529–537. https://doi.org/10.1038/npp.
2015.177.

Lecca, S., Melis, M., Luchicchi, A., Muntoni, A.L., Pistis, M., 2012. Inhibitory inputs from
rostromedial tegmental neurons regulate spontaneous activity of midbrain dopamine
cells and their responses to drugs of abuse. Neuropsychopharmacology 37,
1164–1176. https://doi.org/10.1038/npp.2011.302.

Levant, B., 1997. The D3 dopamine receptor: neurobiology and potential clinical re-
levance. Pharmacol. Rev. 49, 231–252.

Levant, B., McCarson, K.E., 2001. D(3) dopamine receptors in rat spinal cord: implications
for sensory and motor function. Neurosci. Lett. 303, 9–12. https://doi.org/10.1016/
s0304-3940(01)01692-5.

Levesque, D., Diaz, J., Pilon, C., Martres, M.P., Giros, B., Souil, E., Schott, D., Morgat, J.L.,
Scwartz, J.C., Sokoloff, P., 1992. Identification, characterization, and localization of
the dopamine D 3 receptor in rat brain using 7-[3 H]hydroxy- N, N -di- n -propyl-2-
aminotetralin. Proc. Natl. Acad. Sci. U. S. A. 89, 8155–8159.

Li, T., Hou, Y., Yan, C.X., Chen, T., Zhao, Y., Li, S.B., 2010. Dopamine D3 receptor knock-
out mice display deficits in locomotor sensitization after chronic morphine admin-
istration. Neurosci. Lett. 485, 256–260. https://doi.org/10.1016/j.neulet.2010.09.
025.

Li, T., Hou, Y., Cao, W., Yan, C.-X., Chen, T., Li, S.-B., 2012. Role of dopamine D3 re-
ceptors in basal nociception regulation and in morphine-induced tolerance and
withdrawal. Brain Res. 1433, 80–84. https://doi.org/10.1016/j.brainres.2011.11.

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

49

http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0315
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0315
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0315
https://doi.org/10.1016/s0306-4522(97)00298-4
https://doi.org/10.1016/s0002-9343(84)80036-4
https://doi.org/10.1016/s0002-9343(84)80036-4
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0330
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0330
https://doi.org/10.1016/j.drugalcdep.2011.04.004
https://doi.org/10.1016/S0893-133X(98)00066-9
https://doi.org/10.1016/S0893-133X(98)00066-9
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0345
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0345
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0350
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0350
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0355
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0355
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0355
https://doi.org/10.1016/j.jpain.2016.10.001
https://doi.org/10.1016/j.jpain.2016.10.001
https://doi.org/10.1016/j.brainres.2014.06.022
https://doi.org/10.1016/j.brainres.2014.06.022
https://doi.org/10.1016/j.ejphar.2005.09.038
https://doi.org/10.1016/j.ejphar.2005.09.038
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0375
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0375
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0375
https://doi.org/10.1111/j.1749-6632.2009.05149.x
https://doi.org/10.1111/j.1749-6632.2009.05149.x
https://doi.org/10.1016/j.ejphar.2011.02.046
https://doi.org/10.1523/JNEUROSCI.0178-13.2013
https://doi.org/10.1038/nature04172
https://doi.org/10.1111/add.13238
https://doi.org/10.1111/add.13238
https://doi.org/10.1016/j.ejphar.2013.10.026
https://doi.org/10.1073/pnas.1105418108
https://doi.org/10.1073/pnas.1105418108
https://doi.org/10.1373/clinchem.2017.281626
https://doi.org/10.1373/clinchem.2017.281626
https://doi.org/10.1016/j.neuron.2009.02.001
https://doi.org/10.1016/j.neuron.2009.02.001
https://doi.org/10.1002/cne.21891
https://doi.org/10.1007/s00213-012-2753-6
https://doi.org/10.1007/s00213-012-2753-6
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0435
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0435
https://doi.org/10.1016/j.neuropharm.2019.04.015
https://doi.org/10.1016/j.neuropharm.2019.04.003
https://doi.org/10.1016/j.neuropharm.2019.04.003
https://doi.org/10.1124/jpet.119.259390
https://doi.org/10.1124/jpet.119.259390
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0455
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0455
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0455
https://doi.org/10.1523/JNEUROSCI.5530-09.2010
https://doi.org/10.1523/JNEUROSCI.5530-09.2010
https://doi.org/10.1016/B978-0-12-420118-7.00007-X
https://doi.org/10.1021/jm501512b
https://doi.org/10.1021/jm501512b
https://doi.org/10.1016/j.expneurol.2012.09.002
https://doi.org/10.1016/j.expneurol.2012.09.002
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0480
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0480
https://doi.org/10.1016/s0006-8993(97)00988-8
https://doi.org/10.1016/s0006-8993(97)00988-8
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0490
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0490
https://doi.org/10.1093/ajhp/zxz105
https://doi.org/10.1093/ajhp/zxz105
https://doi.org/10.1098/rspb.1980.0122
https://doi.org/10.1098/rspb.1980.0122
https://doi.org/10.1007/bf02090784
https://doi.org/10.1021/acs.jmedchem.6b00860
https://doi.org/10.1016/j.euroneuro.2014.08.017
https://doi.org/10.1016/j.euroneuro.2014.08.017
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0520
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0520
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0520
https://doi.org/10.1002/syn.10170
https://doi.org/10.1016/B978-0-444-63425-2.00011-8
https://doi.org/10.1016/B978-0-444-63425-2.00011-8
https://doi.org/10.1038/npp.2015.177
https://doi.org/10.1038/npp.2015.177
https://doi.org/10.1038/npp.2011.302
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0545
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0545
https://doi.org/10.1016/s0304-3940(01)01692-5
https://doi.org/10.1016/s0304-3940(01)01692-5
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0555
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0555
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0555
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0555
https://doi.org/10.1016/j.neulet.2010.09.025
https://doi.org/10.1016/j.neulet.2010.09.025
https://doi.org/10.1016/j.brainres.2011.11.045


045.
Lv, Y., Hu, R.-R., Jing, M., Zhao, T.-Y., Wu, N., Song, R., Li, J., Hu, G., 2019. Selective

dopamine D3 receptor antagonist YQA14 inhibits morphine-induced behavioral
sensitization in wild type, but not in dopamine D3 receptor knockout mice. Acta
Pharmacol. Sin. 40, 583–588. https://doi.org/10.1038/s41401-018-0153-0.

Malec, E., Malec, T., Gagné, M.A., Dongier, M., 1996a. Buspirone in the treatment of
alcohol dependence: a placebo-controlled trial. Alcohol. Clin. Exp. Res. 20, 307–312.
https://doi.org/10.1111/j.1530-0277.1996.tb01644.x.

Malec, T.S., Malec, E.A., Dongier, M., 1996b. Efficacy of buspirone in alcohol depen-
dence: a review. Alcohol. Clin. Exp. Res. 20, 853–858. https://doi.org/10.1111/j.
1530-0277.1996.tb05263.x.

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H., Watson, S.J., 1987.
Autoradiographic differentiation of mu, delta, and kappa opioid receptors in the rat
forebrain and midbrain. J. Neurosci. 7, 2445–2464.

Margolis, E.B., Hjelmstad, G.O., Fujita, W., Fields, H.L., 2014. Direct bidirectional μ-
opioid control of midbrain dopamine neurons. J. Neurosci. 34, 14707–14716.
https://doi.org/10.1523/JNEUROSCI.2144-14.2014.

Mash, D.C., Staley, J.K., 1999. D3 dopamine and kappa opioid receptor alterations in
human brain of cocaine-overdose victims. Ann. N. Y. Acad. Sci. 877, 507–522.

Matsui, A., Williams, J.T., 2011. Opioid-sensitive GABA inputs from rostromedial teg-
mental nucleus synapse onto midbrain dopamine neurons. J. Neurosci. 31,
17729–17735. https://doi.org/10.1523/JNEUROSCI.4570-11.2011.

Matsui, A., Jarvie, B.C., Robinson, B.G., Hentges, S.T., Williams, J.T., 2014. Separate
GABA afferents to dopamine neurons mediate acute action of opioids, development of
tolerance, and expression of withdrawal. Neuron 82, 1346–1356. https://doi.org/10.
1016/j.neuron.2014.04.030.

Mattick, R.P., Breen, C., Kimber, J., Davoli, M., 2014. Buprenorphine maintenance versus
placebo or methadone maintenance for opioid dependence. Cochrane Database Syst.
Rev., CD002207. https://doi.org/10.1002/14651858.CD002207.pub4.

McRae-Clark, A.L., Carter, R.E., Killeen, T.K., Carpenter, M.J., Wahlquist, A.E., Simpson,
S.A., Brady, K.T., 2009. A placebo-controlled trial of buspirone for the treatment of
marijuana dependence. Drug Alcohol Depend. 105, 132–138. https://doi.org/10.
1016/j.drugalcdep.2009.06.022.

McRae-Clark, A.L., Baker, N.L., Gray, K.M., Killeen, T.K., Wagner, A.M., Brady, K.T.,
DeVane, C.L., Norton, J., 2015. Buspirone treatment of cannabis dependence: a
randomized, placebo-controlled trial. Drug Alcohol Depend. 156, 29–37. https://doi.
org/10.1016/j.drugalcdep.2015.08.013.

Meador-Woodruff, J.H., Mansour, A., Grandy, D.K., Damask, S.P., Civelli, O., Watson Jr.,
S.J., 1992. Distribution of D5 dopamine receptor mRNA in rat brain. Neurosci. Lett.
145, 209–212.

Méndez, M., Leriche, M., Carlos Calva, J., 2003. Acute ethanol administration transiently
decreases [3H]-DAMGO binding to mu opioid receptors in the rat substantia nigra
pars reticulata but not in the caudate-putamen. Oct. Neurosci Res. 47 (2), 153–160.

MERRER, J.L., BECKER, J.A.J., BEFORT, K., KIEFFER, B.L., 2009. Reward processing by
the opioid system in the brain. Physiol. Rev. 89, 1379–1412. https://doi.org/10.
1152/physrev.00005.2009.

Mickiewicz, A.L., Dallimore, J.E., Napier, T.C., 2009. The ventral pallidum is critically
involved in the development and expression of morphine-induced sensitization.
Neuropsychopharmacology 34, 874–886. https://doi.org/10.1038/npp.2008.111.

Millan, M.J., Członkowski, A., Morris, B., Stein, C., Arendt, R., Huber, A., Höllt, V., Herz,
A., 1988. Inflammation of the hind limb as a model of unilateral, localized pain:
influence on multiple opioid systems in the spinal cord of the rat. Pain 35, 299–312.
https://doi.org/10.1016/0304-3959(88)90140-6.

Millan, M.J., Peglion, J.L., Vian, J., Rivet, J.M., Brocco, M., Gobert, A., Newman-
Tancredi, A., Dacquet, C., Bervoets, K., Girardon, S., 1995. Functional correlates of
dopamine D3 receptor activation in the rat in vivo and their modulation by the se-
lective antagonist, (+)-S 14297: 1. Activation of postsynaptic D3 receptors mediates
hypothermia, whereas blockade of D2 receptors elicits prolactin secretion and cata-
lepsy. J. Pharmacol. Exp. Ther. 275, 885–898.

Mitrovic, I., Napier, T.C., 1995. Elctrophysiological demonstration of u, s, and k opiod
receptors in the ventral pallidum. J. Pharmacol. Exp. Ther. 272, 1260–1270.

Mogg, K., Bradley, B.P., O’Neill, B., Bani, M., Merlo-Pich, E., Koch, A., Bullmore, E.T.,
Nathan, P.J., 2012. Effect of dopamine D₃ receptor antagonism on approach re-
sponses to food cues in overweight and obese individuals. Behav. Pharmacol. 23,
603–608. https://doi.org/10.1097/FBP.0b013e3283566a4a.

Morgan, J.R., Schackman, B.R., Leff, J.A., Linas, B.P., Walley, A.Y., 2018. Injectable
naltrexone, oral naltrexone, and buprenorphine utilization and discontinuation
among individuals treated for opioid use disorder in a United States commercially
insured population. J. Subst. Abuse Treat. 85, 90–96. https://doi.org/10.1016/j.jsat.
2017.07.001.

Mugnaini, M., Iavarone, L., Cavallini, P., Griffante, C., Oliosi, B., Savoia, C., Beaver, J.,
Rabiner, E.A., Micheli, F., Heidbreder, C., Andorn, A., Merlo Pich, E., Bani, M., 2013.
Occupancy of brain dopamine D3 receptors and drug craving: a translational ap-
proach. Neuropsychopharmacology 38, 302–312. https://doi.org/10.1038/npp.
2012.171.

Narita, M., Mizuo, K., Mizoguchi, H., Sakata, M., Tseng, L.F., Suzuki, T., 2003. Molecular
evidence for the functional role of dopamine D3 receptor in the morphine-induced
rewarding effect and hyperlocomotion. J. Neurosci. 23, 1006–1012.

Nathan, P.J., O’Neill, B.V., Mogg, K., Bradley, B.P., Beaver, J., Bani, M., Merlo-Pich, E.,
Fletcher, P.C., Swirski, B., Koch, A., Dodds, C.M., Bullmore, E.T., 2012. The effects of
the dopamine D₃ receptor antagonist GSK598809 on attentional bias to palatable
food cues in overweight and obese subjects. Int. J. Neuropsychopharmacol. 15,
149–161. https://doi.org/10.1017/S1461145711001052.

Nayebi, A.M., Rezazadeh, H., Nourafkan, M., 2010. Buspirone attenuates tolerance to
analgesic effect of morphine in mice with skin cancer. Pak. J. Pharm. Sci. 23,
201–206.

Neisewander, J.L., Fuchs, R.A., Tran-Nguyen, L.T., Weber, S.M., Coffey, G.P., Joyce, J.N.,
2004. Increases in dopamine D3 receptor binding in rats receiving a cocaine chal-
lenge at various time points after cocaine self-administration: implications for co-
caine-seeking behavior. Neuropsychopharmacology 29, 1479–1487.

Newman, A.H., Cao, J., Bennett, C.J., Robarge, M.J., Freeman, R.A., Luedtke, R.R., 2003.
N-(4-[4-(2,3-dichlorophenyl)piperazin-1-yl]butyl, butenyl and butynyl)arylcarbox-
amides as novel dopamine D(3) receptor antagonists. Bioorg. Med. Chem. Lett. 13,
2179–2183.

Newman, A.H., Grundt, P., Nader, M.A., 2005. Dopamine D3 receptor partial agonists and
antagonists as potential drug abuse therapeutic agents. J. Med. Chem. 48,
3663–3679.

Newman, A.H., Grundt, P., Cyriac, G., Deschamps, J.R., Taylor, M., Kumar, R., Ho, D.,
Luedtke, R.R., 2009. N-(4-(4-(2,3-dichloro- or 2-methoxyphenyl)piperazin-1-yl)
butyl)heterobiarylcarboxamides with functionalized linking chains as high affinity
and enantioselective D3 receptor antagonists. J. Med. Chem. 52, 2559–2570. https://
doi.org/10.1021/jm900095y.

Newman, A.H., Blaylock, B.L., Nader, M.A., Bergman, J., Sibley, D.R., Skolnick, P., 2012.
Medication discovery for addiction: translating the dopamine D3 receptor hypothesis.
Biochem. Pharmacol. 84, 882–890. https://doi.org/10.1016/j.bcp.2012.06.023.

NIDA, 2016. Trends and Statistics [WWW Document]. National Institute on Drug Abuse.
Nielsen, S., Larance, B., Degenhardt, L., Gowing, L., Kehler, C., Lintzeris, N., 2016. Opioid

agonist treatment for pharmaceutical opioid dependent people. Cochrane Database
Syst. Rev. https://doi.org/10.1002/14651858.CD011117.pub2.

Noël, F., Pompeu, T.E.T., Moura, B.C., 2014. Functional binding assays for estimation of
the intrinsic efficacy of ligands at the 5-HT1A receptor: application for screening drug
candidates. J. Pharmacol. Toxicol. Methods 70, 12–18. https://doi.org/10.1016/j.
vascn.2014.03.002.

Nosyk, B., Anglin, M.D., Brecht, M.-L., Lima, V.D., Hser, Y.-I., 2013. Characterizing
durations of heroin abstinence in the California civil Addict Program: results from a
33-year observational cohort study. Am. J. Epidemiol. 177, 675–682. https://doi.
org/10.1093/aje/kws284.

Nutt, D.J., Lingford-Hughes, A., Erritzoe, D., Stokes, P.R.A., 2015. The dopamine theory
of addiction: 40 years of highs and lows. Nat. Rev. Neurosci. 16, 305–312. https://
doi.org/10.1038/nrn3939.

O’Malley, K.L., Harmon, S., Tang, L., Todd, R.D., 1992. The rat dopamine D4 receptor:
sequence, gene structure, and demonstration of expression in the cardiovascular
system. New Biol. 4, 137–146.

Olds, M.E., 1982. Reinforcing effect of morphine in the nucleus accumbens. Brain Res.
237, 429–440.

Olmstead, M.C., Franklin, K.B., 1997. The development of a conditioned place preference
to morphine: effects of microinjections into various CNS sites. Behav. Neurosci. 111,
1324–1334. https://doi.org/10.1037//0735-7044.111.6.1324.

Olson, V.G., Nestler, E.J., 2007. Topographical organization of GABAergic neurons within
the ventral tegmental area of the rat. Synapse 61, 87–95. https://doi.org/10.1002/
syn.20345.

Pak, A.C., Ashby Jr., C.R., Heidbreder, C.A., Pilla, M., Gilbert, J., Xi, Z.-X., Gardner, E.L.,
2006. The selective dopamine D3 receptor antagonist SB-277011A reduces nicotine-
enhanced brain reward and nicotine-paired environmental cue functions. Int. J.
Neuropsychopharmacol. 9, 585–602. https://doi.org/10.1017/
S1461145706006560.

Pasternak, G.W., Wood, P.J., 1986. Multiple mu opiate receptors. Life Sci. 38, 1889–1898.
https://doi.org/10.1016/0024-3205(86)90217-1.

Peng, X.Q., Ashby Jr., C.R., Spiller, K., Li, X., Li, J., Thomasson, N., Millan, M.J., Mocaer,
E., Munoz, C., Gardner, E.L., Xi, Z.X., 2009. The preferential dopamine D3 receptor
antagonist S33138 inhibits cocaine reward and cocaine-triggered relapse to drug-
seeking behavior in rats. Neuropharmacology 56, 752–760. https://doi.org/10.1016/
j.neuropharm.2008.12.007.

Pettit, H.O., Ettenberg, A., Bloom, F.E., Koob, G.F., 1984. Destruction of dopamine in the
nucleus accumbens selectively attenuates cocaine but not heroin self-administration
in rats. Psychopharmacology 84, 167–173.

Phillips, A.G., LePiane, F.G., 1980. Reinforcing effects of morphine microinjection into
the ventral tegmental area. Pharmacol. Biochem. Behav. 12, 965–968.

Pilla, M., Perachon, S., Sautel, F., Garrido, F., Mann, A., Wermuth, C.G., Schwartz, J.C.,
Everitt, B.J., Sokoloff, P., 1999. Selective inhibition of cocaine-seeking behaviour by
a partial dopamine D3 receptor agonist. Nature 400, 371–375.

Pisanu, A., Lecca, D., Valentini, V., Bahi, A., Dreyer, J.-L., Cacciapaglia, F., Scifo, A., Piras,
G., Cadoni, C., Di Chiara, G., 2015. Impairment of acquisition of intravenous cocaine
self-administration by RNA-interference of dopamine D1-receptors in the nucleus
accumbens shell. Neuropharmacology 89, 398–411. https://doi.org/10.1016/j.
neuropharm.2014.10.018.

Powell, K.R., Picker, M.J., Dykstra, L.A., 1994. Serotonin involvement in the dis-
criminative stimulus effects of mu and kappa opioids in rats. Behav. Pharmacol. 5,
255–264.

Rasmussen, K., White, D.A., Acri, J.B., 2019. NIDA’s medication development priorities in
response to the Opioid Crisis: ten most wanted. Neuropsychopharmacology 44,
657–659. https://doi.org/10.1038/s41386-018-0292-5.

Ray, S.B., Wadhwa, S., 2004. Expression of mu-opioid receptors in developing rat spinal
cord: an autoradiographic study. Indian J. Exp. Biol. 42, 533–537.

Reavill, C., Taylor, S.G., Wood, M.D., Ashmeade, T., Austin, N.E., Avenell, K.Y., Boyfield,
I., Branch, C.L., Cilia, J., Coldwell, M.C., Hadley, M.S., Hunter, A.J., Jeffrey, P.,
Jewitt, F., Johnson, C.N., Jones, D.N., Medhurst, A.D., Middlemiss, D.N., Nash, D.J.,
Riley, G.J., Routledge, C., Stemp, G., Thewlis, K.M., Trail, B., Vong, A.K., Hagan, J.J.,
2000. Pharmacological actions of a novel, high-affinity, and selective human dopa-
mine D(3) receptor antagonist, SB-277011-A. J. Pharmacol. Exp. Ther. 294,
1154–1165.

Rose, J.S., Branchey, M., Wallach, L., Buydens-Branchey, L., 2003. Effects of buspirone in

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

50

https://doi.org/10.1016/j.brainres.2011.11.045
https://doi.org/10.1038/s41401-018-0153-0
https://doi.org/10.1111/j.1530-0277.1996.tb01644.x
https://doi.org/10.1111/j.1530-0277.1996.tb05263.x
https://doi.org/10.1111/j.1530-0277.1996.tb05263.x
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0585
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0585
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0585
https://doi.org/10.1523/JNEUROSCI.2144-14.2014
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0595
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0595
https://doi.org/10.1523/JNEUROSCI.4570-11.2011
https://doi.org/10.1016/j.neuron.2014.04.030
https://doi.org/10.1016/j.neuron.2014.04.030
https://doi.org/10.1002/14651858.CD002207.pub4
https://doi.org/10.1016/j.drugalcdep.2009.06.022
https://doi.org/10.1016/j.drugalcdep.2009.06.022
https://doi.org/10.1016/j.drugalcdep.2015.08.013
https://doi.org/10.1016/j.drugalcdep.2015.08.013
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0625
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0625
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0625
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0630
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0630
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0630
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1038/npp.2008.111
https://doi.org/10.1016/0304-3959(88)90140-6
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0650
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0655
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0655
https://doi.org/10.1097/FBP.0b013e3283566a4a
https://doi.org/10.1016/j.jsat.2017.07.001
https://doi.org/10.1016/j.jsat.2017.07.001
https://doi.org/10.1038/npp.2012.171
https://doi.org/10.1038/npp.2012.171
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0675
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0675
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0675
https://doi.org/10.1017/S1461145711001052
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0685
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0685
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0685
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0690
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0690
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0690
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0690
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0695
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0695
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0695
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0695
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0700
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0700
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0700
https://doi.org/10.1021/jm900095y
https://doi.org/10.1021/jm900095y
https://doi.org/10.1016/j.bcp.2012.06.023
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0715
https://doi.org/10.1002/14651858.CD011117.pub2
https://doi.org/10.1016/j.vascn.2014.03.002
https://doi.org/10.1016/j.vascn.2014.03.002
https://doi.org/10.1093/aje/kws284
https://doi.org/10.1093/aje/kws284
https://doi.org/10.1038/nrn3939
https://doi.org/10.1038/nrn3939
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0740
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0740
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0740
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0745
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0745
https://doi.org/10.1037//0735-7044.111.6.1324
https://doi.org/10.1002/syn.20345
https://doi.org/10.1002/syn.20345
https://doi.org/10.1017/S1461145706006560
https://doi.org/10.1017/S1461145706006560
https://doi.org/10.1016/0024-3205(86)90217-1
https://doi.org/10.1016/j.neuropharm.2008.12.007
https://doi.org/10.1016/j.neuropharm.2008.12.007
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0775
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0775
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0775
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0780
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0780
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0785
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0785
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0785
https://doi.org/10.1016/j.neuropharm.2014.10.018
https://doi.org/10.1016/j.neuropharm.2014.10.018
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0795
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0795
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0795
https://doi.org/10.1038/s41386-018-0292-5
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0805
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0805
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0810
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0815


withdrawal from opiates. Am. J. Addict. 12, 253–259.
Ross, J.T., Corrigall, W.A., Heidbreder, C.A., LeSage, M.G., 2007. Effects of the selective

dopamine D3 receptor antagonist SB-277011A on the reinforcing effects of nicotine
as measured by a progressive-ratio schedule in rats. Eur. J. Pharmacol. 559, 173–179.
https://doi.org/10.1016/j.ejphar.2007.01.004.

Rudd, R.A., Aleshire, N., Zibbell, J.E., Gladden, R.M., 2016. Increases in drug and opioid
overdose deaths – United States, 2000–2014. MMWR Morb. Mortal. Wkly. Rep. 64,
1378–1382. https://doi.org/10.15585/mmwr.mm6450a3.

Schneider, N.G., Olmstead, R.E., Steinberg, C., Sloan, K., Daims, R.M., Brown, H.V., 1996.
Efficacy of buspirone in smoking cessation: a placebo-controlled trial. Clin.
Pharmacol. Ther. 60, 568–575. https://doi.org/10.1016/S0009-9236(96)90153-8.

Segal, D.M., Moraes, C.T., Mash, D.C., 1997. Up-regulation of D3 dopamine receptor
mRNA in the nucleus accumbens of human cocaine fatalities. Brain Res. Mol. Brain
Res. 45, 335–339.

Shaik, A.B., Kumar, V., Bonifazi, A., Guerrero, A.M., Cemaj, S.L., Gadiano, A., Lam, J., Xi,
Z.-X., Rais, R., Slusher, B.S., Newman, A.H., 2019. Investigation of novel primary and
secondary pharmacophores and 3-substitution in the linking chain of a series of
highly selective and bitopic dopamine D3 receptor antagonists and partial agonists. J.
Med. Chem. 62, 9061–9077. https://doi.org/10.1021/acs.jmedchem.9b00607.

Sokoloff, P., Le Foll, B., 2017. The dopamine D3 receptor, a quarter century later. Eur. J.
Neurosci. 45, 2–19. https://doi.org/10.1111/ejn.13390.

Sokoloff, P., Le Foll, B., Perachon, S., Bordet, R., Ridray, S., Schwartz, J.C., 2001. The
dopamine D3 receptor and drug addiction. Neurotox. Res. 3, 433–441. https://doi.
org/10.1007/bf03033202.

Somerville, N.J., O’Donnell, J., Gladden, R.M., Zibbell, J.E., Green, T.C., Younkin, M.,
Ruiz, S., Babakhanlou-Chase, H., Chan, M., Callis, B.P., Kuramoto-Crawford, J.,
Nields, H.M., Walley, A.Y., 2017. Characteristics of fentanyl overdose -
Massachusetts, 2014–2016. MMWR Morb. Mortal. Wkly. Rep. 66, 382–386. https://
doi.org/10.15585/mmwr.mm6614a2.

Song, R., Yang, R.-F., Wu, N., Su, R.-B., Li, J., Peng, X.-Q., Li, X., Gaál, J., Xi, Z.-X.,
Gardner, E.L., 2011. YQA14: a novel dopamine D3 receptor antagonist that inhibits
cocaine self-administration in rats and mice, but not in D3 receptor-knockout mice.
Addict. Biol. 17, 259–273.

Song, R., Zhang, H.-Y., Li, X., Bi, G.H., Gardner, E.L., Xi, Z.-X., 2012. Increased vulner-
ability to cocaine in mice lacking dopamine D3 receptors. Proc. Natl. Acad. Sci. U. S.
A. 109, 17675–17680.

Song, R., Zhang, H.-Y., Peng, X.-Q., Su, R.-B., Yang, R.-F., Li, J., Xi, Z.-X., Gardner, E.L.,
2013. Dopamine D3 receptor deletion or blockade attenuates cocaine-induced con-
ditioned place preference in mice. Neuropharmacology 72, 82–87.

Song, R., Bi, G.-H., Zhang, H.-Y., Yang, R.-F., Gardner, E.L., Li, J., Xi, Z.-X., 2014.
Blockade of D3 receptors by YQA14 inhibits cocaine’s rewarding effects and relapse
to drug-seeking behavior in rats. Neuropharmacology 77, 398–405.

Spangler, R., Goddard, N.L., Avena, N.M., Hoebel, B.G., Leibowitz, S.F., 2003. Elevated
D3 dopamine receptor mRNA in dopaminergic and dopaminoceptive regions of the
rat brain in response to morphine. Brain Res. Mol. Brain Res. 111, 74–83.

Spiller, K., Xi, Z.-X., Peng, X.-Q., Newman, A.H., Ashby Jr., C.R., Heidbreder, C., Gaal, J.,
Gardner, E.L., 2008. The selective dopamine D3 receptor antagonists SB-277011A
and NGB 2904 and the putative partial D3 receptor agonist BP-897 attenuate me-
thamphetamine-enhanced brain stimulation reward in rats. Psychopharmacology
196, 533–542. https://doi.org/10.1007/s00213-007-0986-6.

Staley, J.K., Mash, D.C., 1996. Adaptive increase in d 3 dopamine receptors in the brain
reward circuit of human cocaine fatalities. J. Neurosci. 16, 6100–6106.

Steidl, S., Myal, S., Wise, R.A., 2015. Supplemental morphine infusion into the posterior
ventral tegmentum extends the satiating effects of self-administered intravenous
heroin. Pharmacol. Biochem. Behav. 134, 1–5. https://doi.org/10.1016/j.pbb.2015.
04.006.

Steidl, S., Wasserman, D.I., Blaha, C.D., Yeomans, J.S., 2017. Opioid-induced rewards,
locomotion, and dopamine activation: a proposed model for control by mesopontine
and rostromedial tegmental neurons. Neurosci. Biobehav. Rev. 83, 72–82. https://
doi.org/10.1016/j.neubiorev.2017.09.022.

Stemp, G., Ashmeade, T., Branch, C.L., Hadley, M.S., Hunter, A.J., Johnson, C.N., Nash,
D.J., Thewlis, K.M., Vong, A.K., Austin, N.E., Jeffrey, P., Avenell, K.Y., Boyfield, I.,
Hagan, J.J., Middlemiss, D.N., Reavill, C., Riley, G.J., Routledge, C., Wood, M., 2000.
Design and synthesis of trans-N-[4-[2-(6-cyano-1,2,3, 4-tetrahydroisoquinolin-2-yl)
ethyl]cyclohexyl]-4-quinolinecarboxamide (SB-277011): a potent and selective do-
pamine D(3) receptor antagonist with high oral bioavailability and CNS penetration
in the rat. J. Med. Chem. 43, 1878–1885. https://doi.org/10.1021/jm000090i.

Stotts, A.L., Dodrill, C.L., Kosten, T.R., 2009. Opioid dependence treatment: options in
pharmacotherapy. Expert Opin. Pharmacother. 10, 1727–1740. https://doi.org/10.
1517/14656560903037168.

Tan, K.R., Yvon, C., Turiault, M., Mirzabekov, J.J., Doehner, J., Labouèbe, G., Deisseroth,
K., Tye, K.M., Lüscher, C., 2012. GABA neurons of the VTA drive conditioned place
aversion. Neuron 73, 1173–1183. https://doi.org/10.1016/j.neuron.2012.02.015.

Tempel, A., Zukin, R.S., 1987. Neuroanatomical patterns of the mu, delta, and kappa
opioid receptors of rat brain as determined by quantitative in vitro autoradiography.
Jun. Proc Natl Acad Sci U S A. 84 (12), 4308–4312.

Thomas, M., Ciuclan, L., Hussey, M.J., Press, N.J., 2013. Targeting the serotonin pathway
for the treatment of pulmonary arterial hypertension. Pharmacol. Ther. 138,
409–417. https://doi.org/10.1016/j.pharmthera.2013.02.002.

Tobin, S., Newman, A.H., Quinn, T., Shalev, U., 2009. A role for dopamine D1-like re-
ceptors in acute food deprivation-induced reinstatement of heroin seeking in rats. Int.
J. Neuropsychopharmacol. 12, 217–226. https://doi.org/10.1017/
S1461145708008778.

Vaillant, G.E., 1973. A 20-year follow-up of New York narcotic addicts. Arch. Gen.
Psychiatry 29, 237–241. https://doi.org/10.1001/archpsyc.1973.04200020065009.

van Ree, J.M., Ramsey, N., 1987. The dopamine hypothesis of opiate reward challenged.

Eur. J. Pharmacol. 134, 239–243.
van Zessen, R., Phillips, J.L., Budygin, E.A., Stuber, G.D., 2012. Activation of VTA GABA

neurons disrupts reward consumption. Neuron 73, 1184–1194. https://doi.org/10.
1016/j.neuron.2012.02.016.

Volkow, N.D., 2020. Collision of the COVID-19 and addiction epidemics. Ann. Intern.
Med. 2020 (Apr 2). https://doi.org/10.7326/M20-1212. [Epub ahead of print].

Volkow, N.D., Jones, E.B., Einstein, E.B., Wargo, E.M., 2019. Prevention and treatment of
opioid misuse and addiction: a review. JAMA Psychiatry 76, 208–216. https://doi.
org/10.1001/jamapsychiatry.2018.3126.

Vorel, S.R., Ashby Jr., C.R., Paul, M., Liu, X., Hayes, R., Hagan, J.J., Middlemiss, D.N.,
Stemp, G., Gardner, E.L., 2002. Dopamine D3 receptor antagonism inhibits cocaine-
seeking and cocaine-enhanced brain reward in rats. J. Neurosci. 22, 9595–9603.

Wager, T.T., Chappie, T., Horton, D., Chandrasekaran, R.Y., Samas, B., Dunn-Sims, E.R.,
Hsu, C., Nawreen, N., Vanase-Frawley, M.A., O’Connor, R.E., Schmidt, C.J.,
Dlugolenski, K., Stratman, N.C., Majchrzak, M.J., Kormos, B.L., Nguyen, D.P.,
Sawant-Basak, A., Mead, A.N., 2017. Dopamine D3/D2 receptor antagonist PF-
4363467 attenuates opioid drug-seeking behavior without concomitant D2 side ef-
fects. ACS Chem. Neurosci. 8, 165–177. https://doi.org/10.1021/acschemneuro.
6b00297.

Wang, S., 2019. Historical review: opiate addiction and opioid receptors. Cell Transplant.
28, 233–238. https://doi.org/10.1177/0963689718811060.

Wasserman, D.I., Tan, J.M.J., Kim, J.C., Yeomans, J.S., 2016. Muscarinic control of ros-
tromedial tegmental nucleus GABA neurons and morphine-induced locomotion. Eur.
J. Neurosci. 44, 1761–1770. https://doi.org/10.1111/ejn.13237.

Watabe-Uchida, M., Zhu, L., Ogawa, S.K., Vamanrao, A., Uchida, N., 2012. Whole-brain
mapping of direct inputs to midbrain dopamine neurons. Neuron 74, 858–873.

Weiner, D.M., Levey, A.I., Sunahara, R.K., Niznik, H.B., O’Dowd, B.F., Seeman, P., Brann,
M.R., 1991. D1 and D2 dopamine receptor mRNA in rat brain. Proc. Natl. Acad. Sci.
U. S. A. 88, 1859–1863.

Welzl, H., Kuhn, G., Huston, J.P., 1989. Self-administration of small amounts of morphine
through glass micropipettes into the ventral tegmental area of the rat.
Neuropharmacology 28, 1017–1023.

White House, 2017. The White House. The Opioid Crisis. 2017. https://www.
whitehouse.gov/opioids/.

Wicke, K., Garcia-Ladona, J., 2001. The dopamine D3 receptor partial agonist, BP 897, is
an antagonist at human dopamine D3 receptors and at rat somatodendritic dopamine
D3 receptors. Eur. J. Pharmacol. 424, 85–90. https://doi.org/10.1016/s0014-
2999(01)01054-8.

Winhusen, T.M., Kropp, F., Lindblad, R., Douaihy, A., Haynes, L., Hodgkins, C., Chartier,
K., Kampman, K.M., Sharma, G., Lewis, D.F., VanVeldhuisen, P., Theobald, J., May,
J., Brigham, G.S., 2014. Multisite, randomized, double-blind, placebo-controlled pilot
clinical trial to evaluate the efficacy of buspirone as a relapse-prevention treatment
for cocaine dependence. J. Clin. Psychiatry 75, 757–764. https://doi.org/10.4088/
JCP.13m08862.

Wood, M.D., Boyfield, I., Nash, D.J., Jewitt, F.R., Avenell, K.Y., Riley, G.J., 2000.
Evidence for antagonist activity of the dopamine D3 receptor partial agonist, BP 897,
at human dopamine D3 receptor. Eur. J. Pharmacol. 407, 47–51. https://doi.org/10.
1016/s0014-2999(00)00732-9.

Xi, Z.-X., Gardner, E.L., 2007. Pharmacological actions of NGB 2904, a selective dopamine
D3 receptor antagonist, in animal models of drug addiction. CNS Drug Rev. 13,
240–259.

Xi, Z.-X., Gardner, E.L., 2008. Hypothesis-driven medication discovery for the treatment
of psychostimulant addiction. Curr. Drug Abuse Rev. 1, 303–327.

Xi, Z.-X., Gilbert, J., Campos, A.C., Kline, N., Ashby Jr., C.R., Hagan, J.J., Heidbreder,
C.A., Gardner, E.L., 2004. Blockade of mesolimbic dopamine D3 receptors inhibits
stress-induced reinstatement of cocaine-seeking in rats. Psychopharmacology 176,
57–65.

Xi, Z.-X., Gilbert, J.G., Pak, A.C., Ashby Jr., C.R., Heidbreder, C.A., Gardner, E.L., 2005.
Selective dopamine D3 receptor antagonism by SB-277011A attenuates cocaine re-
inforcement as assessed by progressive-ratio and variable-cost-variable-payoff fixed-
ratio cocaine self-administration in rats. Eur. J. Neurosci. 21, 3427–3438.

Xi, Z.-X., Newman, A.H., Gilbert, J.G., Pak, A.-C., Peng, X.-Q., Ashby Jr., C.R., Gitajn, L.,
Gardner, E.L., 2006. The novel dopamine D3 receptor antagonist NGB 2904 inhibits
cocaine’s rewarding effects and cocaine-induced reinstatement of drug-seeking be-
havior in rats. Neuropsychopharmacology 31, 1393–13405.

Xia, Y., Driscoll, J.R., Wilbrecht, L., Margolis, E.B., Fields, H.L., Hjelmstad, G.O., 2011.
Nucleus accumbens medium spiny neurons target non-dopaminergic neurons in the
ventral tegmental area. J Neurosci. 21, 7811–7816.

You, Z.-B., Gao, J.-T., Bi, G.-H., He, Y., Boateng, C., Cao, J., Gardner, E.L., Newman, A.H.,
Xi, Z.-X., 2017. The novel dopamine D3 receptor antagonists/partial agonists CAB2-
015 and BAK4-54 inhibit oxycodone-taking and oxycodone-seeking behavior in rats.
Neuropharmacology 126, 190–199. https://doi.org/10.1016/j.neuropharm.2017.09.
007.

You, Z.-B., Bi, G.-H., Galaj, E., Kumar, V., Cao, J., Gadiano, A., Rais, R., Slusher, B.S.,
Gardner, E.L., Xi, Z.-X., Newman, A.H., 2018. Dopamine D3R antagonist VK4-116
attenuates oxycodone self-administration and reinstatement without compromising
its antinociceptive effects. Neuropsychopharmacology. https://doi.org/10.1038/
s41386-018-0284-5.

Yuan, J., Chen, X., Brodbeck, R., Primus, R., Braun, J., Wasley, J.W., Thurkauf, A., 1998.
NGB 2904 and NGB 2849: two highly selective dopamine D3 receptor antagonists.
Bioorg. Med. Chem. Lett. 8, 2715–2718.

Zangen, A., Ikemoto, S., Zadina, J.E., Wise, R.A., 2002. Rewarding and psychomotor
stimulant effects of endomorphin-1: anteroposterior differences within the ventral
tegmental area and lack of effect in nucleus accumbens. J. Neurosci. 22, 7225–7233.

Zeng, C., Sanada, H., Watanabe, H., Eisner, G.M., Felder, R.A., Jose, P.A., 2004.
Functional genomics of the dopaminergic system in hypertension. Physiol. Genomics

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

51

http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0815
https://doi.org/10.1016/j.ejphar.2007.01.004
https://doi.org/10.15585/mmwr.mm6450a3
https://doi.org/10.1016/S0009-9236(96)90153-8
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0835
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0835
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0835
https://doi.org/10.1021/acs.jmedchem.9b00607
https://doi.org/10.1111/ejn.13390
https://doi.org/10.1007/bf03033202
https://doi.org/10.1007/bf03033202
https://doi.org/10.15585/mmwr.mm6614a2
https://doi.org/10.15585/mmwr.mm6614a2
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0860
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0860
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0860
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0860
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0865
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0865
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0865
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0870
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0870
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0870
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0875
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0875
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0875
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0880
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0880
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0880
https://doi.org/10.1007/s00213-007-0986-6
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0890
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0890
https://doi.org/10.1016/j.pbb.2015.04.006
https://doi.org/10.1016/j.pbb.2015.04.006
https://doi.org/10.1016/j.neubiorev.2017.09.022
https://doi.org/10.1016/j.neubiorev.2017.09.022
https://doi.org/10.1021/jm000090i
https://doi.org/10.1517/14656560903037168
https://doi.org/10.1517/14656560903037168
https://doi.org/10.1016/j.neuron.2012.02.015
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0920
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0920
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0920
https://doi.org/10.1016/j.pharmthera.2013.02.002
https://doi.org/10.1017/S1461145708008778
https://doi.org/10.1017/S1461145708008778
https://doi.org/10.1001/archpsyc.1973.04200020065009
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0940
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0940
https://doi.org/10.1016/j.neuron.2012.02.016
https://doi.org/10.1016/j.neuron.2012.02.016
https://doi.org/10.7326/M20-1212
https://doi.org/10.1001/jamapsychiatry.2018.3126
https://doi.org/10.1001/jamapsychiatry.2018.3126
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0960
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0960
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0960
https://doi.org/10.1021/acschemneuro.6b00297
https://doi.org/10.1021/acschemneuro.6b00297
https://doi.org/10.1177/0963689718811060
https://doi.org/10.1111/ejn.13237
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0980
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0980
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0985
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0985
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0985
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0990
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0990
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref0990
https://www.whitehouse.gov/opioids/
https://www.whitehouse.gov/opioids/
https://doi.org/10.1016/s0014-2999(01)01054-8
https://doi.org/10.1016/s0014-2999(01)01054-8
https://doi.org/10.4088/JCP.13m08862
https://doi.org/10.4088/JCP.13m08862
https://doi.org/10.1016/s0014-2999(00)00732-9
https://doi.org/10.1016/s0014-2999(00)00732-9
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1015
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1015
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1015
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1020
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1025
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1025
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1025
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1025
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1030
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1030
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1030
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1030
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1035
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1040
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1040
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1040
https://doi.org/10.1016/j.neuropharm.2017.09.007
https://doi.org/10.1016/j.neuropharm.2017.09.007
https://doi.org/10.1038/s41386-018-0284-5
https://doi.org/10.1038/s41386-018-0284-5
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1055
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1055
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1055
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1060
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1060
http://refhub.elsevier.com/S0149-7634(20)30389-4/sbref1060


19, 233–246. https://doi.org/10.1152/physiolgenomics.00127.2004.
Zeng, C., Asico, L.D., Yu, C., Villar, V.A.M., Shi, W., Luo, Y., Wang, Z., He, D., Liu, Y.,

Huang, L., Yang, C., Wang, X., Hopfer, U., Eisner, G.M., Jose, P.A., 2008. Renal D3
dopamine receptor stimulation induces natriuresis by endothelin B receptor inter-
actions. Kidney Int. 74, 750–759. https://doi.org/10.1038/ki.2008.247.

Zhan, J., Jordan, C.J., Bi, G.-H., He, X.-H., Gardner, E.L., Wang, Y.-L., Xi, Z.-X., 2018.
Genetic deletion of the dopamine D3 receptor increases vulnerability to heroin in

mice. Neuropharmacology 141, 11–20. https://doi.org/10.1016/j.neuropharm.2018.
08.016.

Zhu, J., Chen, Y., Lai, J., Dang, Y., Yan, C., Xu, M., Chen, T., 2010. Dopamine D3 receptor
regulates basal but not amphetamine-induced changes in pain sensitivity in mice.
Neurosci. Lett. 477, 134–137. https://doi.org/10.1016/j.neulet.2010.04.049.

Zimmerman, J.L., 2012. Cocaine intoxication. Crit. Care Clin. 28, 517–526. https://doi.
org/10.1016/j.ccc.2012.07.003.

E. Galaj, et al. Neuroscience and Biobehavioral Reviews 114 (2020) 38–52

52

https://doi.org/10.1152/physiolgenomics.00127.2004
https://doi.org/10.1038/ki.2008.247
https://doi.org/10.1016/j.neuropharm.2018.08.016
https://doi.org/10.1016/j.neuropharm.2018.08.016
https://doi.org/10.1016/j.neulet.2010.04.049
https://doi.org/10.1016/j.ccc.2012.07.003
https://doi.org/10.1016/j.ccc.2012.07.003

