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A B S T R A C T

Dopamine D2 receptors (D2Rs) mediate many of the actions of dopamine in the striatum, ranging from movement to the effortful pursuit of reward. Yet despite
significant advances in linking D2Rs to striatal functions with pharmacological and genetic strategies in animals, how dopamine orchestrates its myriad actions on
different cell populations —each expressing D2Rs— remains unclear. Furthermore, brain imaging and genetic studies in humans have consistently associated striatal
D2R alterations with various neurological and neuropsychiatric disorders, but how and which D2Rs are involved in each case is poorly understood. Therefore, a
critical first step is to engage in a refined and systematic investigation of the impact of D2R function on specific striatal cells, circuits, and behaviors. Here, I will
review recent efforts, primarily in animal models, aimed at unlocking the complex and heterogeneous roles of D2Rs in striatum.

1. Introduction

Nearly 60 years since it was first demonstrated to be a neuro-
transmitter (Carlsson et al., 1957), dopamine (DA) is now known to be
critical for numerous functions like motor behavior, reward, cognition,
metabolism and hormonal secretion (Beaulieu and Gainetdinov, 2011).
Dysfunction of the DA system has been implicated in various disorders,
including Parkinson's disease, attention deficit/hyperactivity disorder
(ADHD), schizophrenia and addiction (Albin et al., 1989; Laruelle,
1998; Snyder, 1976; Volkow et al., 2007, 2009).

DA is synthesized by tyrosine hydroxylase-containing dopaminergic
neurons in various areas of the brain, including key areas such as the
substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA), as well as in the locus coeruleus, hypothalamus and periaque-
ductal gray (Yetnikoff et al., 2014). Despite relatively small numbers of
DA neurons in these areas, their axonal projections are numerous and
widespread throughout the brain (Trudeau et al., 2014). Of those, DA
neurons from the SNc send their densest projection to dorsal striatal
regions, while the VTA preferentially targets the ventral striatum, in-
cluding the nucleus accumbens (NAc)(Morales and Margolis, 2017;
Trudeau et al., 2014).

DA neurons are capable of somatodendritic and axonal DA release,
which may occur at synapses, as well as non-synaptic or asynaptic sites
(Trudeau et al., 2014). DA may also be released at different timescales
and in response to different DA neuron firing patterns (Grace et al.,
2007). Furthermore, subpopulations of DA neurons may exhibit unique
electrophysiological and pharmacological properties (Morales and
Margolis, 2017). Accumulating evidence also supports the ability of DA

to be co-released with other neurotransmitters such as glutamate and
GABA, further emphasizing the intricate nature of dopamine neuron-
derived signals in the brain (Trudeau et al., 2014). The complex neu-
roanatomical and functional organization leading to DA synthesis and
release is matched by DA's actions on its different receptors, pre- and
postsynaptically.

The DA D2 receptor (D2R) has been well-established as a critical
mediator of dopamine actions in striatum. Here, I will review some of
the unique challenges surrounding D2Rs that have both excited and
puzzled researchers for several decades. I will also provide an update on
recent endeavors aimed at elucidating its diverse contributions to
striatal function and dopamine-dependent behaviors.

2. Dopamine receptor classes

DA exerts its neurochemical influence on cells through its actions on
two main families of G-protein coupled receptors (GPCRs): the D1 re-
ceptor (D1R) and the D2 receptor (D2R) families. The D1R family is
composed of D1R and D5R, whereas the D2R family consists of D2R,
D3R, and D4R. D1Rs and D2Rs have been the most widely studied, in
part because they are the most densely expressed throughout dorsal and
ventral striatum, but also due to their contrasting regulation of cellular
signaling and activity. However, it is becoming increasingly evident
that the other receptor subtypes (D3-D5R) also play key roles in shaping
striatal functions (Centonze et al., 2003; Cote et al., 2014; Dulawa et al.,
1999; Rubinstein et al., 1997; Simpson et al., 2014; Song et al., 2012).

Classically, the D1R family activates the Gαs/olf family of G proteins,
leading to activation of adenylyl cyclase (AC) and increased cAMP
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production, whereas the D2R class recruits Gαi/o signaling to inhibit AC
and cAMP production (Beaulieu and Gainetdinov, 2011). In striatal
spiny projection neurons (SPNs), these well-studied signaling pathways
are known to influence protein kinase A (PKA) activity as well as the
phosphorylation state of various proteins. One such protein, DARPP-32,
acts as a signal transduction integrator to modulate the activity of key
kinases and phosphatases, altering neuronal excitability and gene ex-
pression (Svenningsson et al., 2004).

Dopamine receptors may modulate the function of various ion
channels through Gα-mediated mechanisms but also via Gβγ subunits,
effectively regulating intracellular Ca2+ levels and excitability in
striatal neurons (Beaulieu and Gainetdinov, 2011). A vast body of work
using electrophysiological recordings in acute neuronal or slice pre-
parations has demonstrated that in SPNs, pharmacological activation of
D1Rs and D2Rs generally elicits the opposite effects on the function of
L-type calcium channels, K+ channels, and on the trafficking and
function of glutamatergic α-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate (AMPA) and N-methyl-D-aspartic acid (NMDA) receptors
(Cepeda et al., 1993; Galarraga et al., 1997; Greif et al., 1995; Hallett
et al., 2006; Hernandez-Echeagaray et al., 2004; Hernandez-Lopez
et al., 1997, 2000; Kitai and Surmeier, 1993; Snyder et al., 2000;
Surmeier et al., 1995). D1R activation is thus thought to favor increased
excitability and heightened Ca2+ entry into SPNs, while the opposite is
generally assumed following D2R activation, but the outcome may
differ depending on the state of the cell, as well as on recording con-
ditions (Nicola et al., 2000).

D1 and D2Rs also may signal via G-protein independent mechan-
isms. One such mechanism involves the β-arrestins. While primarily
known for their roles in desensitization and internalization of GPCRs, β-
arrestins may also engage various signaling cascades (Beaulieu and
Gainetdinov, 2011; Shenoy and Lefkowitz, 2011). In response to do-
pamine binding, for example, dopamine receptors recruit β-arrestins (β-
arrestin-1 and -2), which terminates G protein signaling and facilitates
receptor endocytosis (Beaulieu and Gainetdinov, 2011; Kim et al.,
2001). Based on several in vivo studies, it has been proposed that D2Rs
promote, via β-arrestin-2, the inactivation of Akt and the subsequent
activation of glycogen synthase kinase 3 (GSK-3), whereas D1Rs pre-
ferentially activate β-arrestin-2-mediated ERK signaling (Beaulieu
et al., 2004, 2005, 2007; Urs et al., 2011).

3. Localization of D2 receptors in striatum

One characteristic of D2Rs that has complicated their study is their
expression in multiple neuronal populations within striatum, both pre-
and postsynaptically (Beaulieu and Gainetdinov, 2011). In addition to
spiny projection neurons (SPNs), which are the principal cells of the
striatum, D2R expression has been demonstrated in cholinergic inter-
neurons (CINs), as well as in axon terminals of DA and cortical neurons,
all of which are key players in controlling striatal output and behavior.

3.1. Spiny projection neurons

In dorsal striatum, expression of D1R and D2R is largely restricted to
one of two subsets of SPNs (Beckstead, 1988; Frederick et al., 2015;
Gerfen et al., 1990; Le Moine and Bloch, 1995; Surmeier et al., 1996;
Yung et al., 1995). The D1R-expressing SPNs are typically those of the
“direct pathway”, sending direct axonal projections to the substantia
nigra pars reticulata (SNr) and the internal segment of the globus pal-
lidus (GPi). Conversely, SPNs enriched in D2Rs convey their signals to
the midbrain via multiple synapses through the external segment of the
GP (GPe), and are thus referred to as the “indirect pathway.” These
neuroanatomical differences have functional consequences, as direct
and indirect pathways exert opposite effects on thalamo-cortical acti-
vation. Sometimes referred to as "Go" and "NoGo" pathway, direct and
indirect pathways have been a subject of intense investigation, parti-
cularly in the context of motor regulation and Parkinson's disease

(Albin et al., 1989). More recently, optogenetics and chemogenetic
studies in mice have offered confirmation for the divergent functions of
these pathways. In the dorsomedial striatum, for example, artificial
stimulation of the direct pathway promotes locomotion, whereas acti-
vation of the indirect pathway inhibits locomotion (Cazorla et al., 2014;
Kravitz et al., 2010). Nevertheless, accumulating evidence has shown
that both pathways are activated during movement initiation (Cui et al.,
2013).

Histological estimates in BAC transgenic mouse lines show that D1R
and D2R are co-expressed in 2–6% of all SPNs in dorsal striatum and
within the NAc core subregion (Bertran-Gonzalez et al., 2008; Frederick
et al., 2015; Gallo et al., 2015). In the NAc shell, this co-expression
appears to be relatively higher, ranging from 5 to 17% (Bertran-
Gonzalez et al., 2008; Frederick et al., 2015).

Direct and indirect pathways analogous to those in dorsal striatum
have also been described in the NAc (Heimer et al., 1991; Ikemoto,
2007; Zahm, 1989). However, the segregation of the neuroanatomical
and functional projections of the two pathways appears to be less
complete in the NAc than in dorsal striatum (Kupchik et al., 2015; Lu
et al., 1998). Like dorsal striatal D2R-expressing SPNs (D2-SPNs) that
innervate the GPe, NAc D2-SPNs project mainly to the ventral pallidum
(VP). Yet, in NAc, a substantial proportion of D1-expressing SPNs (D1-
SPNs) innervate the VP, in addition to their direct projections to the
output nuclei (Kupchik et al., 2015; Lu et al., 1998). Thus, the inter-
changeable categorizing of D1R and D2R-expressing SPNs of the NAc as
“direct” and “indirect” pathways has been questioned (Kupchik et al.,
2015). The outcome of dopamine's actions on striatal circuits, thus, will
depend not only on the subset of SPN (D1R vs D2R-expressing) being
targeted, but also on the sub-regional context in which those SPNs
function. Adding another layer of region-specific complexity in
studying DA receptors, dopaminergic inputs also feature substantial
phenotypic and topographical diversity (Morales and Margolis, 2017).

In striatum, ultrastructural studies have shown D2Rs are primarily
found postsynaptically in SPNs, often associated with membranes in
dendritic spines, dendrites and cell bodies (Sesack et al., 1994; Yung
et al., 1995). Consistent with this localization, some physiological stu-
dies have documented an inhibitory influence of acute D2R agonism on
SPN excitability measured at the soma (Hernandez-Lopez et al., 2000;
Onn et al., 2003). D2R immunoreactivity is also found in GABAergic
terminals within the VP, some of which are likely D2-SPN terminals
(Mengual and Pickel, 2002), supporting pharmacological work that
suggested a presynaptic role for D2R on D2-SPN-to-GPe projections
(Floran et al., 1997). Besides long-distance projections to pallidal re-
gions, D2-SPNs also send local axonal collaterals which contact other
SPNs (Tunstall et al., 2002; Wilson and Groves, 1980). As will be dis-
cussed in more detail in the subsequent sections, growing functional
evidence from both dorsal and ventral striatal preparations, supports a
presynaptic role for D2R on regulation of SPN-to-SPN neurotransmis-
sion (Cooper and Stanford, 2001; Dobbs et al., 2016; Gallo et al., 2018;
Kohnomi et al., 2012).

3.2. Cholinergic interneurons

Another cell that expresses D2Rs is the cholinergic interneuron
(CIN)(Dawson et al., 1988; Le Moine et al., 1990; Yan et al., 1997).
While only constituting 1–3% of all striatal neurons, CINs have dense
axonal arborizations and are a major source of striatal acetylcholine
(ACh)(Kreitzer, 2009). CINs participate in variety of striatal functions,
including the regulation of dopamine release (Cachope et al., 2012;
Threlfell et al., 2012), corticostriatal plasticity (Augustin et al., 2018;
Deffains and Bergman, 2015; Wang et al., 2006), and SPN function
(Ding et al., 2010; Goldberg et al., 2012). Despite the challenges in
detecting D2Rs in sparse CINs using histochemical or biochemical
methods, single-cell RT-PCR has provided evidence of D2R expression
in CINs (Yan et al., 1997). Pharmacological studies in vivo and in vitro
have supported roles for D2Rs in CIN function. In vivo microdialysis in
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awake rats showed that D2R activation reduces striatal ACh efflux
(DeBoer and Abercrombie, 1996). Subsequent electrophysiological
work in ex vivo slices implicated a fast-onset D2R-mediated reduction in
membrane currents involved in the spontaneous, tonic firing of CINs
(Deng et al., 2007; Maurice et al., 2004; Yan et al., 1997). The D2R
agonist-induced effect on baseline firing frequency (Deng et al., 2007;
Maurice et al., 2004) is not always observed (Pisani et al., 2006).

3.3. Dopamine neurons

D2Rs are also expressed robustly in VTA and SNc DA neurons,
where they can be found in somatodendritic compartments but also in
axonal terminals densely innervating the striatum (Sesack et al., 1994).
D2Rs in DA neurons function as “autoreceptors” and their activation
typically reduces DA neuron firing as well as DA synthesis, release, and
re-uptake (Schmitz et al., 2002). Subcellular localization of D2Rs ap-
pears to be a key determinant in the downstream signaling engaged by
the receptor. At or near cell bodies of DA neurons, D2R activation en-
hances K+ conductances, such as those mediated by G-protein inwardly
rectifying K+ channels (GIRKs), to reduce cell firing (Lacey et al., 1987;
Uchida et al., 2000). In contrast, D2R signaling in DA neuron terminals
that contact striatum has been suggested to engage other ion channels,
such as Ca2+ and Kv1.2 channels, to inhibit DA release (Martel et al.,
2011; Phillips and Stamford, 2000).

Alternative splicing of D2R gene leads to generation of two splice
variants, a long isoform (D2L) and a short isoform (D2S) which differ by
a 29-amino acid insert in the third cytoplasmic loop of D2L (Dal Toso
et al., 1989; Giros et al., 1989; Monsma et al., 1989). Because control of
DA synthesis and release was spared following deletion of the D2L
isoform, D2S was speculated to be the predominant DA autoreceptor,
while the D2L was assumed to be primarily postsynaptic (Lindgren
et al., 2003; Usiello et al., 2000). However, both isoforms can be found
in SPNs and DA neurons (Radl et al., 2018). In fact, viral restoration of
D2L and D2S in a D2R knockout (D2KO) mouse indicated that either of
the D2R variants can act as postsynaptic receptors or autoreceptors
(Neve et al., 2013).

3.4. Cortical neurons

In line with reported effects of dopaminergic agents on cortical-re-
lated behaviors (Arnsten et al., 1995; Druzin et al., 2000), it was ap-
parent that cerebral cortical regions were a target of dopamine afferents
and expressed D2R mRNA (Gaspar et al., 1995; Weiner et al., 1991).
Histological analysis of GFP expression in Drd2-GFP BAC transgenic
mice revealed a high degree of colocalization (∼95%) with pyramidal
neurons of the medial prefrontal cortex (mPFC)(Zhang et al., 2010),
suggesting that nearly all pyramidal neurons express D2Rs. A recent
cortex-wide characterization of D2R expression in adult mice using
genetically-targeted translational profiling uncovered the presence of
D2Rs in previously uncharacterized neuronal clusters in limbic and
sensory cortical regions (Khlghatyan et al., 2018). Supporting a func-
tional role of D2R in mPFC neurons, multiple groups have reported
alterations in pyramidal neuron function at the soma or in corticos-
triatal terminals in response to quinpirole, a D2R agonist (Bamford
et al., 2004; Gee et al., 2012; Tseng and O'Donnell, 2004).

Cortical pyramidal neurons provide a major source of excitatory
input to the striatum. Therefore, DA actions on D2Rs within cortical
regions may indirectly affect striatal neuron function. Even though
histochemical analysis has revealed that only a small fraction of glu-
tamatergic terminals innervating striatum express D2Rs (Wang and
Pickel, 2002), local activation of D2Rs significantly reduces corticos-
triatal transmission (Bamford et al., 2004). Thus, by acting on both pre-
and postsynaptic cortical D2Rs, DA may potentially regulate activation
of striatal neurons under different behavioral conditions.

4. Associations between striatal D2Rs and disease

Various disorders that are known to involve dysfunction of the do-
pamine system also exhibit D2R alterations in striatum. In some cases,
D2R involvement has been inferred from the ability of D2R-based drugs
to successfully treat disease symptoms or to generate side effects
(Seeman, 2002). Other studies have compared changes in the binding of
D2R-selective radioligands in striatum of patients to healthy controls
(Laruelle, 1998; Volkow et al., 2009). While the uncovered associations
cannot establish causation, they have set the stage for the interrogation
of D2R function and expression levels as potential contributors to dis-
ease etiology.

4.1. Schizophrenia

Typical antipsychotics, which primarily target D2Rs, are effective in
treating the positive symptoms of schizophrenia, contributing to the
dopamine hypothesis of schizophrenia (Snyder, 1976). With prolonged
exposure, antipsychotics, particularly first-generation ones like halo-
peridol, result in extrapyramidal symptoms (EPS), whose incidence has
been associated with the degree of occupancy as well as sensitivity of
D2Rs (Jarskog et al., 2007; Seeman, 2002). Post-mortem tissue analyses
using radioactive D2R ligand binding have predominantly shown in-
creased striatal D2R density in schizophrenia patients, yet the inter-
pretation has been complicated by previous history of neuroleptic
treatment or by the variable quality of the samples (Kornhuber et al.,
1990). Brain imaging studies in patients have provided more consistent
evidence linking D2R alterations and schizophrenia (Beaulieu and
Gainetdinov, 2011). Positron emission tomography (PET) studies,
which can measure the baseline binding potential of selective D2R
radioligands within the brain, have been used to examine striatal D2R
availability in neuropsychiatric disorders. An increase in the density
and occupancy of the D2R in the striatum (particularly in dorsal, as-
sociative areas) has been frequently reported in patients with schizo-
phrenia, regardless of neuroleptic treatment history (Abi-Dargham
et al., 2000; Laruelle, 1998; Wong et al., 1986).

4.2. Substance abuse

PET imaging work in the context of chronic substance abuse has
consistently shown a reduction of D2R availability in the striatum, in-
cluding the ventral striatum and NAc. As reviewed previously (Volkow
et al., 2009), D2R alterations have been observed in abusers of cocaine,
methamphetamine, heroin and alcohol even after months of with-
drawal. These alterations appear to have important implications for the
long-term outcome of the disorder. For example, in alcoholics, low D2R
binding predicts increased alcohol craving, which correlates with a
greater susceptibility to relapse (Heinz et al., 2005). In contrast, un-
affected members of alcoholic families show higher striatal D2R
binding (Volkow et al., 2006), suggesting that D2R function may be
protective against alcohol dependence.

PET imaging studies of non-human primates self-administering co-
caine have supported the notion that lower striatal D2R availability
predicts higher drug intake (Morgan et al., 2002; Nader et al., 2006),
but have also shown that chronic cocaine self-administration further
lowers D2R availability (Nader et al., 2006). This raises the possibility
that reduced D2R availability could also be an outcome of extended
drug taking.

Studies in rodents have linked premorbid D2R alterations in the NAc
to the vulnerability to seek drugs. For instance, lower NAc D2R avail-
ability is associated with higher subsequent cocaine self-administration
in rats that show impulsivity as a behavioral trait (Dalley et al., 2007).
Further, rats that have been genetically selected for high alcohol pre-
ference and consumption show diminished NAc D2R density prior to
exposure to alcohol (McBride et al., 1993; Stefanini et al., 1992). Sug-
gesting that differences at the gene expression level might be involved,
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Bice et al. (2008) found significantly less D2R mRNA in the NAc of high
alcohol-preferring mice compared to low-alcohol preferring mice.

4.3. Obesity

Excessive and compulsive eating, a primary cause of obesity, may
originate from dysregulation of reward-related mechanisms, and shares
behavioral and neurobiological features with compulsive drug seeking
(Berridge et al., 2010). Like in addiction, imaging studies have de-
monstrated D2R availability is generally lower in the striatum of obese
individuals compared to lean controls (Kenny et al., 2013; Wang et al.,
2009), but this not always the case (Karlsson et al., 2015). Recent
findings also suggest regional-specific alterations, with body mass index
being positively correlated with D2R availability in dorsal and lateral
striatum, while being negatively correlated with D2R availability in the
ventromedial striatum (Guo et al., 2014). Further, the TaqIA A1 poly-
morphism, which has been linked to reduced striatal D2Rs, is prevalent
in adult obese individuals (Kenny et al., 2013). This relationship has
been challenged in a large prospective study in children ages 7–11 years
of age (Hardman et al., 2013). However, examination of striatal D2R
protein levels in obese rats with extended access to high-calorie, fat-rich
food revealed a significant reduction in the highly glycosylated form
the D2R, suggesting potential regulation at the post-translational level
(Johnson and Kenny, 2010).

4.4. Attention deficit/hyperactivity disorder

ADHD is typically characterized by inattention, impulsivity, hy-
peractivity, but also features emotional dysregulation and deficits in
reward and motivation (Gallo and Posner, 2016). An initial PET study
revealed no differences in [11C] raclopride binding potential in the
striatum of teens with ADHD, but the study used considerably older
subjects as controls (mean age: 30 years)(Jucaite et al., 2005). How-
ever, significantly lower measures of D2R availability have been ob-
served in the left caudate, the NAc and midbrain regions in adult ADHD
participants (Volkow et al., 2007, 2011). Whereas D2R availability was
not correlated with classical ADHD symptoms (Volkow et al., 2007),
lower scores on a surrogate measure of trait motivation for ADHD
participants were significantly correlated with receptor availability in
ADHD but not control participants (Volkow et al., 2011). The authors
suggested that alterations in D2R levels may contribute to the motiva-
tional dysfunction seen in ADHD (Volkow et al., 2011).

4.5. Parkinson's disease (PD)

With the progressive loss of substantia nigra pars compacta DA
neurons that is a hallmark of Parkinson disease, the diminished DA in
striatum results in decreased activation of postsynaptic D1Rs and D2Rs
on direct and indirect pathway SPNs (Albin et al., 1989). This leads to
disinhibition of nigral neurons and to the classical symptoms of PD,
which include bradykinesia, rigidity, and tremor. A potentially com-
pensatory increase in D2R binding has been reported with PET imaging
in the caudate of early-stage PD patients, whereas reductions have been
observed as the disease progresses, and following treatment with the
dopamine precursor L-DOPA (Niccolini et al., 2014). Moreover, D2R
agonists are often prescribed alone, or in combination with L-DOPA, to
ameliorate Parkinsonian symptoms (Kreitzer, 2009).

5. Establishing causality with regional and cellular specificity

Given the complex regulation, expression patterns and distribution
of D2Rs across —and even within— different striatal cells, it is difficult
to reconcile the heterogeneity of symptoms in these disorders with
simple bidirectional changes in D2R binding potential or gene expres-
sion in striatum (Fig. 1). Many other questions remain in the way of
clarifying the role of D2R in striatal function and dysfunction. What

specific symptom domains are most closely tied to D2R alterations? Are
the changes premorbid or do they result from a lifetime of the disorder?
Are there critical developmental windows in which D2R alterations
could result in long-term adaptations or impairments? In which cell(s)
does the disease-relevant changes in D2R function occur? Have D2Rs in
sparse neuronal populations been overlooked with traditional methods?
What are the underlying cellular and circuit mechanisms by which
D2Rs alter striatal function, and how specific are the alterations to
certain disorders? How do D2R drugs work? Can some D2R drug side
effects be explained by off-target actions on striatal D2Rs? Could su-
perior D2R-based therapeutics be developed that account for regional,
cellular, and intracellular diversity?

Realizing the limitations of correlational research in deciphering
how D2R contribute to striatal function in health and disease states, the
field has relied on animals to test causal relationships through phar-
macology and genetics. Yet even these approaches have encountered
critical hurdles related to the widespread expression of D2Rs in brain
and the periphery, but also within striatal neurons and their afferents.
Nonetheless, many studies have successfully examined causal links
between D2R function and striatal physiology, behavior, and disease
models. While there are many impactful studies and research areas that
deserve our attention, I will highlight representative studies that 1)
showcase how the interrogation of D2R function is becoming progres-
sively more sophisticated, 2) involve specific behavioral sub-compo-
nents altered in disease, 3) and/or link D2Rs to anatomical or func-
tional changes to the circuitry.

5.1. D2R mechanisms in locomotion and incentive motivation

One of the most overt behavioral consequences of D2R manipula-
tions in rodents is their impact on locomotor activity. Pharmacological
work showed early on that systemic administration of D2/D3 agonist
quinpirole in rats would lead to a characteristic biphasic locomotor
response, in the absence of concurrent stimulation of D1Rs (Eilam and
Szechtman, 1989). Quinpirole caused an initial reduction in locomotion
followed by sustained hyperactivity. The effect was also dose-depen-
dent, with the lowest dose decreasing and the higher doses increasing
locomotion (Eilam and Szechtman, 1989). The onset of the decrease in
activity produced by the low dose occurred within minutes of injection,
whereas the hyperactivity was seen about 60–80min after injection and
was persistent (Eilam and Szechtman, 1989). It has been assumed that
the hypolocomotor effect stems from activation of higher affinity pre-
synaptic D2R autoreceptors, whereas the hyperactivity is due to the
activation of less sensitive D2Rs on SPNs of the indirect pathway
(Beaulieu and Gainetdinov, 2011). In a sub-regional analysis, quin-
pirole injections directly into the NAc had locomotor-suppressing ef-
fects (Mogenson and Wu, 1991), while a different study showed that
blocking NAc D2R reduces locomotion (Baldo et al., 2002). These ap-
parent contradictions highlight the challenges of studying the beha-
vioral effects of pre- and postsynaptic D2Rs using pharmacology.

The cloning of the Drd2 gene precipitated the generation of D2KO
mice. Two different D2KO lines initially reported profound reductions
in locomotor activity in line with some pharmacological blockade stu-
dies (Baik et al., 1995; Jung et al., 1999). These findings were paral-
leled by the hypolocomotor phenotype in one D2L−/- mouse line (Wang
et al., 2000), an effect not seen in a different line (Radl et al., 2018;
Usiello et al., 2000). Similarly, the D2S −/− mouse shows no alterations
in spontaneous locomotion (Radl et al., 2018). It is possible that, at least
in some cases, the remaining D2R isoform can compensate for the loss
of the other isoform (Radl et al., 2018).

Recent work has taken advantage of Cre-recombinase-based condi-
tional strategies either in transgenic mice or using viral-mediated gene
delivery to disentangle the locomotor effects of D2Rs expressed by
specific neuronal populations that converge in striatum. To directly
address the contributions of D2R in dopamine neurons, Bello et al.
(2011) designed a double-transgenic mouse line (AutoD2RKO) from a
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cross between Drd2loxP/loxP and Dat+/IRES−cre mice, effectively deleting
the Drd2 gene specifically in neurons that express the dopamine
transporter (DAT). Importantly, there was no measurable effect on D2R
levels in other regions including striatum, either by radioligand auto-
radiography or in situ hybridization. Consistent with the autoreceptor
function of D2Rs in dopamine neurons, AutoD2RKO mice showed se-
verely impaired endogenous DA-mediated inhibitory regulation of DA
neuron firing, as well as increased dopamine release and synthesis
(Bello et al., 2011). Moreover, while these mice showed no overt
physical abnormalities, they were found to be hyperactive in an open
field arena. The contrast between these findings and the decreased lo-
comotor phenotype seen in the full D2KO underscore the unique con-
tribution of D2R autoreceptors to locomotion.

While deletion of D2Rs in CINs did not alter spontaneous locomo-
tion as shown using a CIN-specific D2KO mouse, it altered the loco-
motor response to D1R and D2R agonists (Kharkwal et al., 2016). D2R
deletion in CINs also remarkably eliminated cataleptic behavior in-
duced by the D2R antagonist haloperidol, suggesting a central role for
D2Rs in CINs in this Parkinson-like motor side effect of antipsychotics
(Kharkwal et al., 2016). Because CINs lacking D2Rs are rendered in-
sensitive to haloperidol in this mouse model, they are presumably less
able to activate M1 receptors on D2-SPNs, in turn decreasing indirect
pathway excitability (Kharkwal et al., 2016).

At the cellular level, in line with previous pharmacological evidence
(Wang et al., 2006), D2R deletion in these neurons blocks the induction
of long-term depression (LTD) on dorsal striatal D1-and D2-SPNs, po-
tentially via increased M1 activation (Augustin et al., 2018). These
findings affirmed CINs as a key cellular locus for the well-known D2R
involvement in LTD. Moreover, they represent a powerful example of
how one set of striatal D2Rs may influence plasticity in a larger circuit
involving multiple cellular players. CINs strongly regulate DA release
locally from dopaminergic terminals (Cachope et al., 2012; Threlfell
et al., 2012), an effect that may involve region-specific roles for CIN
D2Rs (Shin et al., 2017). In addition, dorsal striatal CINs lacking D2Rs
do not show the characteristic pause in tonic firing following in-
trastriatal electrical stimulation or dopamine uncaging (Augustin et al.,
2018; Kharkwal et al., 2016). Further work will be needed to assess the
behavioral impact of lacking this brief pause in dorsal striatal CINs.

The CIN pause, which occurs in vivo in response to salient or reward-
related stimuli, is presumed to be important for learned associations of
stimuli with motivationally-relevant outcomes (Aosaki et al., 1994a,
1994b; Apicella et al., 1991). Dopaminergic lesions as well as systemic
haloperidol have been shown to block the pause in vivo (Aosaki et al.,
1994a), suggesting that dopamine actions via D2Rs are involved. The

underlying cellular mechanisms across striatal sub-regions are not fully
understood but have been subject of intense investigation (Chuhma
et al., 2014; Deng et al., 2007; Ding et al., 2010; Maurice et al., 2004;
Straub et al., 2014).

Complementary up- and down-regulation studies also support a key
role for D2Rs in D2-SPNs in locomotion (Dobbs et al., 2016;
Donthamsetti et al., 2018; Gallo et al., 2015; Lemos et al., 2016). Tar-
geting of specific neuronal populations through conditional viral vec-
tors was used to upregulate D2R expression (∼3-fold) in D2-SPNs of the
NAc (Gallo et al., 2015, 2018). Adult Drd2-Cre mice were injected bi-
laterally in the NAc with a Cre recombinase-dependent adeno-asso-
ciated virus (AAV) expressing the Drd2 gene, leading to stable and se-
lective expression in D2-SPNs. Compared to mice expressing GFP, mice
that overexpressed D2R in D2-SPNs showed a significant increase in
measures of locomotor activity and exploratory-like behavior in an
open field (Gallo et al., 2015). Besides suggesting that D2Rs in D2-SPNs
are involved in this behavior, this viral approach also provided addi-
tional information on the regional (NAc core) and temporal context
(adulthood). These findings offered refined evidence for a D2R con-
tribution to locomotion when acting in NAc, supporting previous
pharmacological work linking D2Rs in this region to motor function
(Baldo et al., 2002; Canales and Iversen, 2000).

Taking advantage of the selective expression of adenosine 2A re-
ceptors (A2ARs) in D2-SPNs, a different study used a transgenic mouse
approach to delete D2Rs from D2-SPNs (Lemos et al., 2016). Re-
capitulating some of the locomotor impairments seen in the global
D2KO, as well as in Parkinson disease models, the resulting D2-SPN-
specific KO (>80% reduction in Drd2 mRNA) as well as the hetero-
zygous KO (∼40% reduction) exhibited a similar reduction in home
cage activity (Lemos et al., 2016). In addition, a gene-dependent de-
crease in distance traveled in an open field and in the rotarod task,
which tests motor skill learning. While this mouse model is highly se-
lective for D2-SPNs, it lacks the spatiotemporal control over D2R ex-
pression that is afforded by viral strategies. To ameliorate this issue, the
study further showed that viral-mediated D2R knockdown in the NAc,
though not cell-selective, was sufficient to reduce locomotion (Lemos
et al., 2016). The study also provided mechanistic evidence suggesting
that the impact of D2R deletion on locomotion was mediated by en-
hanced inhibitory transmission from D2-SPNs, without alterations in
DA transmission (Lemos et al., 2016).

Together these different genetically targeted approaches provide
strong support for an involvement of D2R in ventral and dorsal striatal
D2-SPNs, but not CINs, in motor control. Moreover, they are consistent
with an inhibitory role of D2R on GABA output from D2-SPNs (Cooper

Fig. 1. Disentangling the roles of D2R in
striatum. Schematic illustrating different chal-
lenges that have complicated the investigation
of D2Rs. Unlike more global approaches, ex-
perimental strategies tailored to the appropriate
context and directed to specific cell populations
should be better positioned to interrogate the
role of D2Rs in health and disease.
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and Stanford, 2001; Dobbs et al., 2016; Gallo et al., 2018; Kohnomi
et al., 2012).

In other less cell-selective manipulations of D2R expression, there
was little to no impact on basal locomotion (Kellendonk et al., 2006;
Trifilieff et al., 2013). To model the increase in striatal D2R occupancy
seen in schizophrenia patients, Kellendonk et al. (2006) generated a
mouse line that selectively overexpressed D2Rs in SPNs, beginning in
embryonic stages (D2R-OE). Besides the spatially restricted over-
expression, one major advantage of this approach was that transgene
expression was under control of an inducible promoter system that
could be switched off (Kellendonk et al., 2006). Achieving an over-
expression of approximately 15%, D2R-OE mice showed deficits in
cognitive tasks and in tasks measuring motivation, modeling important
schizophrenia endophenotypes (Kellendonk et al., 2006). Turning off
the transgene in adulthood normalized striatal D2R levels, reversing the
motivational deficits but not the cognitive deficits (Kellendonk et al.,
2006). These findings suggested that increased D2R expression early in
development was sufficient to induce cognitive impairment later in life.
They also indicated that ongoing D2R overexpression in adulthood
contributes to the motivational deficits.

Overexpression of D2Rs in D2R-OE mice led to profound functional
and neuroanatomical changes within, but also outside the striatum. In
one example of distal adaptations, D2R upregulation in striatum led to
deficits in inhibitory transmission and dopamine sensitivity in mPFC (Li
et al., 2011). In striatum, whole-cell patch clamp recordings revealed
that both D2 and D1-SPNs were hyperexcitable, and showed decreased
dendritic arbor length and complexity, effects that were linked to
changes in gene expression (Cazorla et al., 2012). Furthermore, D2R-OE
mice displayed increased density of the D1-SPN axon collaterals to the
globus pallidus (GPe), without alterations in the density of axonal
terminals in the substantia nigra pars reticulata (Cazorla et al., 2014).
These “bridging collaterals” that provide D1-SPN inhibition of indirect
pathway target nuclei were remarkably plastic. When the transgene was
turned off, the bridging collaterals density returned to control levels, an
effect that was recapitulated by treatment with haloperidol (Cazorla
et al., 2014). Moreover, reducing D2R expression (D2KO) or blocking
D2R function in wild-type mice with haloperidol could further reduce
bridging collateral density (Cazorla et al., 2014). The authors demon-
strated that GPe firing activity in vivo was significantly decreased in
D2R-OE mice by optogenetic stimulation of dorsal striatal D1-SPNs.
Furthermore, this stimulation increased locomotion in control mice, but
led to decreased locomotion in the D2R-OE mice (Cazorla et al., 2014).
These results suggest that striatal D2Rs can re-shape the neuronal ar-
chitecture and alter the functional balance of striatal output pathways.
They further raise the possibility that D1-SPN collateralization to GPe
could be increased in schizophrenia and that treatment with anti-
psychotics may reduce this neuroadaptation (Cazorla et al., 2014).

While the D2R-OE model enabled D2R upregulation from early in
development, the consequences of adult D2R upregulation remained
unclear. Moreover, given that the expression of D2R transgene was
found in dorsal and ventral striatal regions, it was unclear whether
there was a regional-specific contribution of D2R upregulation to be-
havior. A subsequent study compared the effects of D2R upregulation in
either the caudate putamen (CPu) or the NAc on incentive motivation
using viral overexpression approach (Trifilieff et al., 2013). Adult D2R
upregulation in NAc, but not in the CPu, led to a specific increase in the
animal's willingness to work for food (Trifilieff et al., 2013). The find-
ings were consistent with brain imaging studies linking reductions in
ventral striatal D2R availability in disorders that feature motivation
dysfunction, but also with pharmacological work showing reductions in
motivated behavior when D2R function is disrupted (Salamone et al.,
2015). Besides the differences in regional specificity, the opposite ef-
fects on motivation seen in this model and in the D2R-OE model were
attributed to differences in the developmental onset and degree of
overexpression (Trifilieff et al., 2013). In addition, the viral expression
reported by Trifilieff et al., though region-specific, was presumably less

restricted to SPNs (Trifilieff et al., 2013).
Given that D2R expression is enriched in D2-SPNs relative to D1-

SPNs, and is also present in CINs, a more cell-selective approach was
required to begin to disentangle the neurobiological underpinnings of
D2R involvement in motivation. To this end, a conditional viral strategy
in the Drd2-Cre line was used to upregulate D2R expression selectively
in D2-SPNs in adult NAc (Gallo et al., 2018). It was shown that D2R
upregulation in D2-SPNs is sufficient to increase performance in several
tasks measuring incentive motivation (Gallo et al., 2018). This beha-
vioral effect was associated with a reduction in the inhibitory trans-
mission to two known targets of D2-SPNs: D1-SPNs and ventral pal-
lidum (VP) neurons, as shown by reduced inhibitory currents triggered
by optogenetic stimulation of D2-SPNs in ex vivo brain slices (Gallo
et al., 2018). However, in vivo, while global D1-SPN activity was not
altered by D2R upregulation, VP neuron activity was significantly dis-
inhibited (Gallo et al., 2018). Furthermore, the findings showed that
chemogenetic inhibition of D2-SPN terminals in VP was sufficient to
achieve the behavioral phenotype, leading to the hypothesis that ad-
ditional presynaptic D2Rs increase motivation by blunting inhibitory
transmission to VP and thus weaken indirect pathway output. Thus, it is
possible that therapeutic strategies that selectively attenuate indirect
pathway function may lead to more precise and effective treatments of
motivational dysfunction (Nunes et al., 2013).

The role of D2Rs in CINs in motivation for natural rewards was only
recently explored using genetically-targeted approaches (Gallo et al.,
2018). D2R overexpression in the NAc of ChAT-Cre mice did not alter
performance on a progressive ratio (PR) schedule of reinforcement, in
contrast to the robust phenotype seen following D2R upregulation in
D2-MSNs (Gallo et al., 2018) or after loss of D2R in dopamine neurons
(Bello et al., 2011; de Jong et al., 2015). It is possible that a role for CIN
D2Rs will be revealed in other tasks assessing motivated behaviors,
particularly those that involve incentive cues. In addition, given the
documented heterogeneity of CIN responses to dopamine across striatal
sub-regions (Chuhma et al., 2014), it remains to be seen whether ma-
nipulating CIN D2R expression elsewhere in striatum can impact per-
formance in PR or other tasks of motivation.

5.2. D2R mechanisms in addictive behaviors

In addition to their involvement in the pursuit of natural reward,
D2Rs have been shown to be critical for drug liking and drug-seeking
behaviors. Early work using the D2R antagonist pimozide linked D2R to
cocaine reinforcement in rats (De Wit and Wise, 1977), and since, nu-
merous studies have used pharmacological approaches to address the
role of D2R in different models of addictive behavior (Self, 2004). For
example, systemic administration of different D2R antagonists sup-
pressed cocaine-induced locomotion (Chausmer and Katz, 2001). Co-
caine conditioned place preference (CPP), which measures the re-
warding properties of a drug, was attenuated by D2R blockade with
haloperidol (Spyraki et al., 1987) but not sulpiride (Cervo and Samanin,
1995). Intra-accumbens delivery of sulpiride attenuated cocaine-in-
duced locomotion, but had no effect on cocaine CPP (Baker et al.,
1996). More recently, evidence from D2KO mice has revealed impair-
ments in cocaine-induced locomotor activity, supporting pharmacolo-
gical studies (Chausmer et al., 2002; Welter et al., 2007). These mice
have also been shown to self-administer cocaine, yet do so at higher
rates than controls when high cocaine doses are used (Caine et al.,
2002). On the other hand, adenovirus-mediated, non-cell selective D2R
overexpression in the NAc transiently decreased cocaine self-adminis-
tration in rats (Thanos et al., 2008). While most studies appear to at-
tribute a permissive role to D2Rs in cocaine-related locomotion, it is
possible that D2R involvement in drug-seeking is more nuanced, de-
pending on cocaine levels as well as on the degree of D2R expression.

The cellular context of D2R expression may also have a unique
impact on cocaine reward. For example, compared to controls,
AutoD2RKO mice exhibited increased sensitivity to the locomotor
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effects and the rewarding properties of a low dose of cocaine (Bello
et al., 2011) and showed enhanced reactivity to cocaine-paired cues
(Holroyd et al., 2015). These behaviors were associated with a loss of
inhibition over phasic DA release and over DA synthesis, consistent
with autoreceptor function (Bello et al., 2011; Holroyd et al., 2015).
Subsequent work in rats using viral-mediated knockdown of D2R ex-
pression in VTA attempted to determine whether D2Rs of VTA could
account for the cocaine hypersensitivity seen in the absence of D2R in
all DA neurons (de Jong et al., 2015). VTA D2R knockdown increased
the locomotor stimulating effects of a low dose of cocaine and increased
the motivation to respond for sucrose or cocaine in a PR task, but did
not affect other aspects of addictive behavior, such as compulsivity and
reinstatement (de Jong et al., 2015). Although direct comparisons of
the two rodent models are hindered by the different methodology used
(Bello et al., 2011; de Jong et al., 2015; Holroyd et al., 2015), the
findings generally support an involvement of midbrain D2 auto-
receptors in the mechanisms of cocaine reward.

Recent work in the D2-SPN-specific D2KO mouse has shown that
D2Rs in D2-SPNs are necessary for acute cocaine-induced locomotion
(Dobbs et al., 2016). In addition, this study shed new light on potential
circuit mechanisms underlying the role of D2R on cocaine-induced
motor behavior. The authors showed that the D2R agonist quinpirole or
cocaine could reliably attenuate the inhibitory collateral transmission
from D2-SPNs to D1-SPNs triggered by optogenetic stimulation of D2-
SPNs (Dobbs et al., 2016). However, the quinpirole- or cocaine-medi-
ated disinhibition of D1-SPNs was absent in the D2-SPN-specific D2KO.
Moreover, chemogenetic inhibition of D2-SPNs in NAc reversed the
diminished acute cocaine locomotor response seen in D2-SPN specific
D2KO mice, indicating that enhanced Gi signaling in D2-SPNs is suffi-
cient for the locomotor stimulating effects of the drug (Dobbs et al.,
2016). These findings imply that D2Rs, possibly through Gi signaling,
play a key role in regulating inhibitory output to D1-SPNs to mediate
cocaine-induced locomotion. VP neuron inhibition appeared to be less
affected by quinpirole than in D1-SPNs, and given the less dense do-
paminergic innervation in VP compared to NAc, it was suggested that
elevated dopamine levels triggered by cocaine acutely stimulate loco-
motion primarily by activating D2-SPN D2Rs to disinhibit D1-SPNs
(Dobbs et al., 2016). While the absence of D2Rs in the predominant
D2R-expressing cell population of the NAc did not affect behavioral
sensitization or place preference to cocaine, it will be interesting to
determine whether cocaine self-administration is altered in these mice.

Accumulating in vivo evidence from genetic mouse models has im-
plicated D2R-mediated recruitment of G-protein independent β-arrestin
signaling in the locomotor response to psychostimulants (Beaulieu
et al., 2005, 2007; Donthamsetti et al., 2018; Rose et al., 2018). D2KO
mice and β-arrestin-2 KO mice, not only show impaired amphetamine-
induced locomotion, which is mediated by Akt-GSK-3 signaling, but
also show diminished engagement of these downstream effectors
(Beaulieu et al., 2004, 2005, 2007). Given its ubiquitous expression in
many cell types and its interactions with various GPCRs, interpreting
the behavioral effects of global deletion of β-arrestin warrant caution.
Yet, more recent work has helped to ease this concern by directly
testing the effect of expressing D2Rs that are biased towards β-arrestin-
signaling (Donthamsetti et al., 2018; Rose et al., 2018). Targeting ex-
pression of a β-arrestin-biased D2R mutant into the D2-SPNs of a D2-
SPN-specific D2KO was sufficient to partially rescue basal locomotion,
as well as the motor response to psychostimulants as compared to re-
storation of a wild-type D2R (Rose et al., 2018). The study also showed
that a G-protein biased mutant D2R also partially rescues these phe-
notypes, suggesting a functional convergence of D2R-mediated G-pro-
tein dependent and independent pathways. However, the β-arrestin-
biased D2R mutant was shown to be only partially biased toward ar-
restin recruitment, leaving open the possibility that the enhanced D2R-
mediated locomotor effect could be due to β-arrestin or the remaining G
protein signaling or a combination of both (Donthamsetti et al., 2018;
Peterson et al., 2015). Indeed, expression of a more biased β-arrestin

D2R mutant in NAc D2-SPNs reversed blunted locomotion in D2KO
mice, both under basal conditions and following acute cocaine ad-
ministration (Donthamsetti et al., 2018). These results suggest that
D2R-mediated β-arrestin recruitment is sufficient to rescue hypoloco-
motion, in the apparent absence of D2R-mediated G protein signaling.
Remarkably, overexpression of this β-arrestin biased D2R in NAc D2-
SPNs did not increase motivation (Donthamsetti et al., 2018), contrary
to the outcome of wild-type D2R overexpression (Donthamsetti et al.,
2018; Gallo et al., 2018). This study raised the interesting possibility of
a dissociation between the D2R signaling mechanisms underlying lo-
comotor activity and motivated behavior. Additional research remains
to be done to elucidate the cellular and circuit mechanisms underlying
the unique β-arrestin and G-protein-mediated contributions to these
and other behaviors.

PET imaging studies in chronic alcohol abusers have revealed re-
ductions in D2R binding potential in striatum, including ventral
striatum, and have raised the possibility that increased D2R function
could protect against excessive alcohol consumption and dependence
(Martinez et al., 2005; Volkow et al., 1996, 2006). A number of phar-
macological studies using D2R agonists/antagonists in rodents or using
D2R knockout mice are consistent with this notion (Bulwa et al., 2011;
Hodge et al., 1997; Levy et al., 1991; Ng and George, 1994), while other
studies propose that D2Rs are necessary for the alcohol-related beha-
viors (Hodge et al., 1997; Phillips et al., 1998; Rassnick et al., 1992;
Samson et al., 1993). These inconsistencies likely result from differ-
ences in the specific alcohol drinking models and dopamine agonist/
antagonist doses or routes of administration (eg. NAc vs. systemic).

Thanos et al. have also demonstrated that rats and mice previously
trained to self-administer alcohol reduce their consumption and pre-
ference for alcohol following D2R overexpression in adult NAc (Thanos
et al., 2001, 2005). This protective effect appears to depend on the
existing endogenous levels of D2Rs. For instance, D2KO mice, which
already showed reduced alcohol consumption relative to wild-type
mice, exhibit a brief increase in alcohol intake following D2R over-
expression in NAc (Thanos et al., 2005). Nonetheless, these results have
important implications for understanding the role of D2Rs in alco-
holism, as they demonstrated that D2R overexpression in a specific
striatal region can have direct consequences on pre-established alcohol
intake. However, it remained to be addressed whether increasing D2R
in drug-naïve animals could also confer protection against future al-
cohol consumption. And if this were the case, which neuronal popula-
tion(s) could be responsible?

These issues were addressed using a conditional AAV vector to
overexpress D2Rs in NAc core D2-SPNs (Gallo et al., 2015). While as-
sociated with increased locomotor activity and generalized fluid con-
sumption, D2R upregulation in alcohol-naïve mice did not reduce
subsequent dependence-like escalation of alcohol intake, nor did it
favor de-escalation of alcohol drinking by pairing alcohol with an
aversive outcome (Gallo et al., 2015). These data argued that increased
accumbal D2-SPN D2R levels do not diminish susceptibility to future
alcohol consumption, and were at odds with the protective effect of
D2R upregulation once self-administration had been established
(Thanos et al., 2001). A protective action may require D2R over-
expression in other D2R-expressing cells of NAc core or in D2-SPNs in
other striatal regions, such as the NAc shell or the dorsal striatum.
Future systematic analysis of the contribution of D2Rs in each of these
regions and neuron types to alcohol drinking may help reconcile the
brain imaging literature with the preclinical work.

5.3. D2R mechanisms in obesity

Prolonged access to high fat cafeteria diets resulted in compulsive-
like eating and excessive adiposity, as well as in reduced D2R expres-
sion in striatum in rats (Johnson and Kenny, 2010). Using a lentiviral
vector to deliver a short hairpin interfering RNA (shRNA) that knocked
down D2R expression (∼40–50%) in striatal neurons of the
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dorsolateral striatum, this study reported an accelerated emergence of
compulsive-like food intake compared to controls (Johnson and Kenny,
2010). Because this effect was specific to animals fed cafeteria diets,
and not observed in animals fed standard diets, it was implied that D2R
alterations contribute to the blunting of reward sensitivity elicited by
chronic access to obesogenic food (Kenny et al., 2013). In contrast,
global D2R knockdown (D2KD) achieved in a transgenic mouse line did
not alter the rates of diet-induced obesity (DIO) (Beeler et al., 2016).
However, this study demonstrated that while wild-type mice with ac-
cess to voluntary physical activity gained less weight from obesogenic
diets, D2KD mice did not benefit from such voluntary exercise oppor-
tunities (Beeler et al., 2016). Despite the different approaches used to
downregulate D2Rs, these studies (Beeler et al., 2016; Johnson and
Kenny, 2010) suggest that D2R alterations may be implicated in both
reward and physical activity adaptations that increase vulnerability to
obesity.

Disentangling these behavioral outcomes is likely to require cell-
type specific strategies. D2-SPN-specific KO mice, for example, are not
more vulnerable to DIO than wild-type mice (Friend et al., 2017). Yet,
these mice show impaired locomotor activity, like obese mice, which
show reduced physical activity and striatal D2R binding (Friend et al.,
2017). Together these findings suggest that lower striatal D2R levels in
D2-SPNs may not necessarily predispose mice to obesity. In contrast,
overexpression of D2Rs in D2-SPNs of the NAc core, which increases
open field activity, is associated with decreased body weight (Gallo
et al., 2015). While regional context (entire striatum vs NAc core) may
explain the different effects on body weight achieved with these two
D2-SPN-specific manipulations, further work is required to fully de-
termine whether the impact of ongoing D2R levels in adult D2-SPNs on
obesity is preferentially tied to motor regulation. Interestingly, D2R
overexpression in SPNs during development leads to robust weight gain
and increased adiposity, while altering energy balance, especially with
access to a high-fat diet (Labouesse et al., 2018). This phenotype was
maintained even when expression of the D2R transgene was turned off
in adulthood, suggesting that the level of developmental D2R expres-
sion in SPNs is a critical determinant of future weight gain (Labouesse
et al., 2018).

5.4. D2R mechanisms in impulsive behavior

Overeating and weight gain, as well as addictive disorders, may
involve deficits in impulse control (Michaud et al., 2017). It is, there-
fore, not surprising that striatal D2Rs have also been implicated in
regulating response inhibition in animal models. PET imaging of D2R
availability was performed in rats selectively bred for their trait im-
pulsivity (Dalley et al., 2007). Lower D2R availability was reported in
the ventral striatum, but not the dorsolateral striatum, of high-im-
pulsive rats as compared to non-impulsive rats (Dalley et al., 2007).
Moreover, D2R availability in the ventral striatum was inversely cor-
related with impulsive action, as measured by premature responding on
the five-choice serial reaction time task (5-CSRTT) (Bari et al., 2008;
Dalley et al., 2007). Importantly, individual differences in impulsivity
measures predicted individual variation in the rate of intravenous co-
caine self-administration (Dalley et al., 2007). While these findings do
not necessarily impute causality, emerging work using genetically-tar-
geted approaches is beginning to validate the hypothesis that D2Rs are
directly involved in impulsive behavior. Using a reversal learning task,
a recent study in AutoD2RKO mice reported impaired completion of a
sustained nose-poke response, indicating that D2Rs in dopamine neu-
rons are critical for appropriate waiting to obtain reward (Linden et al.,
2018).

Beyond affecting impulsive action, D2R alterations could also im-
pair impulsive choice, another component of impulsivity that some-
times refers to decreased tolerance to delays (Michaud et al., 2017).
Indeed, AAV-mediated knockdown of D2R in VTA of rats led to the
development of a significant preference for smaller, immediate rewards

over larger, delayed rewards (Bernosky-Smith et al., 2018). Given that
the impulsivity endophenotype is at the core of several disorders, in-
cluding addiction, overeating, ADHD, pathological gambling and schi-
zophrenia, continued interrogation of D2R in these and other relevant
cell types (i.e. SPNs and CINs) could inform the development of ther-
apeutic interventions that also target inhibitory control (Michaud et al.,
2017).

6. Summary and conclusions

Since the first demonstration that DA was a neurotransmitter more
than 60 years ago, many discoveries have been made that critically link
D2Rs to striatal function. In fact, within five years of the cloning of the
rat Drd2 gene in 1988 (Bunzow et al., 1988), the annual number of
publications involving D2Rs tripled, and has remained steady since. In
that time, valuable insights from human brain imaging studies com-
bined with the power of genetics and pharmacology in animal models
have cemented the notion that striatal D2Rs are directly involved in
shaping the structure and the function of neural circuits to mediate a
host of dopamine-related behaviors.

Likewise, technical advances that enable cell-selective targeting of
D2R are beginning to offer a clearer view of D2R function in different
neuron populations. However, many challenges and exciting new
questions remain to be addressed. While D2Rs in SPNs and dopamine
neurons have received considerable attention, relatively less is known
about D2Rs in cholinergic interneurons and their region-specific con-
tributions to dopamine-dependent behaviors. Moreover, D2Rs in cor-
tical neurons, particularly at corticostriatal synapses, may have im-
portant behavioral and therapeutic implications (Cui et al., 2018; Urs
et al., 2016), yet they also remain poorly understood.

Current evidence about cell-selective actions of striatal D2Rs stems
primarily from D2R deletion throughout striatum or from local D2R
overexpression, but the use of cell- and region-specific knockdown
approaches in the adult brain has been limited and should be con-
sidered. Moreover, methods that afford flexible temporal control of D2R
expression throughout the lifespan of an animal (Cazorla et al., 2014;
Kellendonk et al., 2006) would be well-suited to probe the develop-
mental consequences of D2R alterations. Adaptations of techniques like
optogenetics and chemogenetics to the D2R, as done with a D1R opsin
chimera (Gunaydin et al., 2014), could enhance experimental control
over D2R activation/inhibition in a cell-targeted fashion. Techniques
that enable dissection of somatodendritic vs axonal functions of D2Rs
may unveil distinct sub-cellular roles in behavior (Stachniak et al.,
2014).

However, one major challenge will be to understand how the di-
verse actions of D2Rs in multipartite, dopamine-sensitive circuits are
coordinated to produce specific behaviors across species. It is possible
that emerging techniques for imaging neuronal activity in different
neuronal population in behaving animals may illuminate patterns and
temporal dynamics of D2R actions in each region (Cui et al., 2013;
Gallo et al., 2018; Lemos et al., 2016).

While there are some inconsistencies between PET imaging in brain
disorders and preclinical work on D2Rs that must be reconciled, it is
likely that D2R alterations may confer vulnerability to developing
neuropsychiatric disorders and specific endophenotypes. It is also pos-
sible that D2R alterations arise after developing a disorder, as in
chronic substance abuse or obesity (Friend et al., 2017). In either case,
further work will be needed to understand the factors and cellular
mechanisms leading to these alterations (Trifilieff et al., 2017).

Pharmacological interventions aimed at D2Rs have been effective in
treating certain symptoms, but not others, and may even cause serious
side effects (Wang et al., 2018). New generations of efficacious ther-
apeutics that have minimal side effects will need to consider the
widespread expression of D2Rs, as well as the heterogeneity of D2R
signaling and function throughout the brain. For example, such efforts
will have to account for region-specific differences in the coupling to
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downstream effectors, such as G proteins (Marcott et al., 2018) and
their functional interactions with β-arrestins (Urs et al., 2016). The
continued evolution of functionally-selective D2R ligands, aided now
by the recent unveiling of the crystal structure of D2R bound by the
antipsychotic risperidone (Wang et al., 2018), may offer new hope in
this endeavor (Peterson et al., 2015). In striatum, the selective ex-
pression of A2ARs in D2-SPNs may be leveraged to design A2AR-based
approaches aimed at counteracting the effects of decreased D2R and
overactive indirect pathway function (Nunes et al., 2013).

Informed by imaging and pharmacological work, the continued in-
vestigation of reliable disease endophenotypes and the use of cell-tar-
geted strategies are well positioned to disentangle the complex roles of
D2Rs in striatal function. Such refined information will not only shed
light on the brain-wide actions of dopamine but it may also lead to
improved treatment outcomes for multifactorial and heterogeneous
disorders.
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