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Abstract: Parkinson’s Disease (PD) is characterized by primary and secondary plasticity that occurs
in response to progressive degeneration and long-term L-DOPA treatment. Some of this plasticity
contributes to the detrimental side effects associated with chronic L-DOPA treatment, namely L-
DOPA-induced dyskinesia (LID). The dopamine D3 receptor (D3R) has emerged as a promising target
in LID management as it is upregulated in LID. This upregulation occurs primarily in the D1-receptor-
bearing (D1R) cells of the striatum, which have been repeatedly implicated in LID manifestation. D3R
undergoes dynamic changes both in PD and in LID, making it difficult to delineate D3R’s specific
contributions, but recent genetic and pharmacologic tools have helped to clarify its role in LID. The
following review will discuss these changes, recent advances to better clarify D3R in both PD and
LID and potential steps for translating these findings.

Keywords: dopamine D3 receptor; dopamine D1 receptor; DIR-D3R; Parkinson’s Disease; L-DOPA-
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1. Introduction

Parkinson’s Disease (PD) is the second-most-common neurodegenerative disorder
and is primarily characterized by the death of midbrain dopaminergic neurons in the
substantia nigra pars compacta. The loss of dopaminergic inputs to the striatum results
in the manifestation of PD’s cardinal motor symptoms: bradykinesia, akinesia, postural
instability and rigidity [1]. However, behavioral manifestations of PD do not appear until
significant cell death has already occurred [2]. This is due to the fact that nuclei within
the basal ganglia undergo significant changes to compensate for the progressive loss of
dopaminergic cells. Some of this compensation is clearly evidenced in morphological stud-
ies that show enlarged remaining nigrostriatal terminals, innervation of projections from
non-dopaminergic areas and post-synaptic dendritic sprouting [3]. Additionally, changes
to dopamine receptor localization, signaling and function have all been demonstrated
in PD.

Over 60 years ago, L-DOPA was discovered as an effective treatment to replenish the
loss of endogenous dopamine [4]. Although L-DOPA remains the gold-standard phar-
macotherapy and initially provides motor benefit, chronic treatment inevitably results in
L-DOPA-induced dyskinesia (LID) in up to 95% of patients after 15 years of treatment [5,6].
Given that L-DOPA therapy is normally started in mid-stage PD, the previously described
neuroplasticity that compensates in post-symptomatic PD can indicate the individual for
LID. As PD progresses and LID manifests, dopamine receptors exhibit dynamic plasticity
that differentially participates in PD/LID. The following review will track the plasticity of
dopamine receptors, namely the dopamine D3 receptor (D3R), throughout PD and LID.
In the past decade, multiple pharmacologic (Table 1) and non-pharmacologic (Table 2)
strategies have revealed the therapeutic potential of targeting D3R.
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2. The D3 Receptor

The dopamine D3 receptor (D3R) was first molecularly cloned and characterized in
1990 [7,8]. Since its discovery, D3R has emerged as a promising yet enigmatic target for
treatment in PD, substance abuse and schizophrenia [9,10]. D3R belongs to the dopamine
D2-like (D2R, D3R, D4R) family of G-protein-coupled receptors (GPCRs), which, pro-
totypically, are Gi-coupled and act by inhibiting adenylate cyclase (AC) signaling and
downstream effectors [11]. This is in opposition to the D1-like (D1R, D5R) family of re-
ceptors, which are Gs/q/olf-coupled and positively regulate downstream signaling. D3R
shares 75-80% transmembrane domain homology with D2R [11]. However, the structural
differences that do exist, mainly in loop regions, between D2R and D3R result in profound
functional outcomes. The crystallization of D3R in 2010 revealed the presence of an al-
losteric extracellular binding pocket in D3R that likely contributes to the widely variable
responses of D3R-targeting compounds [12]. Additionally, whereas D2R rapidly internal-
izes upon stimulation, D3R displays little agonist-induced internalization. This is likely
due to differences in intracellular loops which, when swapped, reversed the internalization
profile of D2R and D3R.

Notably, D3R possesses the highest affinity for dopamine and potently interacts with
many putative D2R-like agonists [7]. Therefore, minor changes to D3R expression may
significantly modify dopaminergic signaling. Neural D3R expression is more restricted
than D1R and D2R, which display diffuse expression throughout functionally heterogenous
structures of the brain. D3R is robustly expressed in the islands of Calleja, the ventromedial
shell of the nucleus accumbens, the substantia nigra, olfactory tubercle and in some areas
of the cerebellum [7,13,14]. A population of D3R also exists in the pyramidal cells of the
prefrontal cortex, where they regulate cell excitability via a subtype of calcium channels [15].
D3R has also been pharmacologically interrogated in the rat hippocampus, where D3R is
post-synaptically situated [16].

3. Dopamine D3 Receptor (D3R) in the Parkinsonian Brain
3.1. Dopamine D1 Receptor (D1R) and Dopamine D3 Receptor (D3R) Expression Following
Denervation

Parkinson’s Disease (PD) is characterized by the progressive and irreversible loss of
midbrain dopaminergic cells. The striatum normally receives dense dopaminergic input
from these cells and undergoes significant changes to compensate for the loss of dopamine.
Changes to dopamine receptor expression, largely on medium spiny neurons (MSNs), are
one way in which this compensation manifests. This is clearly evident in D1R subcellular
localization and function. D1R shares 75-80% transmembrane domain homology with
the other D1-like receptor, D5R [17]. However, in terms of relative expression in the
brain, D1R dominates. It displays high levels of expression in the caudate—-putamen,
nucleus accumbens, substantia nigra, olfactory bulb, amygdala and frontal cortex. In the
hippocampus, cerebellum, thalamus and hypothalamic areas, D1R is also expressed but
at lower levels [11,17]. DIR can localize on MSNs both post-synaptically in opposition to
incoming DA afferents and pre-synaptically to modulate y-Aminobutyric acid (GABA)
release in output nuclei such as the substantia nigra pars reticulata [18]. It does not appear
that changes to overt DIR expression significantly contribute to D1R receptor sensitivity,
although this remains a matter of debate. Rather, changes to D1R localization within the
cell may be more important (Figure 1). In 2007, Guigoni and colleagues found increased
D1R immunoreactivity in the striatum of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated primates specifically in perimembranous regions, indicating increased DIR
recruitment to the plasma membrane [19]. A nearly identical result was also found in
hemi-parkinsonian rats [20]. The consequences of increased expression of D1R at the cell
surface have implications in LID. Interestingly, in a genetic model of PD, mice expressing
the disease-associated mutant G2019S LRRK2 also displayed impaired internalization of
D1R [21]. Alterations in D1R trafficking may be a hallmark of both idiopathic and sporadic
forms of PD.
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Figure 1. Summary of major changes associated with dopamine D1/D3 receptors in the striatum and
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nigra. Studies in cells, mice, rats, non-human primates and humans have demonstrated dynamic
changes to dopamine receptors D1 (D1R) and D3 (D3R) across Parkinson’s Disease (PD) and L-DOPA-
induced dyskinesia (LID). In the denervated state, D1R are sensitized. This is partially achieved by
increases in membrane-bound G-protein-coupled DIR. In L-DOPA-induced dyskinesia (LID), D1R
are unable to internalize and effectively terminate signaling, leading to further supersensitization and
second messenger signaling. Some evidence suggests that striatal D3R are also supersensitive in PD
but are expressed at almost undetectable levels. In LID, D3R are upregulated predominantly on DIR
cells, where they display cooperativity with DIR at the level of downstream signaling. In contrast, in
striatonigral terminals, D3R inhibits D1R signaling in the denervated state. This inhibitory property
is maintained in severely (but not mildly) dyskinetic subjects. Image credit: Servier medical art
(http:/ /smart.servier.com/; Access date: 15 March 2021).

Other changes occur to DIR in the DA-denervated brain related to G-protein coupling
and downstream effectors. As previously described, D1R canonically couples with Gas.
However, DIR has been observed to also couple with other stimulatory G-proteins such as
Ga,)f, particularly in the rodent striatum. In response to 6-OHDA lesion, Goj¢ expression
is increased in the striatum, as is DA-dependent AC activity [22,23]. Though others have
found that gross G s expression is not changed [24], D1R coupling with Go¢ is enhanced
according to co-immunoprecipitation. Therefore, this shift has been postulated to play a role
in the supersensitivity of DIR before L-DOPA initiation begins. Notably, Ga¢ levels were
also increased in postmortem PD brains [23]. In the same vein, increased levels of Go¢-
dependent AC type 5 (AC5) have also been observed in both the striatum and substantia
nigra pars reticulata in hemi-parkinsonian rats, suggesting enhanced downstream signaling
in addition to G-protein coupling [25]. Therefore, converging evidence suggests that a
shift to a more sensitive state related due to cellular localization, G-protein coupling and
downstream signaling contributes to D1 sensitivity following DA cell loss (Figure 1). In the
past few years, the role of other DA receptors, namely D3R, has become increasingly clear.

As mentioned, D3R expression in the rodent is considerably more restricted than
expression of D1R and D2R. Interestingly, despite the fact that the ventral striatum is less
affected in PD modeling, D3R mRNA and binding is reduced in the nucleus accumbens
following a 6-OHDA lesion in rats or MPTP treatment in monkeys [26]. In tandem, D3R
mRNA in the substantia nigra reticulata is decreased [7]. The consequences of these
changes in expression are not well understood. In the striatum, where D3R expression is
considerably lower, subtle changes in expression following dopamine depletion might be
difficult to detect. In rats, striatal D3R binding does not change in response to 6-OHDA
lesion [27]. In MPTP-treated monkeys, decreases in D3R binding have been observed
in the caudate but not in the putamen [28-30]. In humans, in vivo imaging of D2-like
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receptors with [1!C] Raclopride demonstrated an increase in D2-like receptors in early PD
within the putamen [31]. In contrast, D3R expression was not changed in postmortem
samples from PD patients [32]. In human studies, these observational differences in D3R
expression may be because D3R undergoes distinct changes during disease progression
and then again during L-DOPA treatment. Discrepancies in these observations might also
be related to the species-specific differences in D3R expression compounded with a lack
of pharmacological probe specificity. In general, it seems that in species where D3R is
normally not expressed at detectable levels in the striatum (e.g., rodents), DA denervation
does not significantly change D3R expression. However, in animals where D3R is lowly
expressed (e.g., non-human primates and humans), D3R expression undergoes modest
changes in expression that depend on disease duration. The use of D3R expression as a
biomarker in prodromal/preclinical PD is extensively discussed in [33].

3.2. Dopamine D3 Receptor (D3R) Signaling Changes Following Denervation

Although overt changes to D3R expression in PD are still not completely clear, parame-
ters related to D3R signaling do change in response to dopamine cell loss (Figures 1 and 2).
Following 6-OHDA striatonigral lesions, the D3R agonist 7-OH-DPAT displays enhanced
potency in the striatum [34]. Moreover, electrophysiological and behavioral studies sug-
gest that D3R activity may be enhanced, displaying a supersensitive profile similar to
D1R [35,36]. The mechanisms for D3R supersensitization are not entirely clear, but one of
these may relate to D3R interactions with its truncated receptor splice variant D3nf. One of
the purposes of truncated receptors is to modulate the activity of full-length receptors at the
cell surface. Therefore, when it is colocalized and interacting with D3R, D3nf decreases the
capacity of D3R to interact with ligands. Notably, this does not correspond with decreased
membrane localization of D3R, explaining why differences in ligand binding in PD may
or may not be observed [37]. Moreover, D3R/D3Rnf ratios are sensitive to hyper- and
hypodopaminergic states [38]. Neurotoxic 6-OHDA lesion significantly reduced D3nf
protein in the striatum of rats [35]. As a result, the internal regulatory mechanisms of D3R
via the production of D3nf may be compromised in the DA-denervated state and contribute
to D3R supersensitivity [39].

Dopamine Healthy Parkinsonian Dyskinetic

terminal -DOP

1R D3R

[G-protein independent]
T ERK

Figure 2. Theoretical signaling pathways of the dopamine D1/D3 receptors in the healthy, Parkinsonian or dyskinetic

striatum. In the intact brain, dopamine (DA) is released from striatonigral terminals and interacts with post-synaptic D1
receptors (D1IR; low DA affinity but high expression) and dopamine D3 receptors (D3R; high DA affinity but low expression)
which couple with canonical G-proteins to increase or decrease G-protein signaling, respectively. Each of these receptor
properties is theoretically maintained in PD, with reductions in DA levels due to the retraction of striatonigral terminals.
D1R is sensitized due to increased presence at the membrane. In the dyskinetic state, DA is exogenously provided via
L-DOPA. D3R is upregulated and interacts with DIR, potentially in the form of a heteromer. D1IR-D3R cooperate to
drive downstream signaling, such as phosphorylation of ERK (pERK). This signaling might be G-protein-independent.
cAMP: cyclic AMP; AC: adenylyl cyclase. Image credit: Servier medical art (http://smart.servier.com/; Access date: 15
March 2021).
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D3R changes in response to denervation have also been reported downstream from
the striatum in striatonigral terminals (Figure 1). In the intact brain, within these terminals,
D3R interacts with DIR to potentiate GABA release [18,40]. Although this is atypical
signaling for D3R in terms of its canonical G-protein, others have reported similar effects
when D1R and D3R colocalize [41,42]. Importantly, within the SN, the ability of D3R to
potentiate D1R signaling is dynamic and depends on levels of cytoplasmic Ca**. When
calcium/calmodulin-dependent protein kinase IT (CaMKII) is activated by Ca?*, CaMKII
phosphorylates the third intracellular loop of D3R. In this phosphorylated state, D3R is
no longer able to potentiate D1R signaling [40,43]. However, in the 6-OHDA lesioned
rat, this property of D3R seems to malfunction [44]. Regardless of CaMKII levels, D3R
is unable to potentiate D1R levels and D3R actively suppresses D1R signaling following
D1R stimulation, suggesting that D3R switches from typical (potentiating) to atypical
(inhibiting) signaling. Interestingly, this switch is not applied ubiquitously across all
D3R in striatonigral terminals, as both typical and atypical signaling is observed [45].
Collectively, these data highlight the fact that dopamine depletion differentially modifies
D3R’s actions in the basal ganglia.

4. Dopamine D3 Receptor (D3R) in the Dyskinetic Brain
4.1. Dopamine D3 Receptor (D3R) Changes to Expression in LID

Dopamine replacement therapy with L-DOPA remains the gold-standard pharma-
cotherapy to mitigate the symptoms of PD. However, with chronic use, LID develops in
the majority of patients. Previous plasticity of dopamine receptors, such as the increased
synaptic localization of D1R or supersensitization of D3R, that helped to compensate
for dopamine loss likely contributes to LID manifestation. In the striatum, D3R changes
both in expression and function. As early as 1997, Bordet and colleagues noted that the
ectopic expression of D3R in the striatum occurs as a result of L-DOPA administration
and actively participates in behavioral sensitization [46]. Since then, this phenomenon has
been replicated across multiple other laboratories and models of LID. In 6-OHDA-lesioned
rats and mice [27,47,48], MPTP-treated mice [49] and MPTP-treated monkeys [27,30,50],
dyskinetic subjects display enhanced D3R expression. In monkeys, L-DOPA normalizes
the MPTP-induced decrease in D3R in the caudate, but levels are increased beyond con-
trols in animals with LID [29]. Furthermore, putaminal D3R levels and LID expression
are positively correlated, a trend that has not been observed for any other DA receptor
subtype. This upregulation is largely, if not exclusively, post-synaptic, considering that
most DA terminals are degraded at this late stage [30]. Although experimental overexpres-
sion of D3R alone is enough to produce some stereotyped behaviors [51], it appears that
endogenous upregulation depends on both DA loss and subsequent L-DOPA treatment,
as neither denervation nor L-DOPA alone produces significant upregulation [49]. In rats
rendered dyskinetic with chronic L-DOPA, D3R agonism results in profound dyskinesia
in a dose-dependent manner [52]. Upregulation of D3R has also been reported in striatal
output nuclei within the globus pallidus interna in both monkeys [28] and humans with a
history of L-DOPA treatment [53,54].

D3R normally displays low expression in the dorsal striatum, which makes upregula-
tion of D3R notable in and of itself. Blocking D3R upregulation via intrastriatal infusion of
oligonucleotide antisense to dopamine D3R mRNA attenuated the development of LID in
the 6-OHDA rodent model [55]. Though D3R is traditionally considered a member of the
D2-like family, upregulation of D3R predominantly occurs on D1R-bearing direct-pathway
MSN s [27,46-48]. Although D3R might upregulate, to a lesser degree, on D2R-bearing
MSN:s, the specific upregulation on direct-pathway MSNss likely plays a causal role in LID
manifestation. In 2017, Solis et al. found that global knockout of D3R not only attenu-
ates LID but also reduces direct-pathway-associated markers of LID (Table 2). The same
study used a combination of genetic and pharmacological approaches to better clarify the
relationship between D1R and D3R. Heterozygous D1+ mice that were administered a
D3R antagonist in conjunction with L-DOPA displayed reduced LID compared to both
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WT and D1+ mice receiving L-DOPA alone (Tables 1 and 2). Furthermore, this group had
lower expression of FosB and acetylation of histone 3, which they previously identified
to occur primarily in D1R+ striatal cells. It appears that D1R and D3R are undeniably
interacting within the same cell in LID. Within these cells, some data suggest a physical
interaction of D1R-D3R in the form of a heteromer. In transfected mammalian systems
and striatal membrane preparations, DIR and D3R form heteromers [41,42]. One con-
sequence of this interaction is that D3R effectively makes D1R resistant to individual
agonist-induced internalization, making D1R “locked” in the membrane [41]. In 2014,
Guitart and colleagues expanded these findings to show that, in vitro, D1R and D3R form
higher-order heterodimers in the form of two homodimeric complexes [56]. Whether or not
this complex exists in vivo remains to be determined, but, minimally, in both the rat and
monkey striatum, D1R-D3R heteromers are detectable in dyskinetic subjects [27]. Very re-
cently, researchers found that in human brain samples, DIR-D3R densities better predicted
disease progression and treatment than either receptor alone [57]. We recently directly
tested the dyskinesiogenic effect of D3R by injecting a D3R miRNA into the striatum of
D1-Cre rats prior to chronic L-DOPA treatment. As summarized in Table 2, we showed that
region- (striatal) and cell- (D1R- cells in the striatum) specific knockdown of D3R results in
attenuated LID development without compromising L-DOPA’s therapeutic benefits [58].
Whether or not this resulted in a reduction in D1R-D3R heteromers is not known. However,
anti-dyskinetic strategies reduce D1R-D3R heteromers, suggesting that these interactions
are indeed specific to LID [59].

Table 1. Pharmacologic strategies to target D3R.

Compound (Action) Model Effect on LID L-DOPA Efficacy Ref.
ST 198 (antagonist) MPTP macaque } expression J [28]
BP 897 (partial agonist) MPTP macaque J expression = [28]
MPTP squirrel monkey 1 expression { [60]

PG01037 (antagonist) Striatal 6-OHDA mice } expression = [48]
Striatal 6-OHDA mice J development = [48]

MFB 6-OHDA rats 1 expression = [61]

MEFB 6-OHDA mice J expression = [62]

S33084 (antagonist) MPTP marmoset J development = [63]
MEFB 6-OHDA rats 1 development of sensitization ? [63]

MFB 6-OHDA rats - expression of sensitization ? [63]

MFB 6-OHDA rats - development T [64]

MFB 6-OHDA rats - expression T [64]

MPTP marmoset - expression T [65]

GR103691 (antagonist) MFB 6-OHDA rats - expression = [66]
PG01042 (agonist) MFB 6-OHDA rats 1 expression = [65]
SK609 (agonist) MFB 6-OHDA rats | expression T [67]

Summary of pharmacologic strategies to target or normalize D3 receptor function in L-DOPA-induced dyskinesia (LID), where | indicates
reduction; 1 indicates increase; - indicates no effect on LID; = indicates no change in L-DOPA efficacy; ? indicates not reported. MFB
(medial forebrain bundle); 6-OHDA (6-hydroxydopamine); MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).

The mechanism of D3R upregulation is not fully understood. However, D3R expres-
sion can be bidirectionally modified with D1R agonism/antagonism, suggesting a role of
D1R stimulation in recruitment of D3R [46,47]. In support of this, we previously demon-
strated that D1R and D3R agonism results in cross-sensitization. Prior sub-chronic exposure
to either a D1R or D3R agonist results in a sensitized dyskinetic response when the other
agonist is acutely administered [68]. There are some data linking D1R stimulation and D3R
expression with elevated expression of striatal brain-derived neurotrophic factor (BDNF),
an important factor in cellular proliferation, differentiation and survival [69]. In heterozy-
gous BDNF mice, D3R mRNA is lower than in wildtype controls within the striatum.
Exogenous intrastriatal administration of BDNF partially restores D3R mRNA [70]. In the
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context of PD/LID, Guillan and colleagues found that BDNF antagonism during L-DOPA
treatment blocks D3R upregulation and behavioral sensitization in 6-OHDA-lesioned
rats [71]. In this work, these authors suggest that BDNF originating from hyperactive
corticostriatal projections works in conjunction with D1R agonism to recruit D3R to the
striatum. Although overexpression of striatal BDNF alone increases D3R receptor expres-
sion, this also exacerbates both LID and D1R-agonist induced dyskinesia [59,72]. BDNF
overexpression also increased the expression of DIR-D3R heteromers [73]. There is clearly
a link between D1R stimulation, BDNF expression and induction of D3R. Whether or not
there is an opportunity to leverage this therapeutically remains unclear. This effect is also
not entirely consistent across other models of PD/LID. In MPTP-treated monkeys, levels
of BDNF are not related to LID expression [74]. Although others have found that levels
of BDNF are at least correlated with LID [75], the direct role of BDNF in D3R expression
remains somewhat speculative.

Table 2. Non-pharmacologic strategies to target D3R.

Strategy Model Effect on LID L-DOPA Efficacy Ref.

Global knockout Striatal 6-OHDA D3R -/- mice J development = [48]
Striatal knockdown MEFB 6-OHDA rats J development = [55]
Cell-specific striatal knockdown MEFB 6-OHDA D1R-Cre rats } development = [58]

Summary of non-pharmacologic strategies to target or normalize D3 receptor function in L-DOPA-induced dyskinesia (LID), where |
indicates reduction; 1 indicates increase; - indicates no effect on LID; = indicates no change in L-DOPA efficacy; ? indicates not reported.
MFB (medial forebrain bundle); 6-OHDA (6-hydroxydopamine); MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).

4.2. Dopamine D3 Receptor (D3R) Changes to Signaling in LID

By itself, D3R can signal both G-protein-dependently and independently. In MPTP-
treated mice rendered dyskinetic, a low dose of a D3R agonist (PD128907; 0.05 mg/kg)
results in blunted MAPK signaling [49]. In contrast, we found that a low but dyskine-
siogenic dose (0.1 mg/kg) of the same D3R agonist does not modify striatal pERK1/2
signaling in 6-OHDA-lesioned dyskinetic rats [52]. This discrepancy could be related to
the PD model, dose of drug or timing of tissue collection. The employment of recently
available PKA and ERK1/2 sensors will be important in delineating the timeline of intra-
cellular signaling, which can fluctuate significantly during the duration of treatment [76].
Downstream in striatonigral projections, D3R agonism alone does not modify cAMP accu-
mulation in synaptosomal preps but D1R-D3R co-stimulation does modify both GABA
release and cAMP accumulation. In the denervated state, this potentiation is lost and
D3R becomes antagonistic to D1R signaling [44]. The antagonistic relationship between
D1R and D3R was only eliminated in mildly dyskinetic subjects, whereas this relationship
remained in severely dyskinetic subjects.

In the striatum, a different pattern emerges in LID between D1R and D3R. This relation-
ship is cooperative, rather than antagonistic. D3R antagonism during L-DOPA treatment
in heterozygous D14 reduces direct-pathway markers associated with cellular activation,
suggesting a cooperative, rather than antagonistic, interaction between the two receptors
in terms of signaling [48]. In in vitro preparations, DIR-D3R complexes signal through G-
protein-independent signaling cascades, where D1R-D3R maintain a canonical antagonistic
relationship at the level of cAMP but synergistically cooperate to drive phosphorylation
of ERK [56]. A similar, G-protein-independent, functional selectivity was also found in
the nucleus accumbens, where D1R-D3R basally interact [77]. It remains to be determined
if a similar pattern of signaling occurs in vivo in the dorsal striatum, where D1R-D3R
interactions become ectopically expressed (Figure 2). We previously demonstrated that
systemic coadministration of D1R and D3R agonists results in synergistic increases in
both dyskinesia and striatal expression of pERK1/2 [52], supporting previous research
demonstrating the site-specific cooperativity of DIR-D3R in downstream signaling [41,77].
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5. Targeting D3R in LID

Given the abundance of data suggesting a dyskinesiogenic role of D3R, it is not surpris-
ing that this has emerged as an intriguing pharmacological target to manage LID (Table 1).
Given that D3R potentiates DIR activity, strategies to normalize D3R function (either via
partial agonism or antagonism) could interfere with this reciprocal relationship. In line
with this, Bézard and colleagues administered BP 897 to MPTP-intoxicated macaques ren-
dered dyskinetic by chronic L-DOPA. BP 897 is a mixed D3R partial agonist and antagonist
(depending on dose). When administered with L-DOPA, BP 897 attenuated LID by 66%
without affecting L-DOPA’s antiparkinsonian effects [28]. However, BP 897 did interfere
with L-DOPA’s efficacy in squirrel monkeys, where the dosage resulted in higher plasma
levels that might modify BP 897’s selectivity for D3R alone [60], suggesting a narrow thera-
peutic window for this compound. Paradoxically, both a highly selective (ST 198) and less
specific (nafadotride) D3R antagonist also interfered with L-DOPA efficacy in the MPTP
macaque model [28]. In marmosets, twice daily coadministration of S33084, a selective com-
petitive D3R antagonist, resulted in attenuated LID development over the 30-day treatment
period compared to L-DOPA alone subjects. This did not come at the expense of L-DOPA’s
antiparkinsonian actions. Following a 2-week washout period, previously S33084-treated
subjects still displayed lower LID in response to a L-DOPA challenge, but this effect was
lost in 50% of subjects at the next 2-week timepoint [63]. The same study also tested the
efficacy of S33084 to alleviate L-DOPA sensitization (as assayed by rotational behavior)
in the 6-OHDA rat model and found that D3R antagonism effectively reduced L-DOPA
sensitization development, but not expression. Similarly, another group found that 533084
did not affect established LID in MPTP-intoxicated marmosets, although it did improve
the antiparkinsonian actions of L-DOPA and ropinirole [78]. Data from 6-OHDA-lesioned
rats support these findings, with S33084 not improving LID development or expression
but potentially improving Parkinsonian disability, either as a monotherapy or adjunctive
treatment to L-DOPA [64]. Similarly, the D3R antagonist GR103691 had no effect on LID
when administered as a co-treatment to L-DOPA [66].

However, some D3R antagonists are more promising in ameliorating LID, even if
the mechanisms by which they convey their effects remain elusive. Administration of
the D3R antagonist PG01037 both before and after L-DOPA administration significantly
reduced LID expression in dyskinetic rats, with the 15 min post-L-DOPA regimen being
the most effective [61]. PD1037 also interfered with apomorphine-, but not D1R agonist-,
evoked dyskinesia. Another group confirmed the anti-dyskinetic effects of PG01037 when
administered 15 min post-L-DOPA [48]. In 2016, Sebasianutto and colleagues demonstrated
that even lower doses of PG01037 can reduce AIM expression without impacting other
locomotor measures [62]. The structurally similar partial D3R agonist PG01042 also reduced
LID when coadministered with L-DOPA, mimicking the previously observed effects of
D3R partial agonism of BP 897 [28,65]. Similarly, the D3R partial agonist SK609 improved
LID, L-DOPA’s therapeutic effect and even cognitive performance in a PD model [67,79]. To
our knowledge, there is no evidence that an anti-dyskinetic D3R antagonist might worsen
Parkinsonian symptoms.

Clearly, D3R-targeting compounds are highly variable (Table 1). There are several
reasons that these contradictions in the literature may exist. The simplest explanation is
that of specificity. The aforementioned similarity in D2R and D3R helps to explain many of
these cases, in that “D3R” tools are not entirely selective for D3R. However, inconsistencies
persist even when using highly selective D3R pharmacological probes. As discussed, D3R
signaling is extremely diverse and D3R-specific ligands likely engage this diversity, biasing
D3R signaling towards one or more intracellular pathway. Biased agonism that results
in functional GPCR selectivity is being described more frequently, both behaviorally and
cellularly, particularly with DA receptors [80]. Additionally, allosteric modulation because
of heteromerization is a common outcome across several GPCR heteromers [80]. Given
that DIR-D3R heteromers might signal G-protein-independently to synergistically drive
downstream signaling [52,56,77], engaging G-protein-dependent signaling of D3R (either
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via partial agonism or antagonism) or targeting D1R-D3R cooperativity might be the key
to unlocking D3R’s therapeutic potential [9]. Furthermore, region-specific understanding
of D3R is warranted. D3R may play an antagonistic [44] or cooperative [48,52] role in D1R
depending on where it is localized within the basal ganglia. D3R also forms heteromers
with other receptors beyond D1R, which further contributes to its functional selectivity,
signaling diversity and DA processing [81-84]. For many years, a lack of ligand specificity
hindered the ability to rigorously test D3R’s role in the brain and behavior. Now, more
D3R tools are available and being used in vivo to accomplish this goal [9,85].

6. Conclusions and Future Directions

Since its discovery in 1990, D3R has been implicated as a key player in many disorders
characterized by dopamine dysfunction [7,8]. Indeed, as early as 1997, Bordet and col-
leagues linked D3R upregulation to behavioral sensitization to L-DOPA [46]. Shortly after,
the same group connected D1R stimulation to D3R upregulation in a model of PD [47].
D1R-D3R interactions have been thoroughly characterized in vitro [41,42,56] but many
questions about their in vivo significance still remain. Cell-specific targeting of D3R has
revealed a dyskinesiogenic role of D3R, but how this might be leveraged therapeutically
remains an open question [58]. Despite early studies suggesting that D3R has limited thera-
peutic potential [28,60,64,78], the generation of new compounds that take into account the
unique signaling properties of D3R has reinvigorated the field. D3R is a promising target
once again [9,67]. In fact, the targeting of D3R to alleviate LID is already being translated
clinically. The D3R antagonist IRL790 (Mesdopetam) is currently undergoing clinical trials
for LID management in PD patients. Early phases suggest that IRL790 is well-tolerated
and effective in reducing LID [86,87] and phase IIB trials (NCT04435431) are currently
underway. As more information is gathered regarding the structural relationship between
D3R and its binding /signaling partners, the number of highly specific D3R compounds is
only expected to rise [12,88]. These developments have the potential to impact both LID
management and a number of disorders marked by aberrant D3R activity.

Author Contributions: K.L. and C.B. wrote the manuscript. Both authors have read and agreed to
the published version of the manuscript.
Funding: This work received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jankovic, J. Parkinson’s Disease: Clinical Features and Diagnosis. |. Neurol. Neurosurg. Psychiatry 2008, 79, 368-376. [CrossRef]
[PubMed]

2. Navntoft, C.A; Dreyer, ]. K. How Compensation Breaks down in Parkinson’s Disease: Insights from Modeling of Denervated
Striatum. Mov. Disord. 2016, 31, 280-289. [CrossRef] [PubMed]

3.  Iravani, M.M.; McCreary, A.C.; Jenner, P. Striatal Plasticity in Parkinson’s Disease and L-DOPA Induced Dyskinesia. Parkinsonism
Relat. Disord. 2012, 18, S123-5125. [CrossRef]

4. Lees, A].; Tolosa, E.; Olanow, C.W. Four Pioneers of L-Dopa Treatment: Arvid Carlsson, Oleh Hornykiewicz, George Cotzias,
and Melvin Yahr. Mov. Disord. 2015, 30, 19-36. [CrossRef] [PubMed]

5. Hely, M.A; Morris, ].G.L.; Reid, W.G.J.; Trafficante, R. Sydney Multicenter Study of Parkinson’s Disease: Non-L-Dopa—Responsive
Problems Dominate at 15 Years. Mov. Disord. 2005, 20, 190-199. [CrossRef]

6. Ahlskog, J.E.; Muenter, M.D. Frequency of Levodopa-Related Dyskinesias and Motor Fluctuations as Estimated from the
Cumulative Literature. Mov. Disord. 2001, 16, 448-458. [CrossRef]

7. Sokoloff, P.; Giros, B.; Martres, M.-P.; Bouthenet, M.-L.; Schwartz, J.-C. Molecular Cloning and Characterization of a Novel
Dopamine Receptor (D3) as a Target for Neuroleptics. Nature 1990, 347, 146-151. [CrossRef]

8. Giros, B.; Martres, M.P,; Sokoloff, P.; Schwartz, ].C. Gene cloning of human dopaminergic D3 receptor and identification of its
chromosome. CR Acad. Sci. II1 1990, 311, 501-508.

9.  Cortés, A.; Moreno, E.; Rodriguez-Ruiz, M.; Canela, E.I; Casadd, V. Targeting the Dopamine D3 Receptor: An Overview of Drug
Design Strategies. Expert Opin. Drug Discov. 2016, 11, 641-664. [CrossRef]

10. Galaj, E.; Ewing, S.; Ranaldi, R. Dopamine D1 and D3 Receptor Polypharmacology as a Potential Treatment Approach for

Substance Use Disorder. Neurosci. Biobehav. Rev. 2018, 89, 13-28. [CrossRef]


http://doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/18344392
http://doi.org/10.1002/mds.26579
http://www.ncbi.nlm.nih.gov/pubmed/26890687
http://doi.org/10.1016/S1353-8020(11)70038-4
http://doi.org/10.1002/mds.26120
http://www.ncbi.nlm.nih.gov/pubmed/25488030
http://doi.org/10.1002/mds.20324
http://doi.org/10.1002/mds.1090
http://doi.org/10.1038/347146a0
http://doi.org/10.1080/17460441.2016.1185413
http://doi.org/10.1016/j.neubiorev.2018.03.020

Biomedicines 2021, 9, 314 10 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Beaulieu, J.-M.; Espinoza, S.; Gainetdinov, R.R. Dopamine Receptors—IUPHAR Review 13. Br. J. Pharm. 2015, 172, 1-23.
[CrossRef]

Chien, E.X.T.; Liu, W.; Zhao, Q.; Katritch, V.; Han, G.W.; Hanson, M.A_; Shi, L.; Newman, A.H.; Javitch, J.A.; Cherezov, V.; et al.
Structure of the Human Dopamine D3 Receptor in Complex with a D2/D3 Selective Antagonist. Science 2010, 330, 1091-1095.
[CrossRef]

Levesque, D.; Diaz, ].; Pilon, C.; Martres, M.P; Giros, B.; Souil, E.; Schott, D.; Morgat, ].L.; Schwartz, ].C.; Sokoloff, P. Identifica-
tion, Characterization, and Localization of the Dopamine D3 Receptor in Rat Brain Using 7-[3H]Hydroxy-N,N-Di-n-Propyl-2-
Aminotetralin. Proc. Natl. Acad. Sci. USA 1992, 89, 8155-8159. [CrossRef] [PubMed]

Landwehrmeyer, B.; Mengod, G.; Palacios, ].M. Differential Visualization of Dopamine D2 and D3 Receptor Sites in Rat Brain. A
Comparative Study Using in Situ Hybridization Histochemistry and Ligand Binding Autoradiography. Eur. J. Neurosci. 1993, 5,
145-153. [CrossRef]

Clarkson, R.L.; Liptak, A.T.; Gee, S.M.; Sohal, V.S.; Bender, K.J. D3 Receptors Regulate Excitability in a Unique Class of Prefrontal
Pyramidal Cells. J. Neurosci. 2017, 37, 5846-5860. [CrossRef] [PubMed]

Swant, J.; Stramiello, M.; Wagner, J.J. Postsynaptic Dopamine D3 Receptor Modulation of Evoked IPSCs via GABAA Receptor
Endocytosis in Rat Hippocampus. Hippocampus 2008, 18, 492-502. [CrossRef]

Missale, C.; Nash, S.R.; Robinson, S.W.; Jaber, M.; Caron, M.G. Dopamine Receptors: From Structure to Function. Physiol. Rev.
1998, 78, 189-225. [CrossRef] [PubMed]

Cruz-Trujillo, R.; Avalos-Fuentes, A.; Rangel-Barajas, C.; Paz-Bermudez, F; Sierra, A.; Escartin-Perez, E.; Aceves, J.; Erlij, D.;
Floran, B. D3 Dopamine Receptors Interact with Dopamine D1 but Not D4 Receptors in the GABAergic Terminals of the SNr of
the Rat. Neuropharmacology 2013, 67, 370-378. [CrossRef]

Guigoni, C.; Doudnikoff, E.; Li, Q.; Bloch, B.; Bezard, E. Altered D1 Dopamine Receptor Trafficking in Parkinsonian and Dyskinetic
Non-Human Primates. Neurobiol. Dis. 2007, 26, 452-463. [CrossRef]

Berthet, A.; Porras, G.; Doudnikoff, E.; Stark, H.; Cador, M.; Bezard, E.; Bloch, B. Pharmacological Analysis Demonstrates
Dramatic Alteration of D1 Dopamine Receptor Neuronal Distribution in the Rat Analog of L-DOPA-Induced Dyskinesia. |.
Neurosci. 2009, 29, 4829-4835. [CrossRef]

Rassu, M.; Del Giudice, M.G.; Sanna, S.; Taymans, ].M.; Morari, M.; Brugnoli, A.; Frassineti, M.; Masala, A.; Esposito, S.; Galioto,
M.; et al. Role of LRRK?2 in the Regulation of Dopamine Receptor Trafficking. PLoS ONE 2017, 12, €0179082. [CrossRef] [PubMed]
Alcacer, C.; Santini, E.; Valjent, E.; Gaven, F; Girault, ].-A.; Hervé, D. Golf Mutation Allows Parsing the Role of CAMP-Dependent
and Extracellular Signal-Regulated Kinase-Dependent Signaling in 1-3,4-Dihydroxyphenylalanine-Induced Dyskinesia. J. Neurosci.
2012, 32, 5900-5910. [CrossRef] [PubMed]

Corvol, J.-C.; Muriel, M.-P; Valjent, E.; Féger, ].; Hanoun, N.; Girault, J.-A.; Hirsch, E.C.; Hervé, D. Persistent Increase in Olfactory
Type G-Protein « Subunit Levels May Underlie D1 Receptor Functional Hypersensitivity in Parkinson Disease. J. Neurosci. 2004,
24,7007-7014. [CrossRef]

Cai, G.; Wang, H.-Y,; Friedman, E. Increased Dopamine Receptor Signaling and Dopamine Receptor-G Protein Coupling in
Denervated Striatum. J. Pharm. Exp. 2002, 302, 1105-1112. [CrossRef] [PubMed]

Rangel-Barajas, C.; Silva, I.; Lopéz-Santiago, L.M.; Aceves, ].; Erlij, D.; Floran, B. L-DOPA-Induced Dyskinesia in Hemiparkinso-
nian Rats Is Associated with up-Regulation of Adenylyl Cyclase Type V/VI and Increased GABA Release in the Substantia Nigra
Reticulata. Neurobiol. Dis. 2011, 41, 51-61. [CrossRef] [PubMed]

Morissette, M.; Goulet, M.; Grondin, R.; Blanchet, P.; Bédard, PJ.; Paolo, T.D.; Lévesque, D. Associative and Limbic Regions
of Monkey Striatum Express High Levels of Dopamine D3 Receptors: Effects of MPTP and Dopamine Agonist Replacement
Therapies. Eur. ]. Neurosci. 1998, 10, 2565-2573. [CrossRef]

Farré, D.; Muiioz, A.; Moreno, E.; Reyes-Resina, I.; Canet-Pons, J.; Dopeso-Reyes, I.G.; Rico, A.J.; Lluis, C.; Mallol, J.; Navarro,
G.; et al. Stronger Dopamine D1 Receptor-Mediated Neurotransmission in Dyskinesia. Mol. Neurobiol. 2015, 52, 1408-1420.
[CrossRef] [PubMed]

Bézard, E.; Ferry, S.; Mach, U.; Stark, H.; Leriche, L.; Boraud, T.; Gross, C.; Sokoloff, P. Attenuation of Levodopa-Induced
Dyskinesia by Normalizing Dopamine D 3 Receptor Function. Nat. Med. 2003, 9, 762-767. [CrossRef]

Guigoni, C.; Aubert, L; Li, Q.; Gurevich, V.V,; Benovic, ]J.L.; Ferry, S.; Mach, U.,; Stark, H.; Leriche, L.; Hakansson, K.; et al.
Pathogenesis of Levodopa-Induced Dyskinesia: Focus on D1 and D3 Dopamine Receptors. Parkinsonism Relat. Disord. 2005, 11,
525-529. [CrossRef]

Quik, M.; Police, S.; He, L.; Di Monte, D.A.; Langston, J.W. Expression of D3 Receptor Messenger RNA and Binding Sites in
Monkey Striatum and Substantia Nigra after Nigrostriatal Degeneration: Effect of Levodopa Treatment. Neuroscience 2000, 98,
263-273. [CrossRef]

Rinne, J.O.; Laihinen, A.; Ruottinen, H.; Ruotsalainen, U.; Ndgren, K.; Lehikoinen, P; Oikonen, V.; Rinne, U.K. Increased Density
of Dopamine D2 Receptors in the Putamen, but Not in the Caudate Nucleus in Early Parkinson’s Disease: A PET Study with
[11C]Raclopride. J. Neurol. Sci. 1995, 132, 156-161. [CrossRef]

Hurley, M.]J.; Stubbs, C.M.; Jenner, P.; Marsden, C.D. D3 Receptor Expression within the Basal Ganglia Is Not Affected by
Parkinson’s Disease. Neurosci. Lett. 1996, 214, 75-78. [CrossRef]

Yang, P.; Perlmutter, J.S.; Benzinger, T.L.S.; Morris, J.C.; Xu, J. Dopamine D3 Receptor: A Neglected Participant in Parkinson
Disease Pathogenesis and Treatment? Ageing Res. Rev. 2020, 57, 100994. [CrossRef] [PubMed]


http://doi.org/10.1111/bph.12906
http://doi.org/10.1126/science.1197410
http://doi.org/10.1073/pnas.89.17.8155
http://www.ncbi.nlm.nih.gov/pubmed/1518841
http://doi.org/10.1111/j.1460-9568.1993.tb00480.x
http://doi.org/10.1523/JNEUROSCI.0310-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28522735
http://doi.org/10.1002/hipo.20408
http://doi.org/10.1152/physrev.1998.78.1.189
http://www.ncbi.nlm.nih.gov/pubmed/9457173
http://doi.org/10.1016/j.neuropharm.2012.11.032
http://doi.org/10.1016/j.nbd.2007.02.001
http://doi.org/10.1523/JNEUROSCI.5884-08.2009
http://doi.org/10.1371/journal.pone.0179082
http://www.ncbi.nlm.nih.gov/pubmed/28582422
http://doi.org/10.1523/JNEUROSCI.0837-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22539851
http://doi.org/10.1523/JNEUROSCI.0676-04.2004
http://doi.org/10.1124/jpet.102.036673
http://www.ncbi.nlm.nih.gov/pubmed/12183669
http://doi.org/10.1016/j.nbd.2010.08.018
http://www.ncbi.nlm.nih.gov/pubmed/20736067
http://doi.org/10.1046/j.1460-9568.1998.00264.x
http://doi.org/10.1007/s12035-014-8936-x
http://www.ncbi.nlm.nih.gov/pubmed/25344317
http://doi.org/10.1038/nm875
http://doi.org/10.1016/j.parkreldis.2004.11.005
http://doi.org/10.1016/S0306-4522(00)00130-5
http://doi.org/10.1016/0022-510X(95)00137-Q
http://doi.org/10.1016/0304-3940(96)12884-6
http://doi.org/10.1016/j.arr.2019.100994
http://www.ncbi.nlm.nih.gov/pubmed/31765822

Biomedicines 2021, 9, 314 11 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sato, K.; Ueda, H.; Okumura, F.; Misu, Y. 6-OHDA-Induced Lesion of the Nigrostriatal Dopaminergic Neurons Potentiates the
Inhibitory Effect of 7-OHDPAT, a Selective D3 Agonist, on Acetylcholine Release during Striatal Microdialysis in Conscious Rats.
Brain Res. 1994, 655, 233-236. [CrossRef]

Prieto, G.A.; Perez-Burgos, A.; Palomero-Rivero, M.; Galarraga, E.; Drucker-Colin, R.; Bargas, ]J. Upregulation of D2-Class
Signaling in Dopamine-Denervated Striatum Is in Part Mediated by D3 Receptors Acting on CaV2.1 Channels via PIP2 Depletion.
J. Neurophysiol. 2011, 105, 2260-2274. [CrossRef] [PubMed]

Prieto, G.A.; Perez-Burgos, A.; Fiordelisio, T.; Salgado, H.; Galarraga, E.; Drucker-Colin, R.; Bargas, J. Dopamine D2-Class
Receptor Supersensitivity as Reflected in Ca2+ Current Modulation in Neostriatal Neurons. Neuroscience 2009, 164, 345-350.
[CrossRef] [PubMed]

Elmhurst, ].L.; Xie, Z.; O'Dowd, B.F,; George, S.R. The Splice Variant D3nf Reduces Ligand Binding to the D3 Dopamine Receptor:
Evidence for Heterooligomerization. Mol. Brain Res. 2000, 80, 63-74. [CrossRef]

Richtand, N.M,; Liu, Y.; Ahlbrand, R.; Sullivan, J.R.; Newman, A.H.; McNamara, R K. Dopaminergic Regulation of Dopamine D3
and D3nf Receptor MRNA Expression. Synapse 2010, 64, 634—-643. [CrossRef]

Prieto, G.A. Abnormalities of Dopamine D3 Receptor Signaling in the Diseased Brain. . Cent. Nerv. Syst. Dis. 2017, 9,
1179573517726335. [CrossRef]

Avalos-Fuentes, A.; Loya-Lopez, S.; Flores-Pérez, A.; Recillas-Morales, S.; Cortés, H.; Paz-Bermudez, F.; Aceves, J.; Erlij, D.; Floran,
B. Presynaptic CaMKIlax Modulates Dopamine D3 Receptor Activation in Striatonigral Terminals of the Rat Brain in a Ca2+
Dependent Manner. Neuropharmacology 2013, 71, 273-281. [CrossRef]

Marcellino, D.; Ferré, S.; Casado, V.; Cortés, A.; Le Foll, B.; Mazzola, C.; Drago, F; Saur, O.; Stark, H.; Soriano, A.; et al.
Identification of Dopamine D1-D3 Receptor Heteromers. J. Biol. Chem. 2008, 283, 26016-26025. [CrossRef] [PubMed]
Fiorentini, C.; Busi, C.; Gorruso, E.; Gotti, C.; Spano, P.; Missale, C. Reciprocal Regulation of Dopamine D1 and D3 Receptor
Function and Trafficking by Heterodimerization. Mol. Pharm. 2008, 74, 59—69. [CrossRef]

Liu, X.-Y;; Mao, L.-M.; Zhang, G.-C.; Papasian, C.J.; Fibuch, E.E.; Lan, H.-X.; Zhou, H.-F,; Xu, M.; Wang, ].Q. Activity-Dependent
Modulation of Limbic Dopamine D3 Receptors by CaMKII. Neuron 2009, 61, 425-438. [CrossRef] [PubMed]

Avalos-Fuentes, A.; Albarran-Bravo, S.; Loya-Lopéz, S.; Cortés, H.; Recillas-Morales, S.; Magana, ].J.; Paz-Bermudez, F.; Rangel-
Barajas, C.; Aceves, J.; Erlij, D.; et al. Dopaminergic Denervation Switches Dopamine D3 Receptor Signaling and Disrupts Its
Ca2+ Dependent Modulation by CaMKII and Calmodulin in Striatonigral Projections of the Rat. Neurobiol. Dis. 2015, 74, 336-346.
[CrossRef]

Campos, B.C.; Avalos-Fuentes, A.; Leyva, C.P; Sdnchez-Zavaleta, R.; Loya-Lépez, S.; Rangel-Barajas, C.; Leyva-Gémez, G.;
Cortés, H.; Erlij, D.; Floran, B. Coexistence of D3R Typical and Atypical Signaling in Striatonigral Neurons during Dopaminergic
Denervation. Correlation with D3nf Expression Changes. Synapse 2020, 74, €22152. [CrossRef] [PubMed]

Bordet, R.; Ridray, S.; Carboni, S.; Diaz, J.; Sokoloff, P.; Schwartz, J.-C. Induction of Dopamine D3 Receptor Expression as a
Mechanism of Behavioral Sensitization to Levodopa. Proc. Natl. Acad. Sci. USA 1997, 94, 3363-3367. [CrossRef] [PubMed]
Bordet, R.; Ridray, S.; Schwartz, J.-C.; Sokoloff, P. Involvement of the Direct Striatonigral Pathway in Levodopa-Induced
Sensitization in 6-Hydroxydopamine-Lesioned Rats. Eur. . Neurosci. 2000, 12, 2117-2123. [CrossRef]

Solis, O.; Garcia-Montes, ].R.; Gonzalez-Granillo, A.; Xu, M.; Moratalla, R. Dopamine D3 Receptor Modulates L-DOPA-Induced
Dyskinesia by Targeting D1 Receptor-Mediated Striatal Signaling. Cereb. Cortex 2017, bhv231. [CrossRef] [PubMed]

Cote, S.R.; Kuzhikandathil, E.V. Chronic Levodopa Treatment Alters Expression and Function of Dopamine D3 Receptor in the
MPTP/p Mouse Model of Parkinson’s Disease. Neurosci. Lett. 2015, 585, 33-37. [CrossRef] [PubMed]

Sanchez-Pernaute, R.; Jenkins, B.G.; Choi, ].-K.; Chen, Y.-C.I; Isacson, O. In Vivo Evidence of D3 Dopamine Receptor Sensitization
in Parkinsonian Primates and Rodents with L-DOPA-Induced Dyskinesias. Neurobiol. Dis. 2007, 27, 220-227. [CrossRef]

Cote, S.R.; Chitravanshi, V.C.; Bleickardt, C.; Sapru, H.N.; Kuzhikandathil, E.V. Overexpression of the Dopamine D3 Receptor in
the Rat Dorsal Striatum Induces Dyskinetic Behaviors. Behav. Brain Res. 2014, 263, 46-50. [CrossRef] [PubMed]

Lanza, K.; Meadows, S.M.; Chambers, N.E.; Nuss, E.; Deak, M.M.; Ferré, S.; Bishop, C. Behavioral and Cellular Dopamine D1 and
D3 Receptor-Mediated Synergy: Implications for L-DOPA-Induced Dyskinesia. Neuropharmacology 2018, 138, 304-314. [CrossRef]
[PubMed]

Payer, D.E.; Guttman, M.; Kish, S.J.; Tong, J.; Adams, ]J.R.; Rusjan, P.; Houle, S.; Furukawa, Y.; Wilson, A.A.; Boileau, I. D3
Dopamine Receptor-Preferring [11C]JPHNO PET Imaging in Parkinson Patients with Dyskinesia. Neurology 2016, 86, 224-230.
[CrossRef]

Sun, J.; Cairns, N.J.; Perlmutter, J.S.; Mach, R.H.; Xu, J. Regulation of Dopamine D3 Receptor in the Striatal Regions and Substantia
Nigra in Diffuse Lewy Body Disease (DLBD). Neuroscience 2013, 0, 112-126. [CrossRef] [PubMed]

Van Kampen, ].M.; Jon Stoessl, A. Effects of Oligonucleotide Antisense to Dopamine D3 Receptor MRNA in a Rodent Model of
Behavioural Sensitization to Levodopa. Neuroscience 2003, 116, 307-314. [CrossRef]

Guitart, X.; Navarro, G.; Moreno, E.; Yano, H.; Cai, N.-S.; Sanchez-Soto, M.; Kumar-Barodia, S.; Naidu, Y.T.; Mallol, J.; Cortés, A.;
et al. Functional Selectivity of Allosteric Interactions within G Protein-Coupled Receptor Oligomers: The Dopamine D 1 -D 3
Receptor Heterotetramer. Mol. Pharm. 2014, 86, 417-429. [CrossRef]

Yang, P.; Knight, W.C.; Li, H.; Guo, Y.; Perlmutter, ].S.; Benzinger, T.L.S.; Morris, ].C.; Xu, J. Dopamine D1 + D3 Receptor Density
May Correlate with Parkinson Disease Clinical Features. Ann. Clin. Transl. Neurol. 2020, 8, 224-237. [CrossRef]


http://doi.org/10.1016/0006-8993(94)91618-7
http://doi.org/10.1152/jn.00516.2010
http://www.ncbi.nlm.nih.gov/pubmed/21389298
http://doi.org/10.1016/j.neuroscience.2009.08.030
http://www.ncbi.nlm.nih.gov/pubmed/19699276
http://doi.org/10.1016/S0169-328X(00)00120-0
http://doi.org/10.1002/syn.20770
http://doi.org/10.1177/1179573517726335
http://doi.org/10.1016/j.neuropharm.2013.04.010
http://doi.org/10.1074/jbc.M710349200
http://www.ncbi.nlm.nih.gov/pubmed/18644790
http://doi.org/10.1124/mol.107.043885
http://doi.org/10.1016/j.neuron.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19217379
http://doi.org/10.1016/j.nbd.2014.12.008
http://doi.org/10.1002/syn.22152
http://www.ncbi.nlm.nih.gov/pubmed/32068305
http://doi.org/10.1073/pnas.94.7.3363
http://www.ncbi.nlm.nih.gov/pubmed/9096399
http://doi.org/10.1046/j.1460-9568.2000.00089.x
http://doi.org/10.1093/cercor/bhv231
http://www.ncbi.nlm.nih.gov/pubmed/26483399
http://doi.org/10.1016/j.neulet.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25445374
http://doi.org/10.1016/j.nbd.2007.04.016
http://doi.org/10.1016/j.bbr.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24462727
http://doi.org/10.1016/j.neuropharm.2018.06.024
http://www.ncbi.nlm.nih.gov/pubmed/29936243
http://doi.org/10.1212/WNL.0000000000002285
http://doi.org/10.1016/j.neuroscience.2013.05.048
http://www.ncbi.nlm.nih.gov/pubmed/23732230
http://doi.org/10.1016/S0306-4522(02)00548-1
http://doi.org/10.1124/mol.114.093096
http://doi.org/10.1002/acn3.51274

Biomedicines 2021, 9, 314 12 of 13

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lanza, K.; Centner, A.; Coyle, M.; Del Priore, I.; Manfredsson, EP,; Bishop, C. Genetic Suppression of the Dopamine D3 Receptor
in Striatal D1 Cells Reduces the Development of L-DOPA-Induced Dyskinesia. Exp. Neurol. 2021, 336, 113534. [CrossRef]
Fanni, S.; Scheggi, S.; Rossi, F.; Tronci, E.; Traccis, F.; Stancampiano, R.; De Montis, M.G.; Devoto, P.; Gambarana, C.; Bortolato, M.;
et al. 5alpha-Reductase Inhibitors Dampen L-DOPA-Induced Dyskinesia via Normalization of Dopamine D1-Receptor Signaling
Pathway and D1-D3 Receptor Interaction. Neurobiol. Dis. 2019, 121, 120-130. [CrossRef]

Hsu, A.; Togasaki, D.M.; Bezard, E.; Sokoloff, P.; Langston, ]. W.; Monte, D.A.D.; Quik, M. Effect of the D3 Dopamine Receptor
Partial Agonist BP897 [N-[4-(4-(2-Methoxyphenyl)Piperazinyl)Butyl]-2-Naphthamide] on 1-3,4-Dihydroxyphenylalanine-Induced
Dyskinesias and Parkinsonism in Squirrel Monkeys. |. Pharm. Exp. 2004, 311, 770-777. [CrossRef]

Kumar, R.; Riddle, L.; Griffin, S.A.; Grundt, P; Newman, A.H.; Luedtke, R.R. Evaluation of the D3 Dopamine Receptor Selective
Antagonist PG01037 on L-Dopa-Dependent Abnormal Involuntary Movements in Rats. Neuropharmacology 2009, 56, 944-955.
[CrossRef]

Sebastianutto, I.; Maslava, N.; Hopkins, C.R.; Cenci, M. A. Validation of an Improved Scale for Rating L-DOPA-Induced Dyskinesia
in the Mouse and Effects of Specific Dopamine Receptor Antagonists. Neurobiol. Dis. 2016, 96, 156-170. [CrossRef] [PubMed]
Visanji, N.P,; Fox, S.H.; Johnston, T.; Reyes, G.; Millan, M.].; Brotchie, ]. M. Dopamine D3 Receptor Stimulation Underlies the
Development of L-DOPA-Induced Dyskinesia in Animal Models of Parkinson’s Disease. Neurobiol. Dis. 2009, 35, 184-192.
[CrossRef] [PubMed]

Mela, E; Millan, M.].; Brocco, M.; Morari, M. The Selective D3 Receptor Antagonist, S33084, Improves Parkinsonian-like Motor
Dysfunction but Does Not Affect -DOPA-Induced Dyskinesia in 6-Hydroxydopamine Hemi-Lesioned Rats. Neuropharmacology
2010, 58, 528-536. [CrossRef] [PubMed]

Riddle, L.R.; Kumar, R.; Griffin, S.A.; Grundt, P; Newman, A.H.; Luedtke, R.R. Evaluation of the D3 Dopamine Receptor Selective
Agonist/Partial Agonist PG01042 on l-Dopa Dependent Animal Involuntary Movements in Rats. Neuropharmacology 2011, 60,
284-294. [CrossRef] [PubMed]

Gerlach, M.; Bartoszyk, G.D.; Riederer, P.; Dean, O.; van den Buuse, M. Role of Dopamine D3 and Serotonin 5-HT1A Receptors in
I-DOPA-Induced Dyskinesias and Effects of Sarizotan in the 6-Hydroxydopamine-Lesioned Rat Model of Parkinson’s Disease. J.
Neural Transm. 2011, 118, 1733-1742. [CrossRef] [PubMed]

Simms, S.L.; Huettner, D.P,; Kortagere, S. In Vivo Characterization of a Novel Dopamine D3 Receptor Agonist to Treat Motor
Symptoms of Parkinson’s Disease. Neuropharmacology 2016, 100, 106-115. [CrossRef]

Lanza, K.; Chemakin, K.; Lefkowitz, S.; Saito, C.; Chambers, N.; Bishop, C. Reciprocal Cross-Sensitization of D1 and D3 Receptors
Following Pharmacological Stimulation in the Hemiparkinsonian Rat. Psychopharmacology 2020, 237, 155-165. [CrossRef]
Bathina, S.; Das, U.N. Brain-Derived Neurotrophic Factor and Its Clinical Implications. Arch. Med. Sci. 2015, 11, 1164-1178.
[CrossRef]

Saylor, A.J.; McGinty, J.F. An Intrastriatal Brain-Derived Neurotrophic Factor Infusion Restores Striatal Gene Expression in Bdnf
Heterozygous Mice. Brain Struct. Funct. 2010, 215, 97-104. [CrossRef]

Guillin, O,; Diaz, J.; Carroll, P; Griffon, N.; Schwartz, J.-C.; Sokoloff, P. BDNF Controls Dopamine D 3 Receptor Expression and
Triggers Behavioural Sensitization. Nature 2001, 411, 86-89. [CrossRef] [PubMed]

Tronci, E.; Napolitano, F; Mufoz, A.; Fidalgo, C.; Rossi, F; Bjorklund, A.; Usiello, A.; Carta, M. BDNF Over-Expression Induces
Striatal Serotonin Fiber Sprouting and Increases the Susceptibility to -DOPA-Induced Dyskinesia in 6-OHDA-Lesioned Rats. Exp.
Neurol. 2017, 297, 73-81. [CrossRef]

Scheggi, S.; Rossi, E; Corsi, S.; Fanni, S.; Tronci, E.; Ludovica, C.; Vargiu, R.; Gambarana, C.; Mufioz, A.; Stancampiano, R.; et al.
BDNF Overexpression Increases Striatal D3 Receptor Level at Striatal Neurons and Exacerbates D1-Receptor Agonist-Induced
Dyskinesia. J. Parkinsons Dis. 2020, 10, 1503-1514. [CrossRef]

Samadi, P.; Morissette, M.; Lévesque, D.; Paolo, T.D. BDNF Levels Are Not Related with Levodopa-Induced Dyskinesias in MPTP
Monkeys. Mov. Disord. 2010, 25, 116-121. [CrossRef] [PubMed]

Leino, S.; Kohtala, S.; Rantamaéki, T.; Koski, S.K.; Rannanpéd, S.; Salminen, O. Dyskinesia and Brain-Derived Neurotrophic
Factor Levels after Long-Term Levodopa and Nicotinic Receptor Agonist Treatments in Female Mice with near-Total Unilateral
Dopaminergic Denervation. BMC Neurosci. 2018, 19, 1503-1514. [CrossRef] [PubMed]

Jones-Tabah, J.; Mohammad, H.; Hadj-Youssef, S.; Kim, L.E.H.; Martin, R.D.; Benaliouad, F; Tanny, ].C.; Clarke, P.B.S.; Hébert, T.E.
Dopamine D1 Receptor Signalling in Dyskinetic Parkinsonian Rats Revealed by Fiber Photometry Using FRET-Based Biosensors.
Sci. Rep. 2020, 10, 14426. [CrossRef]

Guitart, X.; Moreno, E.; Rea, W.; Sdnchez-Soto, M.; Cai, N.-S.; Quiroz, C.; Kumar, V.; Bourque, L.; Cortés, A.; Canela, E.L; et al.
Biased G Protein-Independent Signaling of Dopamine D1-D3 Receptor Heteromers in the Nucleus Accumbens. Mol. Neurobiol.
2019, 56, 6756—6769. [CrossRef]

Silverdale, M.A.; Nicholson, S.L.; Ravenscroft, P.; Crossman, A.R.; Millan, M.].; Brotchie, ]. M. Selective Blockade of D3 Dopamine
Receptors Enhances the Anti-Parkinsonian Properties of Ropinirole and Levodopa in the MPTP-Lesioned Primate. Exp. Neurol.
2004, 188, 128-138. [CrossRef]

Xu, W.; Wang, X.; Tocker, A.M.; Huang, P.; Reith, M.E.A; Liu-Chen, L.-Y.; Smith, A.B.; Kortagere, S. Functional Characterization of
a Novel Series of Biased Signaling Dopamine D3 Receptor Agonists. ACS Chem. Neurosci. 2017, 8, 486-500. [CrossRef] [PubMed]
Ferré, S.; Casado, V.; Devi, L. A ; Filizola, M.; Jockers, R.; Lohse, M.].; Milligan, G.; Pin, ]J.-P.; Guitart, X. G Protein-Coupled
Receptor Oligomerization Revisited: Functional and Pharmacological Perspectives. Pharm. Rev. 2014, 66, 413—434. [CrossRef]


http://doi.org/10.1016/j.expneurol.2020.113534
http://doi.org/10.1016/j.nbd.2018.09.018
http://doi.org/10.1124/jpet.104.071142
http://doi.org/10.1016/j.neuropharm.2009.01.020
http://doi.org/10.1016/j.nbd.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27597526
http://doi.org/10.1016/j.nbd.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19118628
http://doi.org/10.1016/j.neuropharm.2009.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19733554
http://doi.org/10.1016/j.neuropharm.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20850462
http://doi.org/10.1007/s00702-010-0571-8
http://www.ncbi.nlm.nih.gov/pubmed/21253782
http://doi.org/10.1016/j.neuropharm.2015.04.004
http://doi.org/10.1007/s00213-019-05353-6
http://doi.org/10.5114/aoms.2015.56342
http://doi.org/10.1007/s00429-010-0282-9
http://doi.org/10.1038/35075076
http://www.ncbi.nlm.nih.gov/pubmed/11333982
http://doi.org/10.1016/j.expneurol.2017.07.017
http://doi.org/10.3233/JPD-202061
http://doi.org/10.1002/mds.22885
http://www.ncbi.nlm.nih.gov/pubmed/20014115
http://doi.org/10.1186/s12868-018-0478-0
http://www.ncbi.nlm.nih.gov/pubmed/30497382
http://doi.org/10.1038/s41598-020-71121-8
http://doi.org/10.1007/s12035-019-1564-8
http://doi.org/10.1016/j.expneurol.2004.03.022
http://doi.org/10.1021/acschemneuro.6b00221
http://www.ncbi.nlm.nih.gov/pubmed/27801563
http://doi.org/10.1124/pr.113.008052

Biomedicines 2021, 9, 314 13 of 13

81.

82.

83.

84.

85.

86.

87.

88.

Maggio, R.; Scarselli, M.; Capannolo, M.; Millan, M.]. Novel Dimensions of D3 Receptor Function: Focus on Heterodimerisation,
Transactivation and Allosteric Modulation. Eur. Neuropsychopharmacol. 2015, 25, 1470-1479. [CrossRef] [PubMed]

Maggio, R.; Millan, M.]. Dopamine D2-D3 Receptor Heteromers: Pharmacological Properties and Therapeutic Significance. Curr.
Opin. Pharm. 2010, 10, 100-107. [CrossRef] [PubMed]

Bono, F.; Mutti, V.; Devoto, P.; Bolognin, S.; Schwamborn, J.C.; Missale, C.; Fiorentini, C. Impaired Dopamine D3 and Nicotinic
Acetylcholine Receptor Membrane Localization in IPSCs-Derived Dopaminergic Neurons from Two Parkinson’s Disease Patients
Carrying the LRRK2 G2019S Mutation. Neurobiol. Aging 2021, 99, 65-78. [CrossRef] [PubMed]

Bono, E; Mutti, V.; Fiorentini, C.; Missale, C. Dopamine D3 Receptor Heteromerization: Implications for Neuroplasticity and
Neuroprotection. Biomolecules 2020, 10, 1016. [CrossRef]

Kiss, B.; Laszlovszky, I.; Kramos, B.; Visegrady, A.; Bobok, A.; Lévay, G.; Lendvai, B.; Romén, V. Neuronal Dopamine D3 Receptors:
Translational Implications for Preclinical Research and CNS Disorders. Biomolecules 2021, 11, 104. [CrossRef] [PubMed]
Svenningsson, P.; Johansson, A.; Nyholm, D.; Tsitsi, P.; Hansson, E; Sonesson, C.; Tedroff, J. Safety and Tolerability of IRL790 in
Parkinson’s Disease with Levodopa-Induced Dyskinesia-a Phase 1b Trial. NP] Parkinsons Dis. 2018, 4, 35. [CrossRef] [PubMed]
Becanovic, K.; de Donno, M.V.; Sousa, V.C.; Tedroff, J.; Svenningsson, P. Effects of a Novel Psychomotor Stabilizer, IRL790, on
Biochemical Measures of Synaptic Markers and Neurotransmission. J. Pharm. Exp. 2020, 374, 126-133. [CrossRef]

Xu, P; Huang, S.; Mao, C.; Krumm, B.E.; Zhou, X.E.; Tan, Y.; Huang, X.-P; Liu, Y.; Shen, D.-D.; Jiang, Y.; et al. Structures of the
Human Dopamine D3 Receptor-Gi Complexes. Mol. Cell 2021. [CrossRef]


http://doi.org/10.1016/j.euroneuro.2014.09.016
http://www.ncbi.nlm.nih.gov/pubmed/25453482
http://doi.org/10.1016/j.coph.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19896900
http://doi.org/10.1016/j.neurobiolaging.2020.12.001
http://www.ncbi.nlm.nih.gov/pubmed/33422895
http://doi.org/10.3390/biom10071016
http://doi.org/10.3390/biom11010104
http://www.ncbi.nlm.nih.gov/pubmed/33466844
http://doi.org/10.1038/s41531-018-0071-3
http://www.ncbi.nlm.nih.gov/pubmed/30534585
http://doi.org/10.1124/jpet.119.264754
http://doi.org/10.1016/j.molcel.2021.01.003

	Introduction 
	The D3 Receptor 
	Dopamine D3 Receptor (D3R) in the Parkinsonian Brain 
	Dopamine D1 Receptor (D1R) and Dopamine D3 Receptor (D3R) Expression Following Denervation 
	Dopamine D3 Receptor (D3R) Signaling Changes Following Denervation 

	Dopamine D3 Receptor (D3R) in the Dyskinetic Brain 
	Dopamine D3 Receptor (D3R) Changes to Expression in LID 
	Dopamine D3 Receptor (D3R) Changes to Signaling in LID 

	Targeting D3R in LID 
	Conclusions and Future Directions 
	References

