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Preface

The Current Topics in Behavioral Neurosciences volume: Therapeutic Applications
of Dopamine D3 Receptor Function reviews the state of the knowledge on the
dopamine D3 receptor and its role in human behavior and disease (i.e., neuropsy-
chiatric illnesses including schizophrenia, mood disorders, Parkinson’s disease,
restless legs syndrome, addictions, and substance use disorders). We present an
11-chapter volume from leading experts across multidisciplinary areas (imaging,
biobehavioral testing and clinical trials, preclinical models/molecular pharmacol-
ogy) converging on the therapeutic implications and potential of the D3 receptor.

The D3 dopamine receptor is a member of the D2-like family of G protein-
coupled dopamine receptors. It was cloned and characterized more than 30 years
ago. A key feature of the D3 dopamine receptor system, which has attracted
considerable attention, is its anatomical localization remarkably restricted to the
limbic circuitry. This has spurred the hypothesis that D3 dopamine receptor involve-
ment could contribute to the pathophysiology of neuropsychiatric disorders or to
some features of neuropsychiatric disorders, including but not limited to psychosis,
addictions and substance abuse, mood and movement disorders.

This volume opens up with a history of the D3 dopamine receptor from cloning to
clinical trials (Pierre Sokoloff and Bernard Le Foll) broadening our understanding of
D3 dopamine receptor function in neuropsychiatry illness and introducing the idea
that targeting D3 dopamine receptors may be a viable approach. This introductory
chapter is followed by a cross-species review of D3 dopamine receptor
biodistribution (Eugenia Gurevich). Federica Bono et al. provide a review of the
literature regarding the heterodimerization of D1 and D3 dopamine receptors in
rodents, which represent a potential drug target for the treatment of dyskinetic
behaviors induced by long-term levodopa treatment in Parkinson’s disease patients.
The involvement of the D3 dopamine receptor in mesocorticolimbic circuit struc-
tural plasticity, through the activation of mammalian target of rapamycin complex 1
(mTORC1) pathway, is reviewed by Emilio Merlo Pich et al. proposing a new
working hypothesis on the role of D3 dopamine receptors in treatment-resistant
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depression. Jimbin Xu provides new important insight on the role of the D3
dopamine receptor in the progression of Parkinson’s disease. Mathieu Favier et al.
summarize recent findings from their rodent lesion model which suggests a critical
role of dopamine D3 receptors in parkinsonian apathy and highlight this receptor as a
promising target for treating motivational deficits. Sebastiano Torrisi et al. review
the literature on the role of dopamine D3 receptors in cognition, proposing that drugs
targeting D3 dopamine receptors are potential cognitive enhancers for several
neuropsychiatric disorders. Amy Hauck Newman et al. describe the effects of new
dopamine D3 receptor antagonists/partial agonists on preclinical models of self-
administration of drugs such as opiates and psychostimulants. Kevin Butler et al.
review the preclinical and clinical literature on the role of the D3 dopamine receptors
in nicotine dependence. Stefan Clemens presents an updated summary of the current
treatments of restless legs syndrome characterized by a D3 dopamine receptor
targeting. Finally, Sheida Koosari et al. introduce the readers to positron emission
tomography (PET) imaging in human pharmacology research and describe the
available D3 dopamine receptor radiotracers and their kinetics, emphasizing the
use of [!!C]-(+)-PHNO in substance abuse, obesity, aging, traumatic brain injury,
schizophrenia, Parkinson’s disease, and dementia.

In summary, we aim for this volume to inspire future work on the D3 dopamine
receptor through a series of thought-provoking reviews and discussions.

Toronto, ON, Canada Isabelle Boileau
Brescia, Italy Ginetta Collo
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Abstract Before 1990, the multiplicity of dopamine receptors beyond D1 and D2

had remained a controversial concept, despite its substantial clinical implications,

at

a time when it was widely accepted that dopamine interacted with only two receptor

P. Sokoloff
Biodol Therapeutics, Clapiers, France

B. Le Foll ()
Translational Addiction Research Laboratory, Centre for Addiction and Mental Health,
Toronto, ON, Canada

Campbell Family Mental Health Research Institute, CAMH, Toronto, ON, Canada
Department of Psychiatry, Faculty of Medicine, University of Toronto, Toronto, ON, Canada
Departments of Family and Community Medicine, University of Toronto, Toronto, ON, Canada
Institute of Medical Science, University of Toronto, Toronto, ON, Canada

Department of Pharmacology and Toxicology, University of Toronto, Toronto, ON, Canada

Waypoint Research Institute, Waypoint Centre for Mental Health Care, 5, Penetanguishene,
ON, Canada
e-mail: Bernard.LeFoll@camh.ca

© The Author(s), under exclusive license to Springer Nature 2022
Curr Topics Behav Neurosci (2023) 60: 1-28
https://doi.org/10.1007/7854_2022_315

Published Online: 26 April 2022


http://crossmark.crossref.org/dialog/?doi=10.1007/7854_2022_315&domain=pdf
mailto:Bernard.LeFoll@camh.ca
https://doi.org/10.1007/7854_2022_315#DOI

2 P. Sokoloff and B. Le Foll

subtypes, termed D1 and D2, differing one from the other by their pharmacological
specificity and opposite effects on adenylyl cyclase. It was also generally admitted
that the therapeutic efficacy of antipsychotics resulted from blockade of D2 recep-
tors. Thanks to molecular biology techniques, the D3 receptor could be characterized
as a distinct molecular entity having a restricted anatomical gene expression and
different signaling, which could imply peculiar functions in controlling cognitive
and emotional behaviors. Due to the structural similarities of D2 and D3 receptors,
the search for D3-selective compounds proved to be difficult, but nevertheless led to
the identification of fairly potent and in vitro and in vivo selective compounds. The
latter permitted to confirm a role of D3 receptors in motor functions, addiction,
cognition, and schizophrenia, which paved the way for the development of new
drugs for the treatment of psychiatric disorders.

Keywords Addiction-Schizophrenia - Anatomical distribution - Clinical trials -
D3-selective agents - Molecular cloning - Signaling

At the dawn of the 1980s, it was widely accepted that dopamine (DA) affected its
target neuronal and endocrine cells via interaction with only two receptor subtypes,
termed D1 and D2, differing one from the other by their pharmacological specificity
for DA agonists and antagonists, and their opposite effect on adenylyl cyclase
(Garau et al. 1978; Kebabian and Calne 1979). It was also generally admitted that
the potent blockade of D2 receptors was responsible for therapeutic efficacy of
antipsychotics. However, the idea was raised by Schwartz and colleagues that
antipsychotic agents may interact to a variable extent with more than a single DA
receptor subtype, i.e., that the dual categorization of DA receptors was incomplete.
This conviction was based mainly upon the observation that a series of “atypical
antipsychotics,” although inactive at D1 receptors, were able to distinguish sub-
classes of D2 receptors in binding studies in the brain but not anterior pituitary, and
in behavioral studies (Martres et al. 1984). Also, the existence in the brain, but not
pituitary, of a dopamine receptor subtype rather insensitive to modulation by gua-
nine nucleotides was put forward (Sokoloff et al. 1984). However, no highly
discriminative agent could be identified, so the idea that more than a single molec-
ular entity, the D2 receptor, was responsible for the various actions of antipsychotics
remained controversial, in spite of its substantial clinical implications.

The concept of multiplicity of DA receptor subtypes has radically evolved from
the late 1980s with the introduction into this field of molecular biology techniques,
which have firstly confirmed that D1 and D2 receptors were distinct molecular
entities (Bunzow et al. 1988; Dearry et al. 1990; Sunahara et al. 1990; Zhou et al.
1990) and, secondly unraveled the existence of two isoforms of the D2 receptor
generated by alternative mRNA splicing (Giros et al. 1989; Monsma et al. 1989).
Much less expected were the subsequent discoveries of D3 (Sokoloff et al. 1990), D4
(Van Tol et al. 1991) and D5 (Sunahara et al. 1991) receptors, named according to
the accepted nomenclature, although an alternative naming (D 5, D24, D2, Do, and
D,g) was also used at a time, based on the gene organization, functional and
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pharmacological similarities, respectively between D; and Ds, and between D2, D3,
and D4 receptors.

This introductory review relates seminal findings on the D3 receptor that have
initiated investigations on the role of this receptor in the control of various behaviors
and paved the way for the development of new drugs for the treatment of psychiatric
disorders. More comprehensive reviews on recent findings can be found in the
present collective work and recent articles (Kiss et al. 2021; Lanza and Bishop
2021; Manvich et al. 2019).

1 Molecular Cloning and Characterization of the D;
Receptor

The cloning of the D, receptor gene in 1988 (Sunahara et al. 1990) facilitated the
search for new genes displaying sequence similarity with it. While many researchers
were focused on cloning the D1 receptor gene (Dearry et al. 1990; Sunahara et al.
1990; Zhou et al. 1990), the proponents of D, receptor heterogeneity were seeking
for genes homologous to this receptor gene.

The cloning of cDNA encoding the D3 receptor (Sokoloff et al. 1990) was
achieved by combining screening of cDNA and genomic phage libraries with a
probe derived from the D, receptor cDNA (Giros et al. 1989) and reverse transcrip-
tion and polymerase chain reaction (RT-PCR). Sequence analysis of a positive
genomic clone revealed an open reading encoding an unknown protein with strong
homology with the two first transmembrane domains of the D, receptor, terminating
at the exact position of the beginning of the first intron of the D, receptor. Then a
degenerated oligonucleotide from the sequence encoding the seventh transmem-
brane domain of the D, receptor and a primer derived from the first genomic clone
were used in RT-PCR to get a cDNA, of which a fragment was used to screen again
the genomic library and get the 3’-end of the cDNA. The sequence analysis of the
complete cDNA revealed an open reading frame of 446 codons, i.e., 446 amino-
acids containing seven putative transmembrane domains characteristic of all mem-
bers of the G protein-coupled receptors superfamily. Like the D, receptor gene, but
unlike most other members of this superfamily, the D5 receptor gene contains
5 introns, two of which at the same position as in the D, receptor gene. Notably,
the sequence corresponding to the third intracellular loop is interrupted by only one
intron, thus, excluding the possibility of alternative splicing at this level, as it occurs
in the D, receptor gene (Giros et al. 1989). The homology between the rat D, and D5
receptors is 52% overall but as high as 75% if only the transmembrane domains are
considered. Functionally significant amino-acid residues could be noted in the D3
receptor: Aspl10, responsible for salt-linking ammonium groups of monoamines;
Ser 193 and Ser 196 for hydrogen bonding of the two hydroxyl groups of catechols,
and Cys 103 and Cys 181 that may participate in the formation of an extracellular
disulfide bridge.
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When expressed in CHO cells, both D2 and D3 receptors could be clearly
distinguished from each other by the affinities of DA agonists and antagonists. DA
itself displayed a 20 times higher affinity for the D3 compared to the D2 receptor.
The affinity of DA was not significantly modified by the addition of a guanyl
nucleotide, which was reminiscent of the high affinity component of dopamine
binding not modulated by guanyl nucleotides previously identified in crude brain
membranes (Sokoloff et al. 1984). Among dopamine agonists, most of which are or
have been used to treat symptoms of Parkinson’s disease (PD), apomorphine and
bromocriptine displayed similar potencies at both receptors, whereas TL
99, pergolide, and quinpirole — considered to be putative autoreceptor-selective
agents (Clark and White 1987; Wolf and Roth 1987) — were much more potent at
D3 than at D2 receptors.

Most antipsychotics also displayed nanomolar potencies at the D3 receptor,
which therefore was found to be a potential target for therapeutic agents used to
treat psychotic symptoms. However, their affinity varied depending on the receptor.
For instance, haloperidol, spiperone, thioproperazine, and prochlorperazine were
10 to 20 times more potent at D2 than at D3 receptors, whereas (—)sulpiride,
clozapine, thioridazine, amisulpride, or raclopride were only two to three times
more potent at D2 than at D3 receptor. This major feature could be anticipated to
have important therapeutic implications, because antipsychotics of the first series
were considered at that time as “typical antipsychotics,” i.e., compounds eliciting
PD-like motor side effects, whereas those of the second series were considered as
“atypical antipsychotics,” less associated with extrapyramidal symptoms (Carlsson
1978). Therefore, these different clinical profiles might reflect the ability of neuro-
leptics to differentially block D2 and D3 receptors in the brain, a statement which
should be considered with caution given that antipsychotics interact with a variety of
non-dopamine receptors that might also influence their clinical profile. The only
antagonists exhibiting limited but significantly higher potency at D3 than at D2
receptors were UH 232 and AJ 76, two putative autoreceptor-selective agents
(Svensson et al. 1986a).

The initial investigation of the receptor signaling (Sokoloff et al. 1990) revealed
important differences between D2 and D3 receptors. When expressed in CHO cells,
D2 receptor stimulation inhibited forskolin-induced cyclic adenosyl-monophosphate
(cAMP) accumulation, an effect which did not occur after D3 receptor stimulation.
Combined with the lack of modulation of dopamine binding by a guanyl nucleotide,
this finding questioned the functionality of D3 receptors, although the lack of
functional consequences of D3 receptor stimulation as observed at that time could
be also explained by the use of an inadequate recipient cell line. It was after almost
4 years and various attempts using different recipient cells (Ahlgren-Beckendorf and
Levant 2004) that first reports on efficient D3 receptor functional coupling appeared.
Stimulation of D3 receptor was found to inhibit cAMP accumulation, but to a much
lesser extent than that of D2 receptor (Chio et al. 1994) but it was later found that D3
receptor potently and selectively inhibits adenylyl cyclase type V (Robinson and
Caron 1997). Efficacious o;/a,-dependent responses of D3 receptor to DA agonists
were also reported on extracellular cell acidification and mitogenesis (Chio et al.
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1994), as well as on DA release in a neuron-derived cell line (Tang et al. 1994). It
was found later that the D3 receptor pathways were diverse and include both G
protein-dependent and independent mechanisms, which can account for the complex
cellular responses reported above (see Ahlgren-Beckendorf and Levant (2004) for a
review).

The anatomical distribution of D3 receptor mRNA, as assessed by Northern
blotting, semi-quantitative PCR and in situ hybridization revealed a markedly
distinct relative abundance within brain regions, as compared to D2 receptors.
Highest D3 receptor mRNA levels were found, in descending order, in the olfactory
tubercle-islands of Calleja complex, hypothalamus, striatum and substantia nigra.
Within the striatal complex, highest levels were found in the “limbic” areas, e.g.,
ventral and ventromedial parts of the putamen, shell of nucleus accumbens,
suggesting a particular role for the D3 receptor in controlling cognitive and emo-
tional behavior (see next section). No D3 receptor expression was detected in the
pituitary, even with the highly sensitive RT-PCR techniques, whereas D2 receptor
expression was found highly abundant in this area, supporting the notion that the
guanyl nucleotide-insensitive binding site previously identified in striatal but not
anterior pituitary membranes (Sokoloff et al. 1984) may correspond to D3 receptors.
D3 receptors also constitute autoreceptors, i.e., receptors expressed by DA neurons:
mRNA could be detected by RT-PCR and decreased by 65-69% after DA neuron
degeneration induced by infusion of 6-hydroxydopamine into the medial forebrain
bundle, which concentrates DA neuron fibers originating from the substantia nigra
and ventral tegmental area. Furthermore, D3 receptor transcripts were detected in the
kidney, an organ in which dopamine in low doses exerts vasodilatory actions (Ferro
2003); later the presence of D3 receptor protein in proximal tubules of kidney was
confirmed by immunohistochemistry (Niirnberger et al. 2004).

These studies established the characterization of a novel DA receptor, of which
the existence may have been anticipated from previous binding studies. The major
features of this new receptor is its affinity for antiparkinsonian and antipsychotic
drugs, which might exert, at least part of their clinical effects by binding to the D3
receptor, and its particular expression as a postsynaptic receptor in the limbic parts of
the striatal complex, and as an autoreceptor on DA neurons. However, it could not be
ascertained at that time whether antipsychotics block the D3 receptor at therapeutic
dosage, nor if blockade of D3 receptor, or both D2 and D3 receptors are necessary
for the therapeutic efficacy of these drugs.

2 Expression and Distribution of the D3 Receptors
in the Brain

Initially, the expression of D3 receptors was determined by in situ hybridization with
cRNA antisense or oligonucleotide probes in rat (Bouthenet et al. 1991b; Diaz et al.
1995; Le Moine and Bloch 1996; Sokoloff et al. 1990) and human (Mengod et al.
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1992) brains. Then the selective radioligands 7-[*H]hydroxy-N,N-di-n-propyl-2-
aminotetralin ([*H]7-OH-DPAT) (Lévesque et al. 1992) and ['*I|R-(+)-trans-7-
Hydroxy-2-(N-n-propyl-N-3'-iodo-2'-propenyl)aminotetralin  (['**I]7-OH-PIPAT)
(Burris et al. 1994) were used in receptor autoradiography studies. Later, anti-D3
receptor antibodies were developed for immunohistochemistry studies, which
should be considered with caution, because their sensitivity and selectivity have
rarely been validated by using either D3 receptor-knockout mice (Diaz et al. 2000) or
with multiple monoclonal antibodies targeting different D3 receptor epitopes
(Wolstencroft et  al 2007). More  recently, [ ! 1C](+)—4-pr0pyl-9-
hydroxynaphthoxazine [[''C](+)-PHNO] has been developed as a radioligand for
quantifying D3 receptors in the brain by Positron Emission Tomography (PET).
Initially, (+)-PHNO was identified as a D2-like agonist for the treatment of PD
(Martin et al. 1984), which was later found to display moderate selectivity for the D3
receptor (Freedman et al. 1994)]. In particular, (+)-PHNO has limited selectivity for
D3 receptors with respect to D2y, affinity state, so that [''C)(+)-PHNO labels both
D2 and D3 receptors in brain (Willeit et al. 2006). However, taking advantage of the
high proportion of D3 relative to D2 receptors in the substantia nigra and conversely
the high proportion of D2 relative to D3 receptors in the dorsal striatum, D2 and D3
binding potentials of [l lC](+)—PHN O could be separately quantitated (Rabiner et al.
2009; Searle et al. 2013; Smart et al. 2020).

These various techniques have converged to offer a clear, and somewhat surpris-
ing picture of the distribution of D3 receptors in brain areas, especially by compar-
ison with D2 receptors. Firstly, D3 receptors are less abundant than D2 receptors. D3
receptor transcript levels are several orders of magnitude lower than D2 receptor
transcript in brain regions, as assessed by Northern blotting (Bouthenet et al. 1991b).
When the receptor bindings are considered, in the caudate nucleus/putamen the
D2/D3 ratio is ~6 in primate brain (Willeit et al. 2006) and ~100 in rat brain
(Lévesque et al. 1992).

Secondly, the distribution of D3 receptors is much restricted than that of D2
receptors when considering the whole brain (see Fig. la, b for a comparison of
transcripts distribution), or within a same brain region. For instance, D2 receptors are
evenly distributed in medium spiny neurons of the nucleus accumbens, whereas D3
receptors are restricted in the ventromedial part of the shell (Fig. 1c—f; (Bouthenet
et al. 1991b; Diaz et al. 1995; Le Moine and Bloch 1996). In some instances, D2 and
D3 receptors are complementary within subregions: D2 receptors are expressed in
the lateral division of the bed nucleus of the stria terminalis, whereas D3 receptors
are expressed in the medial division (Bouthenet et al. 1991b). In the mammillary
nucleus, D2 receptors are expressed in the lateral part, whereas D3 receptors are
expressed in the medial part (Bouthenet et al. 1991b). Moreover, at the cellular level,
there is a partial segregation of the phenotypes of D2 and D3 receptor-expressing
neurons. D2 receptors are mainly expressed in enkephalin neurons projecting to the
substantia nigra with relays in the pallidum, whereas D3 receptors are mainly
expressed in substance P/dynorphin/neurotensin neurons also expressing D1 recep-
tors, projecting directly to the ventral tegmental area (Diaz et al. 1995; Le Moine and
Bloch 1996).
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Thirdly, D3 receptors constitute both presynaptic heteroreceptors, i.e., receptors
expressed by non-dopaminergic terminals and autoreceptors, i.e., receptors
expressed by DA neurons. In the substantia nigra and ventral tegmental area of the
rat, most of D3 receptor immunoreactivity (Fig. 1g, h) is located on GABAergic
afferent terminals arising from the shell of nucleus accumbens (Diaz et al. 2000).
This abundant expression, if it also occurs in the human brain, may account for the
D3 receptor selectivity of [HC](+)—PHNO uptake in PET experiments. However, in
these regions, D3 receptor immunoreactivity also appears at the plasma membrane
with a characteristic punctate distribution, not associated with synaptic boutons, in
all positive tyrosine hydroxylase-positive neurons, i.e., DA neurons (Fig. 1i, j; (Diaz
et al. 2000). These D3 autoreceptors could control DA neuron activities in agreement
with the elevated DA extracellular levels in projection areas of these neurons found
in D3 receptor-knockout mice (Koeltzow et al. 1998).

Fourthly, D3 receptors are expressed in rather unexpected areas, such as lobules
9 and 10 of the cerebellar cortex (Diaz et al. 1995). Here, D3 receptor mRNA and
binding sites are located on the Purkinje cell perikarya of the granular layer and in
the molecular layer, respectively. The presence of high levels of D2-like binding
sites had been previously detected in this area (Martres et al. 1985). Interestingly, a
DA pathway from the ventral tegmental area to the cerebellum has been discovered
(Ikai et al. 1992), with single neurons projecting to both cerebral and cerebellar
cortices by way of axon collaterals (Ikai et al. 1994).

What could be inferred on D3 receptor function(s) from the distribution of D3
receptors in brain? The largest D3 receptor densities occur in granule cells of the
islands of Calleja and in y-aminobutyric acid (GABA)ergic medium-sized spiny
neurons of the rostral and ventromedial shell of nucleus accumbens (Fig. 1a—f). The
output neurons from the nucleus accumbens receive their dopaminergic innervations
from the ventral tegmental area and reach the entorhinal and prefrontal cortices after
relays in the ventral pallidum and mediodorsal thalamus. In turn, the shell of nucleus
accumbens receives projections from the cerebral cortex (infralimbic, ventral,
agranular, insular, and piriform areas), hippocampus and bed nucleus of the stria
terminalis and amygdala (the two latter regions also express D3 receptors (Bouthenet
et al. 1991a; Khaled et al. 2014), and also projects to the ventral tegmental area from
which dopaminergic afferents originate (Pennartz et al. 1994; Zahm and Brog 1992).
These various specific connections of the shell of nucleus accumbens, a part of the
“extended amygdala” (Heimer et al. 1995), suggest that this area is involved in a
series of feedback or feed-forward loops, involving notably the prefrontal cortex and
ventral tegmental area and subserving control of emotional cognition, motivation,
and reward. Hence, it may be anticipated that D3 receptors participate in the
regulation of these functions, notably by regulating DA neuron activities, through
either modulation of descending accumbal GABAergic afferents (Avalos-Fuentes
et al. 2013; Cruz-Trujillo et al. 2013) or autoreceptor effects on DA neurons.
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3 The Role of the D3 Receptor in Behavioral Sensitization

Behavioral sensitization is a process by which repeated stimulation of a receptor
results in progressive enhancement of the response to this stimulation (Robinson and
Becker 1986). It notably occurs after repeated administrations of DA indirect
agonists, such as drugs of abuse, like amphetamine and cocaine, and levodopa
used in the treatment of PD. In the latter example, the disease-related loss of DA
neurons resulting in rigidity and tremors is initially compensated by treatment with
levodopa. However, in the long term, levodopa elicits unwanted movements, e.g.,
dyskinesia and chorea, as well as psychological disturbances such as hallucinations,
both suggestive of excessive responses to DA. Behavioral sensitization can also be
observed in animal models of PD, such as rats with unilateral lesions of the
nigrostriatal pathway by the neurotoxin 6-hydroxydopamine (6-OHDA) (Marshall
and Ungerstedt 1977), in which the rotational behavior elicited by DA agonists can
be enhanced upon repeated administrations (Juncos et al. 1989). The mechanisms
responsible for these changes have remained unclear.

In 6-OHDA-lesioned rats lacking DA innervation, D3 receptor mRNA and
binding in nucleus accumbens was strongly decreased in the lesioned side, whereas
repeated receptor blockade by an antipsychotic or administration of reserpine, a
DA-depleting agent, had no effects on D3 receptor expression (Lévesque et al.
1995). This phenomenon is paradoxical because it has been generally observed
that receptor blockade or interruption of the neurotransmission induces receptor
overexpression and supersensitivity. Indeed, D2 receptor mRNA and binding were
increased in the 6-hydroxydopamine-lesioned side (Lévesque et al. 1995). Because
the effects of 6-OHDA on D3 receptor expression could be reproduced by baclofen,
a type B-GABA agonist that ablates DA neuron activity or by colchicine, an
inhibitor of axonal transport, it was concluded that D3 receptor expression depends
on an anterograde factor present in DA neurons and released in an activity-
dependent manner (Lévesque et al. 1995).

Surprisingly, when 6-OHDA-lesioned rats were repeatedly treated with levodopa,
expressions of D3 receptor mRNA and binding in the lesioned side progressively
increased in the nucleus accumbens, where D3 receptor is normally expressed, but
also appeared in the core of nucleus accumbens and dorsal striatum, where D3
receptor is normally absent (Bordet et al. 1997). This ectopic expression is
reproduced by the D1-like agonist SKF 38393 and antagonized by the D1 receptor
antagonist SCH23390, and therefore dependent on D1 (or D5) receptor stimulation.
No such changes were observed for D1 and D2 receptor expressions. Concurrently
with D3 receptor expression, rotational behavior was increased upon repeated
levodopa administrations and this excessive behavior was antagonized by
nafadotride, a partially selective D3 receptor antagonist, at low dosage, and may
be dependent on imbalance between the expressions of dynorphin and substance P
(Bordet et al. 1997).

Similar findings were obtained in a non-primate model of PD (Bezard et al. 2003),
the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model, which more
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accurately mimics human PD symptoms, including akinesia and rigidity (Burns et al.
1983) and levodopa-induced dyskinesia (LID), indistinguishable in both repertoire
and severity in patients with PD (Bezard et al. 2001). In MPTP-intoxicated monkeys,
D3 receptor expression was strongly lowered (—68%) in the caudate nucleus, which
was compensated by treatment with levodopa in MPTP-intoxicated monkeys with-
out LID. Nonetheless, D3 receptor binding was much higher in MPTP-intoxicated
monkeys with LID than in nondyskinetic monkeys in the putamen and internal
segment of globus pallidus. Moreover, D3 receptor binding in the putamen corre-
lated with the occurrence and severity of LID (r2 =0.50, P < 0.05, n = 8) and LID
were attenuated by the selective partial D3 receptor agonist BP897, without impair-
ment of motor functions. Furthermore, D3 receptor binding, as assessed by PET with
[“C](+)—PHNO, was reduced in drug-naive patients with PD (Boileau et al. 2009),
and increased in PD patients with LID, with respect to patients without LID (Payer
et al. 2016), although this latter finding could have been confounded by reduction of
the DA levels, which was more severe in patients with LID (Stoessl 2016).

Brain-derived neurotrophic factor (BDNF) was examined as the potential regu-
lating factor of D3 receptor expression after DA neuron deafferentation and repeated
DA receptor stimulation, because it is expressed in DA neurons projecting to the
nucleus accumbens shell and D3 receptor and TrkB, the receptor for BDNF, mRNAs
colocalize in this region (Guillin et al. 2001). D3 receptor expression was found
largely lower in BDNF-knockout mice and BDNF infusion in the nucleus
accumbens compensated for the loss of D3 receptor expression after DA neuron
deafferentation. Moreover, the ectopic D3 receptor expression and increased rota-
tional behavior appearing after repeated levodopa administrations in 6-OHDA rats
was blocked by infusion of IgG-TrkB, a selective BDNF antagonist. Levodopa also
increased TrkB gene expression in the 6-OHDA-lesioned, but not the contralateral
side. It was also found that cortical BDNF plays an important role in this process
because cortical ablation abolished increased rotational behavior and BDNF expres-
sion in frontal and cingulate cortex was upregulated by repeated levodopa adminis-
trations in the 6-OHDA lesioned side.

Taken together, these observations indicate that D3 receptor induction in the
striatum is triggered by the combination of a D1 (or D5) receptor stimulation-
dependent elevation of BDNF in cortico-striatal neurons, together with a
denervation-dependent upregulation of striatal TrkB expression. The results suggest
a wider role for BNDF in the regulation of D3 receptor responsiveness in other
conditions implicating DA and BDNF, and brain regions with anatomical and
functional relationships with regions expressing D3 receptors, such as the hippo-
campus that modulates stress responses and is important in emotional cognition and
memory, or the amygdala that processes contextual cue-associated drug of abuse
taking. For instance, in major depressive disorders (MDD), BDNF expression is
decreased in postmortem hippocampal regions taken from suicide victims or patients
with MDD, but increased after long-term use of antidepressant drugs (Autry and
Monteggia 2012). D3 receptors are elevated in the nucleus accumbens of rats
chronically treated by various antidepressant drugs and electroconvulsive shocks
(Lammers et al. 2000). In paradigms related to drug addiction, cocaine-conditioned
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mice have increased levels of BDNF transcripts and D3 receptors in the nucleus
accumbens (Le Foll et al. 2002), increased D3 receptor expression accompanies
locomotor sensitization to nicotine (Le Foll et al. 2003a), and even a single admin-
istration of drugs (cocaine, methamphetamine, morphine) induces a transient
increase of BDNF mRNA in the cortex and a long-lasting elevation of D3 receptors
in the nucleus accumbens (Le Foll et al. 2005a).

4 Hunting for D3 Receptor-Selective Compounds

Several agonists were found to display D3 receptor binding selectivity, including
quinpirole [12] and 7-OH-DPAT (Lévesque et al. 1992). Namely, the latter com-
pound was used as a radioligand, which can specifically label D3 receptors in in vitro
studies; however, only in special experimental conditions, e.g., in the absence of
sodium. The use of 7-OH-DPAT as an allegedly “selective” agonist in behavioral
experiments was totally misleading because this compound hardly distinguishes D3
and D2, receptors (see Lévesque (1996) for a discussion). A functional in vitro
test identified PD128,907 ([(R-(+)-trans-3,4a,10b-tetrahydro-4-propyl-2H,5H-[1]
benzopyrano[4,3-b]-1,4-0xazin-9-0l)]) as the most D3-selective agonist (Sautel
et al. 1995a), but its in vivo selectivity has rarely been ascertained by using selective
antagonists (Collins et al. 2005) or D3 receptor-knockout mice (Witkin et al. 2008).
Whereas none of the classically designed DA agonists has proved to be highly
selective for D3 receptors, more recently designed biased (Xu et al. 2017) or bitopic
(Adhikari et al. 2021; Battiti et al. 2020) agonists seem to fulfill selectivity criteria.

Among antagonists, (+)-AJ76 and [+]-UH232, two DA antagonists with prefer-
ence for DA autoreceptors (Svensson et al. 1986b), and nafadotride (Sautel et al.
1995b) were the only compounds initially found to display preference, yet modest
(3—7 times) for D3 receptor binding with respect to D2. The first compound with
significant D3 receptor selectivity was BP897, which displays 70-fold higher affinity
for D3 receptor as compared to D2 (Pilla et al. 1999). The chemical structure of
BP897 contains several structural elements, which were found common with those
of all D3-preferring or D3-selective compounds that were identified later (Fig. 2a).
The pharmacophore (Fig. 2b) fits with the X-ray structure of the D3 receptor (Chien
et al. 2010), which identifies an orthosteric binding site that binds DA or its mimics,
and a secondary binding site that permits high affinity and selectivity (Fig. 2c). The
“east side” orthosteric pharmacophore of the molecules contains a mandatory
protonable nitrogen and an aromatic ring supposed to mimic the aminoethyl and
the phenyl group of DA, respectively. These two chemical moieties are the most
buried parts of the ligand, in a cavity highly conserved among Type I G protein-
coupled receptors, namely formed by Ser-192, Ser-193, Val-111, Phe-197, Phe-346,
and Asp-110 (Fig. 2¢), the latter forming a salt bridge with the protonable nitrogen.
The “west side” of the molecules bind to a secondary binding site in a less conserved
cavity (Fig. 2c), which may explain why binding to this secondary site confers
selectivity.
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Most of the D3-prefering or D3-selective antagonists that have been developed,
some of them up to clinical trials, were identified before the availability of X-ray
structures of the D3 receptor, which nevertheless could help improve the design of
new compounds. The structures and D3-selectivity of selected compounds are
reported in Fig. 2a and Table 1. SB-277011 and NGB 2904 are highly selective
in vitro and have been extensively used in behavioral studies. For the other com-
pounds, it is interesting to compare D3 receptor binding selectivity as assessed
in vitro in transfected cells and in vivo by PET (Table 1). BP897 has been used in
one PET study in baboons, but merely served as a probe to characterize [''C]-PHNO
binding in several brain regions, which led to the identification of globus pallidus as
a D3-rich region (Narendran et al. 2006a). ABT-925 displays a modest
D3-selectivity in in vitro binding experiments (25-fold) and a more limited selectiv-
ity of 4.2 in PET experiments (Graff-Guerrero et al. 2010), calculated as the ECsq
ratio and assuming that [''C]-PHNO binding in substantia nigra and caudate repre-
sent true D3 and D2 receptor binding, respectively, which is in line with various
other studies with this radioligand. GSK598809 has a similar D3 receptor binding
selectivity in in vitro and PET experiments (100 vs. 75-fold).

Cariprazine has a limited selectivity in in vitro experiments and a more limited
selectivity in PET experiments after acute administration. However, the selectivity
increased to three- to sixfold after subchronic treatment, likely due to accumulation
of cariprazine’s metabolites, desmethyl- and didesmethyl-cariprazine, which display
higher D3 receptor potency (~twofold) and D3 receptor selectivity (25-46-fold, see
Table 1 and (European Medicines Agency 2017)), and become prominent (82% of
total active species (European Medicines Agency 2017)) after chronic treatment.
Yet, after chronic treatment, the D3-selectivity of cariprazine seems sufficient to
ensure a higher D3 vs D2 receptor occupancy at low doses (Girgis et al. 2016). The
higher D3 receptor selectivity and potency of the metabolites may explain why
among other explanations (see Sokoloff and Le Foll (2017) for a discussion), D5
receptor occupancy by cariprazine is sustained and increased with subchronic
dosing, while currently available antipsychotic agents seem to bind to D5 receptors
in expected proportions after acute dosing (Girgis et al. 2015), but not after
subchronic dosing (Graff-Guerrero et al. 2009; Mizrahi et al. 2011). Admittedly,
the measurement of D3 receptor occupancy after chronic treatment by antipsychotic
drugs is confounded by additional events, which could be either D3 receptor
upregulation or DA depletion in D3-rich brain regions (substantia nigra, ventral
tegmental area) (Sokoloff and Le Foll 2017). If it were the case, the real
D3-selectivity of cariprazine on chronic treatment would be underestimated.

F17464 has a high selective D3 receptor occupancy in PET experiments after
acute administration, in agreement with its in vitro binding selectivity. However,
whether its selectivity is conserved after chronic treatment remains to be determined.
Finally, BP1.4979, a recently published compound, displays another interesting
feature. It has a moderate D3 receptor selectivity in PET experiments compared to
high binding selectivity in vitro, but its selectivity increases after chronic treatment,
which could not be explained by the occurrence of an active, more D3-selective
metabolite.



13

A Historical Perspective on the Dopamine D3 Receptor

(90ueLy “YorIII
‘sonnaderdy], aAneAouu] jo A10jeioqe]) ueu3oy JAIPI(] JO ASAUNOD AQ ‘q UI UMOYS SI SIS SUIPUIQ ATEPUOIIS Pue OLIISOYMO Ay} Suimoys xo[dwod /68dd
-10)dooar ¢(q oy, "spunodwrod Iaylo 2y} JO SAINJEd) [eINJONI)S UOWIIOD WOIJ PIdNPap pue q ur /684 d yiim umerp ‘aroydooeurreyd oy ougop spunodurod-¢(q
JO saImed) [eimonns uowwod Ay, ‘(q) 10ydesar ¢@ oy ol £68dd Jo Suryoop pue (&) spunoduiod 9ANO9[es- Jo Surdjard-¢ jo aamonng g Sig

6/6v'Ld8 5z6-19Y R
O™ 2
S
A~ vﬁz - \/
ND. N N N N
s eiody 2 Q /k P NI\Y -
ajgesiuor i \ p :
ans newdyy o, 4 4
gy / ol bl povLLd »06Z 8ON

2us Suipuig
JusoYLO

auizesdueg , 11022288
aueiquiay
HN. N O
ST 99
0 HN
B [N B WE

q e 9 szl o




14

P. Sokoloff and B. Le Foll

Table 1 In vitro and in vivo selectivity of D3-preferring and D3-selective compounds, with respect

to D2 receptor

In vitro
D3/D2 Intrinsic
binding activity at
Name or selectivity D3 D2 and D3 receptor occupancies
code ratio® receptorsb measured by PET References®
BP 897 70 Partial ago- | BP897 (0.25 mg/kg i.v.) reduced (Pilla et al.
nist (55%) | [''C]-PHNO and [''Clraclopride | 1999)
by 57% and 29% in globus (Narendran
pallidus, respectively et al.
2006b)
SB-277011 | 100 Antagonist | Not determined (Stemp
et al. 2000)
NGB 2904 155 Antagonist | Not determined (Robarge
et al. 2001)
ABT-925 25 Antagonist | D3 occupancy reached 75% at after | (Unger et al.
single dosing at 600 mg (ECsy were | 2002)
2.4 and 10.3 pg/mL in substantia (Graff-
nigra and caudate, respectively) Guerrero
et al. 2010)
GSK598809 | 100 Antagonist | 75-fold lower ECs for D3 receptor | (Micheli
compared to D2. et al. 2010)
(Searle et al.
2013)
Cariprazine |6, 8t Partial ago- | Three- to sixfold lower ECs, for (Kiss et al.
DCAR? 25, 46° nist (30%) | D3 receptor compared to D2 after a | 2006)
DDCAR® 21,34 2-week daily dosing (European
Medicines
Agency
2017)
(Girgis et al.
2016)
F17464 76 Antagonist | After single dosing at 30 mg, (Sokoloff
F17464 occupies D3 and D2 et al. 2016)
receptor at 6-9 h post-dosing, by (Slifstein
89-98% and <18%, respectively. | et al. 2020)
ECs for D3 occupancy was esti-
mated at 20 ng/mL. Due to low
occupancy, ECsq for D2 occupancy
could not be determined
BP1.4979 192 Partial ago- | At 12 h post-administration, a sin- | (Di Ciano
nist (32%) | gle dose of 10 mg achieved D3 and | et al. 2019)

D2 receptors occupancies of 66%
and 8%, respectively

# Determined by using recombinant cells expressing either human D2 or D3 receptors
® Percentage of maximal agonist response is given in parentheses
¢ First reference on pharmacological characterization of the compound, followed by reference to
PET study, if exists

9 Desmethyl-cariprazine

¢ Didesmethyl-cariprazine
fThe two values were calculated with respect to D2L and D28, respectively. Except for cariprazine,
all other in vitro selectivity ratios were calculated with respect to D2L
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These findings show that in vivo selectivity of D3-preferring and D3-selective
compounds measured in PET experiments roughly agrees with their in vitro binding
selectivity after acute administration, yet it is slightly lower for some compounds,
especially those with limited in vitro selectivity. Additionally, the selectivity of
D3-preferring or D3-selective compounds can be increased after chronic treatment,
which does not occur with classic antipsychotic drugs that are D2-preferring. This
implies that large and selective D3 receptor occupancy can be achieved with some
compounds in a selected range of doses.

5 Functional Role of D3 Receptors Elucidated in Preclinical
Models with Selective Drugs

5.1 Motor Function

In contrast to D2 antagonists, that clearly produce impairment of motor function and
cataplexy, D3 antagonists do not appear to interfere negatively with motor function
and do not impair locomotor activity in preclinical models (Reavill et al. 2000). It
should be noted that some investigators reported under some conditions increase of
locomotor activity following D3 blockade or D3 gene deletion; those effects have
not been consistent across studies and overall there does not seem to be much of an
impact of D3 blockade on motor function in normal animals (see Kiss et al. (2021)
for more detailed discussion). It can have, nevertheless, an impact on motor function
in DA neuron-depleted animals as reported above. Also blockade of D3 receptor
inhibits drug cue-induced hyperlocomotion, in paradigms using cocaine (Le Foll
et al. 2002), nicotine (Le Foll et al. 2003b), or morphine (Lv et al. 2019)

5.2 Addiction

Due to its localization in reward areas, there has been rapidly great interest at
exploring the role of D3 in animal models of addictions (Caine and Koob 1993).
Initial comparison of various D2/D3 antagonists revealed that their potencies to
decrease cocaine self-administration were correlated with their functional potency at
the D3, but not at the D2 (Caine et al. 1997). However, the first study testing a D3
selective ligand (the partial agonist BP 897 with 70-fold selectivity for D3 over D2)
indicated no impact on cocaine self-administration under a Fixed ratio 1 (FR1)
schedule of reinforcement in rats (Pilla et al. 1999). This lack of effect of D3
antagonism on direct reinforcement (measured with low schedule of reinforcement)
has been shown across multiple drugs of abuse, such as nicotine (Andreoli et al.
2003) and methamphetamine (Higley et al. 2011). Alcohol seems to be an exception,
with alcohol intake being decreased even in condition of low ratio requirements
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(Vengeliene et al. 2006). Interestingly, experiments testing the impact of D3 antag-
onism with high ratio requirement (either Fixed or Progressive ratio of reinforce-
ment) found an attenuation of drug intake across drugs of abuse (Gilbert and Meyer
2003; Higley et al. 2011; Xi et al. 2005). In addition, across various models testing
the reactivity to drug-associated cues, the D3 has been shown to be critically
involved. The first clear evidence was reported by Pilla et al. testing the BP
897 partial agonist on second order schedule of reinforcement (Pilla et al. 1999).
Under this schedule of reinforcement, drug seeking is maintained by regular presen-
tation of drug-associated cues. D3 blockade also decreased reactivity to cocaine-
(Le Foll et al. 2002) and to nicotine-associated cues (Le Foll et al. 2003b). D3
receptors were shown to influence both acquisition and expression of conditioned
place preference (Ashby et al. 2003; Vorel et al. 2002; Le Foll et al. 2005b). Context-
induced reinstatement of drug seeking is also decreased by D3 blockade (Sabioni
et al. 2016). Overall, those experiments established clearly that in rodents, reactivity
to drug-associated cues could be reduced by D3 blockade. In addition, other
experiments have established that other triggers for reinstatement such as stress
and drug priming could also be attenuated by D3 blockade (see Galaj et al. (2020);
Sokoloff and Le Foll (2017) for reviews).

5.3 Schizophrenia

Dopamine D3 ligands have also been tested in various animal models of schizo-
phrenia. The first highly selective D3 antagonist, SB-277011-A had no effect on
stimulant-induced hyperlocomotion and did not affect prepulse inhibition deficits in
apomorphine- or quinpirole-treated rats (two D2/D3 agonists) (Reavill et al. 2000).
However, this D3 antagonist reversed the prepulse inhibition deficit observed in
isolation-reared rats (Reavill et al. 2000). Various D3 selective ligands also have
shown some ability to decrease MK-801 induced locomotion, a model of schizo-
phrenia. Those drugs typically are able to decrease MK-801 induced locomotion at
doses that are lower than the doses known to affect locomotion (see Sokoloff and Le
Foll (2017). But the findings have not been consistent across drugs. For example, the
ratio of EDsy measured for inhibition of spontaneous locomotion vs MK-801
induced locomotion was around 2 for SB-277011A, while it was around 36 for
F17464, a highly potent D3 receptor antagonist and 5-HT1A agonist (Cosi et al.
2021), with moderate affinity for the D2 receptor. F17464 was also able to reverse
the MK-801-induced social interaction deficits in mice (Sokoloff and Le Foll 2017),
measured using a “resident-intruder” behavioral model (Dixon et al. 1994; Mohn
et al. 1999). Those findings suggest that D3 blockade can produce some improve-
ment of positive and negative symptoms of schizophrenia, however, the participa-
tion of D2 in those responses is still debated.
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5.4 Cognition

In contrast to D2 antagonists that produce impairment of cognition, D3 antagonists
have pro-cognitive effects (see Nakajima et al. (2013) for a review). On the other
hand, D3 agonists typically result in impairment of cognitive function. Those effects
have so far mostly been shown in rodent models and could be mediated by increase
of acetylcholine and/or dopamine in cortical area (Nakajima et al. 2013).

6 D3 Receptors in the Therapeutic Area

Some D3-preferring or D3-selective compounds have reached clinical development
in various indications, including schizophrenia, smoking cessation, bipolar disor-
ders, major depressive disorder, and restless legs syndrome (Table 2). The study with
BP897 in acute schizophrenia had a negative outcome, i.e., no significant changes of
the PANSS (Positive and Negative Schizophrenia Scale) at the end of treatment
period, but this study was inconclusive because a fraction of patients, in which
BP897 plasma concentration was assessed, showed much lower exposure than active
exposures in rat and monkey models. It was concluded that the dose of BP§97 may
have been too low to produce an effect. The study with ABT-927 was
inconclusive too: the clinical outcome was negative at the two doses tested, but a
subsequent PET study (Table 1) showed that at the highest tested dose (150 mg), D3
receptor occupancy, estimated to be lower than 50% (Graff-Guerrero et al. 2010;
Redden et al. 2011), may have been too low to be efficacious. GSK598809 was
evaluated in abstinent treatment-seeking patients with tobacco smoking addiction for
its ability to reduce craving (Mugnaini et al. 2013). One of the clinical endpoints was
the difference in average response times to color-name words related to cigarette
smoking (smoking reaction time) and neutral control words (neutral reaction time)
and was considered an index of the degree to which smoking-related content disrupts
ongoing cognitive processes. GSK598809 significantly but transiently reduced the
score related to this endpoint, but it was noted that GSK-598809-treated participants
increased their cigarette consumption and puffs number after the abstinent period.
The dose of GSK598809 used was carefully selected through an elegant translational
pharmacokinetics/pharmacodynamics study, which included measurement of active
doses and plasma concentrations in a rat model (nicotine-conditioned place prefer-
ence) and measurement of in vivo D3 receptor occupancy in rats, baboons, and
humans, which was estimated to peak at 89%. It was suggested that higher D3
receptor occupancy may have produced more durable effects. No further develop-
ment of BB897, ABT-925, and GSK598809 has been reported, so it is likely that
these compounds have been discontinued. BP1.4979 is a newly developed com-
pound, which has been engaged in two clinical trials (Table 2); however, publicly
available information regarding its efficacy in clinical trials is lacking.
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Table 2 Summary of clinical trials with D3-preferring/selective antagonists and partial agonists

Patient population and study

Drug design Study outcome Reference
BP897 77 patients with acute schizo- No significant change on the (Lecrubier
phrenia PANSS at 4 weeks in the intent- | 2003)
Randomized 2:1 to BP897 to-treat population. Plasma con-
10 mg b.i.d. or placebo and centrations of BP897, available
treated for 4 weeks in some patients were much
lower than active concentrations
in rats and monkey models
ABT-925 Acute schizophrenia No significant improvements on | (Redden
155 patients randomized 1:1:1 the PANSS total score nor on etal. 2011)
to ABT-925 50 mg o.a.d., secondary endpoints. Subse-
150 mg o.a.d. or placebo and quent PET study showed that
treated for 6 weeks the dose used achieved insuffi-
cient D3 receptor occupancy
GSK598809 | 40 treatment-seeking subjects A single dose, estimated to (Mugnaini
with smoking addiction, ran- achieve 89% maximal D3 et al. 2013)
domized 1:1 to GSK598809 receptor occupancy, transiently
75 mg single dose and placebo, | reduced subjective craving in
in cross-over design abstinent smokers. After the
abstinence period, GSK-treated
patients increased cigarette con-
sumption and puffs, compared
to placebo-treated
Cariprazine® | Various studies including a total | In phase III studies, significant | (European
of 2,952 patients with acute or | improvement both in the short | Medicines
chronic schizophrenia, random- | and long term, relapse preven- | Agency
ized for fixed or flexible doses of | tion studies, at each investigated |2017)
cariprazine 1.5-6 mg o.a.d. or dose levels compared to placebo
placebo
461 patients with schizophrenia | Cariprazine performed better (Németh
with predominant negative (—1.4 point of difference) than | et al. 2017)
symptoms, randomized 1:1 to risperidone on the PANSS score
cariprazine (target dose: 4.5 mg | for negative symptoms and the
o.a.d., dose range: 3-6 mg o.a. | PSP score for self-care, socially
d.) or risperidone (target dose: useful activities, personal and
4.5 mg o.a.d., dose range: 3— social relationships, and
6 mg o.a.d.) and treated for disturbing and aggressive
26 weeks behavior area
(continued)

Cariprazine has had an impressive clinical development, with proof-of-concept
studies performed in acute and chronic schizophrenia, including forms with domi-
nance of negative symptoms, mania and depression in bipolar I disorder and major
depressive disorder (Table 2). Over a range of doses of 0.75-12 mg per day,
cariprazine showed efficacy, at least at one dose, in all indications. Cariprazine is
marketed in Europe, the USA, and other countries for the treatment of schizophrenia,
bipolar depression, and bipolar disorder. The improvement over risperidone by
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Table 2 (continued)
Patient population and study
Drug design Study outcome Reference
312 patients with acute mania of | Cariprazine at 1.5 mg signifi- (Sachs
bipolar I disorder, randomized cantly improved the Young et al. 2015)
1:1 to cariprazine at flexible Mania rating scale (YMRS) total
dose of 3-12 mg or placebo and | score over placebo. Suicidal
treated for 3 weeks ideation was less in the
cariprazine 1.5-mg/day group
than in the placebo group
571 patients with bipolar I Cariprazine at 1.5 mg signifi- (Durgam
depression randomized 1:1:1:1 | cantly improved the MADRS et al.
to cariprazine 0.75 mg, 1.5 mg, | total score over placebo 2016b)
3 mg or placebo for 8§ weeks
819 patients with major depres- | Cariprazine at 2-4.5 mg signifi- | (Durgam
sive disorder and inadequate cantly improved the MADRS et al.
response to antidepressants ran- | total score over placebo. No 2016a)
domized 1:1:1 to cariprazine 1— | suicide-related adverse events
2 mg, 2-4.5 mg or placebo as were reported
adjunctive treatment for 8§ weeks
F17464 134 patients with acute schizo- | Significant improvements at (Bitter
phrenia, randomized 1:1 to 6 weeks of the PANSS total et al. 2019)
F17464 20 mg b.i.d. or placebo | score, positive PANSS subscale,
and treated for 6 weeks Marder positive factor score and
PANSS resolution criteria.
Adverse effects were limited,
with no weight gain, extrapyra-
midal symptoms except rare
akathisia
BP1.4979 219 subjects with tobacco Undisclosed (Bioprojet
smoking addiction randomized (Aubin HJ)
1:1:1:1 to BP1.4979 3 mg, 2015)
10 mg, 15 mg of placebo and
treated for 3 months
Anticipated recruitment of Terminated study after inclusion | (Bioprojet
91 patients with restless legs of 29 patients (study facing (Ghorayeb
syndrome, randomized to recruitment difficulties related to | I) 2020)

BP1.4979 15 mg or placebo and
treated for 2 weeks

stringent eligibility criteria)

# Only major studies are reported
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cariprazine in schizophrenia with predominant negative symptoms may seem mod-
est (—1.4 points on a scale ranging from 7 to 49) but it should be emphasized that
cariprazine is the only antipsychotic drug that has proven superiority with respect to
a classic antipsychotic in this condition. The question of the contribution of D3
receptor blockade in the efficacy of cariprazine cannot be definitively answered. The
preferential occupancy of D3 over D2 receptors observed after chronic treatment
suggests that D3 receptor blockade may at least contribute to the efficacy of low
doses demonstrated in negative symptoms of schizophrenia, bipolar I depression,
and major depressive disorders, which is in line with a preclinical study showing that
the anxiolytic- and antidepressant-like actions of cariprazine are dependent on the
D3 receptor-mediated mechanism (Duric et al. 2017). However, taking the above
considerations that cariprazine may have higher D3-selectivity than it could be
assessed by PET, it cannot be excluded that D3 receptor blockade may also be
responsible, at least in part, for the actions of cariprazine on other symptoms.

F17464 was evaluated in acute schizophrenia (Bitter et al. 2019) and showed
modest but significant effects over placebo on symptoms of schizophrenia, evaluated
on different symptomatic scales assessing global symptomatology and specific
positive, but not negative symptoms, which was expected in this study population
with acute exacerbation. The safety profile was favorable. F17464 has demonstrated
high and selective D3 receptor occupancy after acute administration of a dose of
30 mg, the highest tested dose (Slifstein et al. 2020). In the clinical trial, F17464 was
administered at a dose of 20 mg twice a day. How plasma levels and D2 receptor
occupancy accumulate upon repeated administrations is unknown. Therefore, it is
not possible to ascertain that the selectivity for D3 receptor occupancy has been
conserved in the clinical trial, and thus to define the contribution of D3 receptor
blockade to the beneficial effects of the compound in schizophrenia.

7 Conclusions

Although there were premises of its existence, the discovery of the D3 receptor in
1990 was largely unexpected at a time when the dual classification of DA receptors
in D1 and D2 subtypes was widely accepted. The reasons why the D3 receptor was
previously unanticipated are its lower abundance and more restricted distribution,
compared with those of the prototypical DA receptors and the absence of discrim-
inant pharmacological agents. Nevertheless, other new DA receptor subtypes with
similar restricted distribution, e.g., D4 and D5 receptors were subsequently discov-
ered (Sunahara et al. 1991; Van Tol et al. 1991). It proved to be difficult to assign
functional roles to D4 and D5 receptors, although subtype-selective agents exist
(Jardemark et al. 2002; Mohr et al. 2006). In contrast, the D3 receptor has been
robustly involved, in preclinical models, in exacerbated motor responses to DA
agonists in DA neuron-depleted animals, exacerbated motor or motivational
responses to drug-associated cues and schizophrenia-like behaviors. These roles
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have received some support from clinical studies, however to a very limited extent
so far.

The functions of D3 receptor, which can be delineated in the aforementioned
models, are seemingly related to the general concept of “sensitization,” which
manifests by increased dopaminergic responses. Sensitization is associated with
treatment-related side effects of Parkinson’s disease, e.g. LID (Klawans 1973),
addiction (Kalivas and Stewart 1991; Robinson and Becker 1986), and schizophre-
nia (Laruelle 2000) and has been linked in animals to increased D3 receptor
expression in some paradigms (Bezard et al. 2003; Bordet et al. 1997; Le Foll
et al. 2002). Hence, the D3 receptor may mediate excessive and pathological DA
neurotransmission, which may be mitigated by D3-selective blockers.
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Abstract When the rat D3 dopamine receptor (D3R) was cloned and the distribu-
tion of its mRNA examined in 1990-1991, it attracted attention due to its peculiar
distribution in the brain quite different from that of its closest relative, the D2
receptor. In the rat brain, the D3R mRNA is enriched in the limbic striatum as
opposed to the D2 receptor, which is highly expressed in the motor striatal areas.
Later studies in the primate and human brain confirmed relative enrichment of the
D3R in the limbic striatum but also demonstrated higher abundance of the D3R in
the primate as compared to the rodent brain. Additionally, in the rodent brain, the
D3R in the dorsal striatum appears to be co-expressed with the D1 dopamine
receptor-bearing striatal neurons giving rise to the direct output striatal pathway,
although the picture is less clear with respect to the nucleus accumbens. In contrast,
in the primate striatum, the D3R co-localizes with the D2 receptor throughout the
basal ganglia as well as in extrastriatal brain areas. The relative abundance of the
D3R in the limbic striatum, its output structures, secondary targets, and some of the
other connected limbic territories may underpin its role in reward, drug dependence,
and impulse control. Selective expression of D3R in the brain proliferative areas may
point to its important role in the neural development as well as in
neurodevelopmental abnormalities associated with schizophrenia and other devel-
opmental brain disorders.
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1 Introduction

Dopamine (DA) acts via five subtypes of G protein-coupled DA receptors. The DA
receptor family is small comprising only 5 receptor subtypes. Two of the receptors
belong to the D1-like subfamily (D1 and D5) and three — to the D2-like subfamily
(D2, D3, D4). D1-like receptors couple to Gs/Golf and induce the cAMP accumu-
lation, whereas D2-like receptors couple to Gi/Go and inhibit cAMP production. The
D1 subtype is the main DI1-like receptor expressed at a very high level in the
striatum. The D2 receptor (D2R) is another major DA receptor subtype highly
abundant throughout the striatum: in the caudate nucleus, putamen, and nucleus
accumbens. A peculiar feature of the striatal expression of the DA receptors is the
segregation of the main subtypes, D1 and D2, to different populations of the medium
spiny striatal output neurons (MSN). The D1 receptors are largely localized on MSN
projecting to the internal segment of the globus pallidus and the substantia nigra pars
reticulata (direct striatal output pathway), which also express the neuropeptides
substance P and dynorphin (Aubert et al. 2000; Gerfen 2000; Yung et al. 1995).
The D2R is located on a different population of MSN than those expressing D1
receptors with less than 5% overlap. D2R is found on neurons expressing enkephalin
and projecting to the globus pallidus external (indirect pathway) (Aubert et al. 2000;
Le Moine and Bloch 1995; Nadjar et al. 2006). It is strongly believed that a
coordinated activity of the direct and indirect output pathways is required for the
proper control of voluntary movements by the basal ganglia circuitry (Alexander and
Crutcher 1990; Klaus et al. 2019; Grillner and Robertson 2016). D2 receptors are
also localized presynaptically on nigrostriatal dopaminergic terminals and on the
substantia nigra neurons (Gurevich et al. 1999; Gurevich and Joyce 1999; Sesack
et al. 1994; Levey et al. 1993).

The DA D3 receptor (D3R) is another member of the D2-like subfamily. It is a
close relative of the D2R but its pharmacological properties are peculiar. Although
many, albeit not all, common antagonists of the D2R have comparable affinities for
the D3 subtypes, many agonists, starting with DA itself, show significantly higher
affinities for the D3R than for the D2R (Lévesque et al. 1992; Freedman et al. 1994;
Sokoloff et al. 1990, 1992; Perachon et al. 1999). In the presence of GTP, which
leads to the dissociation of G protein from the receptor, the D2R is transitioned to the
law affinity state characteristic of a free non-G protein-coupled receptor [for a review
of the mechanisms, see Park et al. (2008)], with the agonist affinity in the micromolar
range. In contrast to the D2R, the D3R is not converted into the low affinity state by
GTP, and there is little difference in the affinity of agonists to the D3R in the
presence or absence of GTP (Lévesque et al. 1992; Freedman et al. 1994; Sokoloff
et al. 1992; Gurevich et al. 1997). This feature has been extensively taken advantage
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of to achieve selective labeling of the D3R in radioligand binding experiments
(Gurevich et al. 1997, 1999; Gurevich and Joyce 1999; Murray et al. 1994).
Originally, when the receptor was first cloned, this phenomenon, i.e., lack of
response to GTP, gave rise to the idea that the D3R is not functional. Indeed, it
proved difficult to define the signal transduction pathways activated by the D3R.
Later studies have attributed multiple critical physiological roles to the D3R distinct
from those of the D2R (Gurevich et al. 1997; Bezard et al. 2003; Van Kampen and
Eckman 2006; Kiss et al. 2021). However, the exact functions of the D3R expressed
in many areas of the brain are yet to be understood.

2 The D3 Receptor Expression in the Mature Rodent Brain

It is often said that the D3R has a more restricted distribution than the closely related
D2R. Indeed, in the rodent brain, D3 binding sites and mRNA are detectable in a
limited number of brain regions: the islands of Calleja, the nucleus accumbens,
mostly rostral pole and shell subdivisions, the olfactory tubercle, and the ventral
pallidum, bed nucleus of stria terminals, mammillary bodies of the hypothalamus,
and substantia nigra (Gurevich et al. 1999; Sokoloff et al. 1990; Bouthenet et al.
1991; Le Moine and Bloch 1996). Of these brain regions, the highest concentration
of both D3R mRNA and binding sites is found in the islands of Calleja and shell of
the nucleus accumbens, whereas the concentration in the caudate-putamen is quite
low. When this special distribution of the D3R was first demonstrated (Sokoloff et al.
1990; Bouthenet et al. 1991), the findings generated significant excitement in the
field. The relative abundance of the D3R in the limbic as opposed to the motor
striatum suggested that this DA receptor subtype could be selectively targeted for the
treatment of schizophrenia (Sokoloff et al. 1990; Gurevich et al. 1997).

These findings also have for the first time attracted attention to the islands of
Calleja, the structures, although quite conspicuous in the rodent brain, remained until
then largely ignored. The islands of Calleja, together with the olfactory tubercle,
receive direct projections from the regions of amygdala connected to the
vomeronasal organ, i.e., the system dedicated to sensing pheromones (Novejarque
et al. 2011; Lanuza et al. 2008). This suggests that the islands of Calleja are a part of
the reward circuit specialized in processing the information related to pheromones.
Surprisingly, the pheromone-sensing system does not appear to be under control of
the mesolimbic dopaminergic system, which innervates the limbic striatum,
although the findings are somewhat ambiguous as to whether DA itself has any
modulatory effect (Lanuza et al. 2008). To the best of our knowledge, it has never
been investigated whether the D3R in the islands of Calleja plays any role in the
pheromone-driven reward mechanisms.

Later research in rodents demonstrated that the D3R is co-expressed with D1R or
D2R in neurons that also expressing Substance P or enkephalin, respectively, both in
the shell and core of the nucleus accumbens (Le Moine and Bloch 1996). Interest-
ingly, the level of the D3 mRNA and binding in the caudate-putamen, which is so
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low as to be below detection level, progressively increases following dopaminergic
denervation and subsequent repeated treatment with the DA precursor levodopa in
the hemiparkinsonian rat model of Parkinson’s disease (Bordet et al. 1997, 2000).
This enhancement appears to occur in the D1R-bearing direct pathway MSN and
requires D1R stimulation (Bordet et al. 1997, 2000) and could be driven by BDNF
released from the cortico-striatal terminals (Guillin et al. 2001). Therefore, the D3R
is present in the motor regions of the striatum, albeit at a lower level than in the
limbic territories, and its expression there could be modulated by drugs and/or
pathological conditions. Based on the studies in hemiparkinsonian rats, it appears
that the D3R in the caudate-putamen is restricted to the direct pathway D1R-bearing
MSN (Bordet et al. 1997, 2000), whereas in the nucleus accumbens it is present both
in the DIR- and D2R-bearing neurons (Le Moine and Bloch 1996). It remains
unclear whether these neurons of the nucleus accumbens represent both direct and
indirect pathways or belong exclusively to the indirect pathway. In the nucleus
accumbens, the direct projections to the substantia nigra (from the core) and ventral
tegmental area (from the shell), which are analogous to the direct pathway from the
dorsal striatum, originate from substance P/dynorphin and D1R-expressing neurons.
The pathway to the ventral pallidum, which then proceeds, directly or through the
subthalamic nucleus, to the substantia nigra or ventral tegmental area, starts from
both dynorphin-DIR and enkephalin-D2R-expressing neurons (Smith et al. 2013;
Humphries and Prescott 2010; Kupchik et al. 2015; Zinsmaier et al. 2021). However,
collectively these data suggest that the D3R occupy different functional places in the
brain motor and reward circuits.

The data obtained by immunohistochemistry with a D3R-specific antibody dem-
onstrate the presence of D3R on all dopaminergic (tyrosine hydroxylase-positive)
neurons in the substantia nigra, ventral tegmental area, and A8 retrorubral field in the
rat (Bouthenet et al. 1991; Diaz et al. 2000). However, destruction of the nigral
dopaminergic neurons results in only partial reduction in the D3R level in the
substantia nigra in hemiparkinsonian rats (Stanwood et al. 2000), supporting the
notion that many or all D3R are located on non-DA cells and thus unlikely to serve
as autoreceptors.

3 The D3 Receptor Expression in the Mature Human Brain

The presence of both the D3R mRNA and binding sites in the primate brain appears
more widespread as compared to the rodent. However, this could be misleading
resulting simply from a relatively higher level of the D3R expression and easier
detection in the brain areas of relatively lower abundance. Thus, the concentration of
D3R in the human striatum is approximately 30% of that of the D2R, whereas in the
rodent brain it is barely 5% (Gurevich et al. 1999; Murray et al. 1994). Still, as
compared to the D2R, the D3R is found in a limited number of the primate brain
areas closely connected anatomically and functionally and belonging, with some
exceptions, to the brain limbic system.
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In primates, including humans, D3R binding sites and mRNA are seen through-
out the striatum, including the motor regions, although they are most abundant in the
nucleus accumbens and ventral putamen (Gurevich et al. 1999; Murray et al. 1994;
Bezard et al. 2003; Suzuki et al. 1998; Meador-Woodruff et al. 1996). These
territories are often collectively referred to as the ventral, or limbic, striatum
(Haber 2011; Heimer et al. 1999) and are a part of the brain reward circuit. This
pattern of expression differs considerably from that of the D2R, which is highly
enriched in the human caudate nucleus and putamen (Fig. 1a, d). Nevertheless, the
D3R expression overlaps with that of the D2R across most of the striatal territories,
and the D3R and D2R mRNAs are often co-expressed in the same neurons in all
striatal subdivisions (Gurevich and Joyce 1999). The ventral striatum projects to the
substantia nigra pars reticulata, ventral pallidum, and medial part of the globus
pallidus internal (Haber 2011; Root et al. 2015), all structures enriched in the D3R
mRNA and binding sites (Figs. le, f and 2a—d). Interestingly, the D2R sites are quite
abundant in the external subdivision of the globus pallidus, which receives dense
projections from the motor striatum, whereas the D3 sites are more abundant in the
globus pallidus internal (Gurevich and Joyce 1999; Suzuki et al. 1998), particularly
its medial part (see Fig. 1b—f), which receives projections from the ventral striatum.
The substantia nigra reticulata also expresses a significant amount of the D3R
(Figs. le and 2c, d). These data suggest that the D3R might coordinate the dopami-
nergic control over this reward circuit in a functionally relevant manner thus
modulating the output of the limbic striatum.

The D3R binding sites are detectable throughout the thalamus, albeit at a low
level. The D3R sites are particularly prominent in the anteroventral thalamic nucleus
(Fig. 2c, d), a part of the anterior thalamic nuclei group belonging to the brain limbic
system. This nuclei group plays an important role in memory and higher cognitive
functions [reviewed in Perry et al. (2021); Perry and Mitchell (2019)].
The anteroventral thalamic nucleus receives its main subcortical projections from
the mammillary nuclei of the hypothalamus, which themselves are component of the
diencephalic memory system (Vann and Aggleton 2004) via the mammillothalamic
tract. Damage to the mammillary bodies themselves or to the mammillothalamic
tract in humans results in anterograde amnesia, i.e., inability to form new memories,
with the damage to the tract being the best predictor to amnesia (Vann and Aggleton
2004; Van Der Werf et al. 2000). This suggests that these two brain structures, the
anterior thalamic nuclei and the hypothalamic mammillary nuclei, connected via the
mammillothalamic tract are involved in the proper functioning of the short-term
memory. Interestingly, the D3R binding sites are detected not only in the
anteroventral thalamic nucleus but also in the mammillary nuclei and
mammillothalamic tract (Fig. 2c¢, d). In contrast, the D2R is absent from the
mammillothalamic tract. Such anatomical arrangement suggests a role for the D3R
in coordinating the dopaminergic influence over the diencephalic memory system
via the control over the neuronal activity in the nuclei as well as over the afferents
from the mammillary nuclei to the anteroventral nucleus. The human thalamic
nuclei, including the anteroventral nucleus, are densely innervated by the dopami-
nergic axon that originate from various sources not confined to the commonly
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Fig. 1 Dark-field photomicrographs of ['**Iepidepride binding to the D2R and D3R in the human
brain. The binding in the rostral striatum (a, d) and two rostro-caudal levels of the basal ganglia,
thalamus, and hypothalamus (b, e and ¢, f) are shown. Adjacent sections were labeled with 50 pM
['*I]epidepride (D2/D3R antagonist) in the presence of 100 uM Gpp[NH]p (non-hydrolysable
analog of GTP) and either 100 nM 7-OH-DPAT (to block D3R) to visualize D2R (left panel) or
10 uM domperidone (to block D2R) to visualize D3R (right panel). Photographs represent specific
binding. There is an evident gradient of D3R in the rostral striatum (b) with the highest binding in
the NAC and ventral Pu not evident for D2R (a). Arrow in b indicates an approximate border of the
ventral striatum coincident with the increased D3R binding in the ventral Pu. Autoradiograms in
b, ¢, e, and f were deliberately overexposed to allow for visualization of binding to D2R and D3R in
extrastriatal areas. Note a relatively high concentrations of D3R in the GPi and SNr as compared to
D2R, labeling of the intralaminar thalamic nuclei for D2R but not D3R (c), and a much higher
concentrations of D2R than D3R sites in the hypothalamus. Also note the presence of D3R and the
absence of D2R in mtt. The basal ganglia: CN caudate nucleus, Pu putamen, NAC nucleus
accumbens, GPe globus pallidus external’, GPi globus pallidus internal, VP ventral pallidum; the
thalamus: AV anteroventral nucleus of the thalamus, VA ventral anterior nucleus, CeM centrum
medianum nucleus, NR nucleus reuniens, VLp nucleus ventralis lateralis posterior, VLa nucleus
ventralis lateralis anterior, MD mediodorsal nucleus; other: DHA dorsal hypothalamic area, ZI zona
incerta, STh subthalamic nucleus, SNr substantia nigra pars reticulata, NBM nucleus basalis of
Meynert. Reproduced with permission, with some modifications, from Gurevich and Joyce (1999)
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Fig. 2 Dark-field photomicrographs of ['*°I]7-trans-hydroxy-PIPAT to D3R in the human brain.
Adjacent sections were labeled with 0.3 nm. ['*°I]7-trans-hydroxy-PIPAT (selective D3R agonist)
in the presence of 100 pM Gpp[NH]p. Coronal sections at four rostro-caudal levels (a—d) containing
the striatum, thalamus, and hypothalamus are shown. Note high concentrations of D3R sites in the
VP (a), GPi (b), and SNr (¢, d) and the labeling of the AV and mtt in the thalamus (¢, d). In d, arrow
indicates the border where elevated concentration of D3R sites coincides with the presence of D3R
mRNA positive cells within the mtt. Also note the presence of very low concentration of D3 sites
throughout the thalamus and hypothalamus (including the mammillary nuclei, although the D3R
sites are seen in mf). ic internal capsule, ot optic tract; the hypothalamus: fx fornix, AHA anterior
hypothalamic area, LHA lateral hypothalamic area, PHA posterior hypothalamic area, MM mam-
millary nuclei, mf mammillary fasciculus. Other abbreviations are the same as in Fig. 1. Reproduced
with permission, with some modifications, from Gurevich and Joyce (1999)
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recognized nigrostriatal versus mesolimbic/mesocortical systems (Sanchez-
Gonzalez et al. 2005). This is unlike the rodent thalamus, which is reported to
have limited dopaminergic input (Garcia-Cabezas et al. 2009). Nevertheless, the
D3R binding sites are present in the rat anterior thalamic nuclei and
mammillothalamic tract, similar to that seen in the human brain (Gurevich and
Joyce 1999) suggesting that the D3R-dependent control of this diencephalic circuitry
is evolutionary conserved in mammals.

The D3R binding sites are detectable in the substantia nigra (Fig. 3), and the D3R
mRNA is seen in dopaminergic neurons of the substantia nigra often co-localizing
with the D2R mRNA (Gurevich and Joyce 1999; Joyce and Gurevich 1999). The
D3R is conspicuously absent from the ventral tegmental area structures (Gurevich
and Joyce 1999), in contrast to the D2R seen in all midbrain dopaminergic groups
(Fig. 3) (Gurevich and Joyce 1999; Joyce and Gurevich 1999; Hurd et al. 2001). This
is also different from the situation in the rodent where apparently the D3R is evident
throughout the midbrain dopaminergic system (Diaz et al. 2000). Importantly, a
large proportion of the D3R-bearing neurons in the primate midbrain are
non-dopaminergic, presumably, GABAergic (Gurevich and Joyce 1999; Joyce and
Gurevich 1999; Quik et al. 2000).

The recent years have seen the development of radioligands for the in vivo
imaging of the D3R in humans. The most promising D3R imaging agent [''C]-
(+)-PHNO is an agonist with limited selectivity for D3R over D2R (Ginovart et al.
2006; Searle et al. 2010, 2013; Tziortzi et al. 2011; Narendran et al. 2006). The
receptor binding studies using an agonist as a radioligand are always more compli-
cated than with an antagonist, for the agonist binding is sensitive to the presence of
GTP, which leads to the receptor transition to the low affinity state often
undetectable experimentally. This is the case with the D2R, and since in in vivo
situations GTP is always present, [l ]C]-(+)-PHNO, when used alone, detects only
the high affinity state of the D2R. The ligand also detects total D3R binding, since, as
mentioned above (Lévesque et al. 1992; Freedman et al. 1994; Sokoloff et al. 1992;
Gurevich et al. 1997), the D3R does not transition into the low affinity state as
readily as the D2R does, and thus, both high and low affinity states of the D3R
remain detectable. For this reason, the use of an agonist to label the D3R could even
be advantageous allowing to increase the binding selectivity to the D3R over the
D2R. Thus, when [''C]-(+)-PHNO is used with displacing selective D3R antago-
nists, it allows for the evaluation of the proportion of the signal attributable to the
D3R detected by PET measurements analyzed by mathematical modeling with the
cerebellum as the reference region (assuming it has no D3R) (Searle et al. 2013).

Using [1 1C]—(+)—PHNO with the selective D3 blocker GSK598809 and manual as
well as automated delineation of anatomical regions of interest, it was determined
that over half of the signal from the ventral pallidum/substantia innominata, globus
pallidus and essentially all the signal from the substantia nigra and hypothalamus
were due to the D3R (Tziortzi et al. 2011). A surprising finding was a relatively low
fraction due to the D3R in the ventral striatum (19-26%) and lack of the D3R-related
signal in the putamen. These discrepancies could be explained by the technical
limitations of the in vivo PET approach as compared to in vitro postmortem
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D3 Receptor

Fig. 3 Dark-field photomicrographs of the transverse tissue sections of the human midbrain
processed for the D2R or D3R binding or in situ hybridization histochemistry. The topography of
the midbrain dopaminergic cell groups is shown by the staining for acetylcholine esterase AChE.
The D3R sites were labeled with ['2°1] 7-trans-hydroxy-PIPAT, and the D2R was labeled with ['>°I]
epidepride in the presence of 7-OH-DPAT (to displace the D3R). The D2R was detected mRNA
using **P-labeled riboprobe on adjacent sections. Large arrows indicate the position of the PBP;
small arrows — the position of the PN; and arrowhead — the position of the CLi. Note the presence of
D2R and mRNA both in the SN and VTA structures, including CLi, and the absence of D3R
binding sites in the PN and PBP. Also note dense D3 binding in the SNr. SNc substantia nigra pars
compacta, SNr substantia nigra pars reticulata, PN paranigral nucleus, CLi caudal linear raphe
nucleus, PBP parabrachial pigmented nucleus. Reproduced with permission, with some modifica-
tions, from Gurevich and Joyce (1999)

autoradiographic studies (Searle et al. 2010; Tziortzi et al. 2011). Surprisingly, no
D2R high binding was detected in the substantia nigra, although the presence of D2R
autoreceptors on nigral neurons is well documented. Furthermore, autoradiographic



38 E. V. Gurevich

and in situ hybridization studies in the human have demonstrated the presence of the
D3R binding and mRNA in the dopaminergic neurons of the midbrain (Gurevich
and Joyce 1999; Joyce and Gurevich 1999). There is evidence that the majority of
the D3R in the primate (and human) substantia nigra are not located on the
dopaminergic neurons but rather on the GABAergic nigral cells, particularly in the
pars reticulata (Gurevich and Joyce 1999; Joyce and Gurevich 1999; Quik et al.
2000). This notion is supported by the finding that the [''C]-(+)-PHNO signal in the
substantia nigra attributable to the D3R does not decrease in human PD patients
(Boileau et al. 2009), in agreement with in vitro autoradiographic studies in parkin-
sonian primates, where it also did not decrease (Quik et al. 2000). These data support
the notion that D3R does not serve as autoreceptors in dopaminergic neurons in the
human brain. This, however, does not explain the lack of the D2R high signal in the
substantia nigra on the PET scan since the resolution of the in vivo imaging is
insufficient to distinguish the different types of nigral neurons or the subdivisions of
the substantia nigra. The most likely explanation would be the technical limitations
associated with the use of an agonist for imaging, the need for the radioligand
displacement to achieve selectivity as well as an inability to measure in vivo the
actual number of the receptor binding sites rather than a complex function related to
the ratio of the number of sites to affinity. Despite the technical difficulties, in vivo
measurement of the D3R is allowing for the studies of the D3R functional role in a
variety of the human normal and pathological conditions (Girgis et al. 2021;
Worhunsky et al. 2021; Payer et al. 2014) that were off limits before. Undoubtedly,
such studies, with the improvements in the in vivo binding technique, will eventually
yield a more profound understanding of the specific roles the regional D3R plays in
the neural circuitry.

4 The D3 Receptor Expression in the Developing Brain

An interesting feature of the D3 receptor is its expression in the proliferative zones
during prenatal and early postnatal development (Gurevich and Joyce 1999; Diaz
etal. 1997; Araki et al. 2007). The D3R mRNA appears at prenatal day (E) 14 and by
E18 is seen in the proliferative zone throughout the forebrain (Diaz et al. 1997). The
D3R mRNA appears in the differentiating neuronal fields of the nucleus accumbens
and mammillary bodies at birth. At postnatal day (P) 5 the distribution of the D3R
mRNA resembles that of the adult, with its expression in the striatal subventricular
proliferative zone, while diminished, continuing throughout the postnatal develop-
ment and in the adult (Gurevich et al. 1999; Diaz et al. 1997) (Fig. 4a). In then adult
rodent brain, the concentration of both D3R mRNA and protein is the highest in the
islands of Calleja (Gurevich et al. 1999; Bouthenet et al. 1991). The islands of
Calleja are composed of small cells derived postnatally from the subventricular zone
(De Marchis et al. 2004). The subventricular zone, as the name implies, is a zone
lining the lateral ventricles adjacent to the striatum that houses, among others,
proliferating neural stem cells and neuroblasts [reviewed in Nakajima et al.
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Fig. 4 Topography of the D3R expression in the developing rodent brain. (a) Photomicrographs of
the original autoradiograms of in situ hybridization histochemistry with 33p_labeled riboprobes for
D3R and D2R on adjacent coronal from a 7-day-old rat. Note a relatively high level of the D3R
mRNA in ICj with a virtual absence in NAC, whereas the D2R mRNA is present throughout the
striatum. Also note selective expression of the D3R mRNA in layer IV of SI. In contrast, the D2R
mRNAs is somewhat enriched in the deep laminae of the cingulate and secondary motor cortex but
is undetectable in layer IV of SI. (b) The sections of a 7-day-old rat cut tangentially through layer IV
of the flattened cortex were labeled for serotonin (5-HT) uptake sites with ['*[RTI-55 to visualize
the entire cortical map. The adjacent sections were labeled for D3 mRNA by in situ hybridization
histochemistry and D3R binding sites with ['**I]7-hydroxy-PIPAT. The whiskers on the lateral
aspect of the rat snout are represented in the primary somatosensory cortex (SI) as columns of cells
spanning layer IV. When viewed in tangential sections prepared from flattened cortices, these
whisker barrels appear roughly circular together comprising the barrel field (BF). Note completely
overlapping distributions of D3R binding sites and mRNA. D3R binding sites and mRNA corre-
spond precisely to the representations of whiskers, jaws, paws, etc., in the SI. Also, note the
presence of both D3 sites and mRNA in the secondary somatosensory and auditory cortex, albeit
at a much lower level than in the SI. Au auditory cortex, FP area of the front paw representation, HP
area of the hind paw representation, /Cj islands of Calleja, /Cm island of Calleja magna, LJ area of
the representation of the lower jaw, NACsh shell subdivision of the nucleus accumbens, OB
olfactory bulb, OT olfactory tubercle, SFH area of the representation of short rostral facial hairs,
SI primary somatosensory cortex, SII secondary somatosensory cortex, T area of the trunk repre-
sentation, Vis visual cortex. Reproduced with permission, with some modifications, from Gurevich
and Joyce (2000)

(2021); Akter et al. (2021)]. The neuroblasts from that zone, in addition to migrating
along the rostral migratory stream into the olfactory bulb, migrate extensively into
subcortical regions differentiating, among others, into GABAergic granule cells of
the islands of Calleja (De Marchis et al. 2004; Inta et al. 2008). In the rat, the D3R
mRNA and protein in the islands of Calleja appear postnatally, and at P7 still remain
low reaching the near adult level by P14, i.e., significantly earlier than in the
neighboring nucleus accumbens, where the D3R expression continues to rise until
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adulthood (Gurevich et al. 1999). The level of the D3R expression in the nucleus
accumbens at this age remains exceeding low, which is in a sharp contrast with the
D2R already expressed at a significant level throughout the striatum (Fig. 4a). The
early postnatal appearance of the D3 receptor in the islands of Calleja is well in
agreement with the developmental origin of these structures form the subventricular
zone, where the expression of the D3R is also evident early in development. The
functional role of D3R expressed in the brain proliferative zones remains poorly
understood although this expression pattern does suggest a role for the D3 receptor
in neurogenesis and brain maturation. Studies have implicated D3R in regulating
adult neurogenesis in the brain, the D3R function that might be involved in patho-
genesis of schizophrenia or have an impact on the treatment of Parkinson’s disease
(Van Kampen and Eckman 2006; Inta et al. 2008; Egeland et al. 2012; Kim et al.
2010).

Interestingly, D3R was found to be transiently and selectively expressed in the
stellate neurons of the layer IV of the somatosensory cortex of rats and mice
(Gurevich and Joyce 2000; Gurevich et al. 2001). The rodent primary somatosensory
cortex contains specialized structures in layer I'V referred to as “barrels” due to their
barrel-like shape on the transverse cortical sections (Woolsey and Van Der Loos
1970; Rice and Van Der Loos 1977; Rice 1985; Schlaggar 1994). Each barrel
receives information from one whisker of the rodent’s snout, and the arrangement
of the barrels mirrors that of the whiskers. The barrel formation is controlled by the
thalamo-cortical terminals conveying the somatosensory information to the primary
somatosensory cortex, and an early abrogation of these terminals or removal of the
whiskers disrupts the barrel formation (Kossut 1992; O’leary et al. 1994). The D3R
is expressed by the granule neurons of layer IV and is located on the cell bodies, for
the location of the binding sites and mRNA overlap (Gurevich and Joyce 2000)
(Fig. 4a, b). The expression becomes evident at PS5 (mRNA) or P7 (binding sites),
steadily increases until P7 (mRNA) or P14 (binding sites) and then rapidly declines,
although some D3R binding remains detectable even in the adult cortex (Gurevich
and Joyce 2000). This expression pattern is unique for the D3R; other dopamine
receptor subtypes are not expressed in the developing somatosensory cortex.
The neonatal lesion of the thalamic ventrobasal complex, which sends projection
to the primary somatosensory cortex, results in a total suppression of the elevation of
the D3R concentration normally seen between the first and second postnatal weeks
(Gurevich et al. 2001). This suggests that the D3R expression is controlled by early
developmental activity of the somatosensory system. Unfortunately, the functional
significance of the D3R transient expression during the critical period of the somato-
sensory cortex development so far has not been explored.
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5 Conclusion

The anatomical distribution of the D3R in the human brain is consistent with its
relative segregation, when compared to the D2R, to the limbic striatum, its output
structures, its secondary targets as well as its major afferent sources. The highest
expression of the D3R is found in the ventral striatum, which projects to the ventral
pallidum and substantia nigra reticulata also relatively enriched in the D3R. The
anterior thalamic nuclei enriched in D3R sites send projections to the ventral
striatum and themselves receive afferents from the substantia nigra reticulata as
well as the mammillary nuclei, both structures rich in the D3R sites. The dopami-
nergic neurons of the ventral tegmental area providing the dopaminergic input to the
shell region of ventral striatum but lacking the D3Rs seem to break the pattern.
Curiously, however, the rest of the ventral striatum receives dopaminergic input
from the dorsal tier of the substantia nigra compacta expressing the D3R. Further-
more, the ventral striatum sends relatively widespread projections to the
D3R-expressing substantia nigra compacta (Haber and Fudge 1997; Haber 2003),
which in its turn projects to the associative striatal territories, thereby serving to
integrate the functional striatal circuits. The D3R enriched in the brain regions
associated with the limbic system may prove an important target for a variety of
psychotropic drugs. The presence of the D3R in the brain proliferative zones adds
yet another layer of intrigue to the functional role of this enigmatic dopamine
receptor subtype. The developmental expression of the D3R peaks in the developing
brain at the time of intense neurogenesis or during critical periods for the formation
of cortical neuronal circuits. Such expression pattern suggests an important role in
neural development, and it is regrettable that this role has not yet been better
elucidated.
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Abstract G protein-coupled receptors (GPCR) heterodimers represent new entities
with unique pharmacological, signalling, and trafficking properties, with specific
distribution restricted to those cells where the two interacting receptors are co-
expressed. Like other GPCR, dopamine D3 receptors (D3R) directly interact with
various receptors to form heterodimers: data showing the D3R physical interaction
with both GPCR and non-GPCR receptors have been provided including D3R
interaction with other dopamine receptors. The aim of this chapter is to summarize
current knowledge of the distinct roles of heterodimers involving D3R, focusing on
the D3R interaction with the dopamine D1 receptor (D1R): the DIR-D3R heteromer,
in fact, has been postulated in both ventral and motor striatum. Interestingly, since
both D1R and D3R have been implicated in several pathological conditions, includ-
ing schizophrenia, motor dysfunctions, and substance use disorders, the DIR-D3R
heteromer may represent a potential drug target for the treatment of these diseases.
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1 Introduction

Starting from the observation of Agnati and Fuxe (Agnati et al. 1980, 1982; Fuxe
et al. 1983), the concept of G protein-coupled receptors (GPCRs)
heterodimerization, consisting in the ability of GPCRs to physically interact with
other receptors to form novel receptor entities, has emerged as a common mecha-
nism for GPCRs function and regulation. Supporting evidence of the existence of
GPCRs heterodimers has been greatly increased in the last years, thanks to the
development of biophysical techniques and other innovative strategies able to detect
the close proximity between proteins. Like other GPCRs, dopamine D3 receptors
(D3R) directly interact with various receptors to form heterodimers with other
GPCRs or with non-GPCRs. In this chapter, current knowledge about the molecular
characteristics and functional roles of complexes involving D3R has been reviewed,
focusing on the D3R interaction with the dopamine D1 receptor (DIR) (the
D1R-D3R heterodimer) and its relevance in the modulation of striatal function.

2 G Protein-Coupled Receptors (GPCRs) and Receptor—
Receptor Interactions

G protein-coupled receptors (GPCRs) are the largest and most diverse superfamily
of cell surface receptors that comprise more than 800 functional GPCRs encoded by
approximately 2% of the total genome (Fredriksson et al. 2003). GPCRs are also
called 7 transmembrane (TM) receptors since they all display a seven-
transmembrane helical structure, forming the classical receptor unit required for
binding an extracellular ligand and for the interaction with intracellular G proteins,
that transduce and amplify extracellular signals via the production of second mes-
sengers (Fredriksson et al. 2003; Lefkowitz 2013; Flock et al. 2017). Ligands for the
GPCRs are extremely variable, including ions, odors, amines, peptides, proteins,
lipids, nucleotides, and even photons (Fredriksson et al. 2003). Therefore, GPCRs
are fundamental for a plethora of physiological processes, making them the most
pursued targets for drug development: more than half of all modern drugs, in fact, are
targeted at these receptors (Hauser et al. 2017), and several ligands for GPCRs are
found among the worldwide top-100-selling pharmaceutical products (Fredriksson
et al. 2003).

Besides the classical GPCRs-G protein model, additional GPCRs modes of action
have been described including the possibility to signal through pathways that are
independent from G proteins (e.g., beta-arrestin-dependent pathways) (Wootten
et al. 2018), to activate signals also when they are located into intracellular sites
(Luttrell et al. 1999; Schiaffino et al. 1999), and to interact with other receptors to
form novel receptor entities, such as dimer or higher-order oligomers (Agnati et al.
1980). In particular, dimerization between GPCRs with both closely-related and
structurally divergent receptors, such as channels, has greatly expanded the
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heterogeneity of GPCRs family and their ability to recognize and respond to an
enormous variety of ligands; these novel entities are characterized by unique prop-
erties (pharmacological, signaling, and trafficking ones) distinct from those of both
the interacting receptors that allosterically modulate each other, influencing the
various aspects of receptor function (Fuxe and Agnati 1985; Bouvier 2001; Angers
et al. 2002; Milligan and Smith 2007).

It is now recognized that dimerization between GPCRs takes place early in the
biosynthetic process, occurring within discrete intracellular compartments, such as
endoplasmic reticulum (ER) and Golgi, and moving to the plasma membrane as
pre-formed mature complexes (Bulenger et al. 2005; Herrick-Davis et al. 2006).
Moreover, GPCRs dimerization, that may also require the involvement of
co-clustered ancillary proteins (Benkirane et al. 1997; Zhu and Wess 1998; Karpa
et al. 2000; Lee et al. 2000; Decaillot et al. 2008), is believed to be part of a general
quality control strategy in the GPCRs biosynthetic pathway, thus ensuring that only
properly folded proteins are delivered to their sites of action (Bulenger et al. 2005).
Interestingly, the possibility for GPCRs and GPCRs complexes to be transferred
from cell to cell via exome pathway has been also provided (Agnati et al. 2011;
Guescini et al. 2012; Guidolin et al. 2018).

With regard to the molecular mechanisms underlying GPCRs protein—protein
interaction, it is generally believed that GPCRs receptor—receptor interactions occur
via multiple interfaces. Bioinformatic strategies combined with docking analyses as
well as experimental findings have suggested that highly conserved TM helices are
required for both homodimeric (between the same GPCR) and heteromeric interac-
tions, with a relevant role for TM4, TM5, and TM6 (Guidolin et al. 2018). Moreover,
GPCRs carboxyl tail or intracellular loops (ICL), in particular the ICL3, have been
found as required for several GPCRs heterodimers, with a key role of amino-acid
residues, such as two or more adjacent arginine on one protomer and two or more
adjacent glutamic/aspartic acids, or a phosphorylated residue on the other protomer,
that are sufficient to induce electrostatic interactions; these type of interactions, that
allow the formation of stable non-covalent (but covalent-like) complexes, likely
represent a common mechanism in both heteromerization between GPCRs and
between GPCRs and non-GPCRs (Perreault et al. 2014). Moreover, the involvement
of extracellular domains in the dimerization mechanisms has been described for
those GPCRs characterized by a large N-terminal domain, where disulfide bonds
between cysteine residues (AbdAlla et al. 1999; Goldsmith et al. 1999; Kunishima
et al. 2000) or posttranslational modifications such as sialylation and glycosylation
(Michineau et al. 2006) might play a crucial role.

To date, evidence of heterodimerization has been provided for many families of
GPCRs (Farran 2017), thus representing a general mechanism that allows interac-
tions among systems, a crucial determinant of physiological cellular responses.
Moreover, GPCRs heterodimers may also strongly impact the pharmacological
field when a disorder is associated with dysfunctional GPCRs heterodimers: in
these cases, heterodimers should represent targets for drugs with fundamental
therapeutic advantages since heterodimers often exhibit discrete distribution and
only tissues expressing both the interacting protomers should be targeted by such
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molecules with potentially reduced incidence of side effects. In this line, while
pre-eclampsia was the first disease associated with pathological GPCRs heterodimer
activity (AbdAlla et al. 2001; Hansen et al. 2009), implications of heterodimers in
several other disorders, including asthma, acquired immune deficiency syndrome,
cardiac failure, schizophrenia, and Parkinson’s disease (PD) (Somvanshi and Kumar
2012) have generated a great interest in GPCR heterodimers as new targets for novel
drug discovery (Hauser et al. 2017).

3 GPCRs Heterodimer’s Experimental Validation

In order to define and characterize GPCRs heterodimers, a combination of biochem-
ical, functional, and biophysical approaches is usually performed, most of them
carried out in heterologous cell systems expressing appropriately recombinant
GPCRs. However, heterodimers need to be validated in physiological contests,
since overexpression in hosts cells could generate artifacts; moreover, it is crucial
to demonstrate that GPCRs heterodimers exhibit novel biochemical properties that
are “biochemical fingerprints” for each specific heterodimer. Therefore, to validate a
GPCR’s heterodimer, some criteria need to be met as required by the International
Union of Basic and Clinical Pharmacology (Fig. 1) (Pin et al. 2007; Gomes et al.
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Fig. 1 Representative cartoon depicting the three criteria used for establishing GPCR-
heterodimerization. Created with BioRender.com. BRET bioluminescence resonance energy trans-
fer, ER endoplasmic reticulum, FRET fluorescence resonance energy transfer, /P immunoprecipi-
tation, PLA proximity ligation assay
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2016). First of all, evidence of co-localization and physical interaction between the
interacting protomers in native cells or tissue should be provided (Criterion 1).
Usually, a combination of different assays, such as classical
co-immunoprecipitation and Western Blot experiments, or co-localization tech-
niques (including in situ hybridization, immunoelectron microscopy, and immuno-
histochemical methods) are used to address this criterion. However, the more
recently developed proximity-based biophysical techniques are now the best
approaches able to establish close proximity between two interacting protomers:
among them, the resonance energy transfer (RET) technique, mainly carried out in
transfected cells with properly tagged receptors, and proximity ligation assays
(PLA). In particular, fluorescence resonance energy transfer (FRET) and biolumi-
nescence resonance energy transfer (BRET) assay implicate a short-range
nonradioactive transfer of energy between donor and acceptor molecules fused
with each single protomer, that takes place only if the two species are in close
proximity (<10 nm) to each other (Ciruela et al. 2010). In the case of FRET, both the
donor and the acceptor are fluorescent molecules, whereas in BRET a biolumines-
cent molecule acts as the energy donor (Ciruela et al. 2010). FRET could be also
adapted to detect heterodimers in native tissue, by incorporating the donor/acceptor
pairs into antibodies (antibody-aided FRET) or ligands (ligand-aided FRET) against
individual protomer (Cottet et al. 2013). In contrast to RET techniques, PLA has the
advantage to monitor the presence of a receptor heterodimer in native tissues; this
technique requires primary antibodies able to specifically recognize each of the two
interacting receptors and two different secondary antibodies coupled to complemen-
tary oligonucleotide sequences, called PLA probes: close proximity between the two
receptors (<17 nm), allows the PLA probes ligation, and amplification by the means
of fluorescently labeled oligonucleotides thus leading to a signal that can be visual-
ized using fluorescence microscopy (Trifilieff et al. 2011; Bellucci et al. 2014).
Besides these widely used techniques, a double fluorescent transgenic mouse
engineered to express individual interacting receptors each tagged with a fluorescent
protein has been developed as a useful tool to investigate “in vivo” mu-delta opioid
heterodimer formation, distribution, and function (Erbs et al. 2015).

That a receptor heterodimer should display distinct properties different from those
induced by the single protomers, in terms of pharmacological, signaling, and
trafficking ones (“biochemical fingerprints”) is a key issue and needs to be deeply
investigated and demonstrated (criterion 2). Therefore, a combination of different
techniques, from radioligand binding assay to those assays able to measure intracel-
lular signals, and receptor localization and distribution has to be performed taking
advantage of cell systems that express both interacting receptors and individual
protomers, used as control, and, when available, wild-type animals physiologically
expressing both the receptors with the control knock-out counterpart, lacking one of
the two protomers (Gomes et al. 2016).

Finally, demonstrating that disruption of a heterodimer specifically alters its
properties, including loss of co-localization and function in both physiological and
pathological contests, represents criterion 3: a widely used tool is represented by
cell-permeable interfering peptides, designed to target and disrupt the predicted
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heterodimeric interfaces. Interestingly, transgenic mice expressing mutant receptors
unable to dimerize have been developed (Gonzélez et al. 2012; Moreno et al. 2012;
Baba et al. 2013) providing a very useful model to investigate heterodimer function
in vivo. Moreover, the possibility to generate ligands selective for a heterodimer
(antibodies, bivalent or dual-acting compounds, and small molecules), allowing both
the recognition and the modulation of the heterodimers, paves the way for drug
design. To date, numerous efforts have been made to pharmacologically target
GPCRs heterodimers by designing heterodimer-specific ligands, and, among them,
bivalent and dual-acting ligands seem to be the most promising drugs. Bivalent
ligands, designed for the simultaneous binding to both protomers of a dimer are
usually composed by two pharmacophoric moieties linked by a spacer with a length
that is crucial for bridging the receptor dimer (Portoghese 2001); by contrast, dual-
acting ligands combine two pharmacophoric units, usually linked by shorter spacers
than those of bivalent ligands, with the aim of delivering both ligands simulta-
neously without the expectation of simultaneous binding (Jorg et al. 2015; Glass
et al. 2016). After the development of the first bivalent ligand designed for targeting
opioid receptor dimers (Erez et al. 1982), a considerable number of compounds were
synthesized, including those targeting serotonin (Halazy et al. 1996; Perez et al.
1998), histamine (Birnkammer et al. 2012), opioid (Daniels et al. 2005), and
dopamine (Kithhorn et al. 2011; Huber et al. 2012) receptor heterodimers. Interest-
ingly, bivalent ligands targeting adenosine-dopamine heterodimers, composed of a
xanthine and a dopamine analogue, that displayed dual dopamine agonist and
adenosine antagonist activity, have been developed as potential treatments for PD
(Vendrell et al. 2007).

4 Dopamine D3 Receptor (D3R) and Heterodimerization

Dopamine (DA) receptors, widely distributed within the brain, are GPCRs classi-
cally subdivided into “D1-like” (DIR and D5R) and “D2-like” (D2R, D3R, and
D4R) receptor subtypes (Missale et al. 1998; Beaulieu and Gainetdinov 2011). Like
other GPCRs, DA receptors retain the ability to form heterodimers with other DA
receptors or other GPCRs as well as with non-GPCRs: among DA receptor-DA
receptor heterodimers, evidence showing the formation of the DIR-D2R (Rashid
et al. 2007), D2R-D5R (Hasbi et al. 2010), and D2R-D4R (Borroto-Escuela et al.
2011) heterodimers have been provided. Moreover, DA receptors have been shown
to interact with the Al and A2 receptors for adenosine (A1R-DIR heterodimer:
Gines et al. 2000; A2R-D2R heterodimer: Hillion et al. 2002, and with the H3
receptor for histamine (D1R-H3R heterodimer, Ferrada et al. 2009; D2R-H3R
heterodimer: Ferrada et al. 2008) as well as with non-GPCRs, such as the NMDA
receptor for glutamate (DIR-NMDAR heteromer; (Fiorentini et al. 2003, 2008b);
Lee et al. 2002; D2R-NMDAR heteromer:, Liu et al. 2006).

With regard to the D3R, a series of D3R-containing heterodimers has been
demonstrated thus pointing to this receptor as a highly promiscuous entity in forming
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Table 1 Heterodimeric complexes containing the D3R
Receptor | Criterion 1
complex | Techniques | Cell/tissue Criterion 2 Criterion 3 Reference
DA receptors
DIR- FRET/ Heterologous DIR-D3R The cell- Fiorentini
D3R BRET expression sys- | heterodimer inter- permeable et al.
CO-IP tems nalization and interfering (2008a, b)
PLA Rat striatum recycling upon peptide TM5 | Marcellino
Rat and mon- coincident DIR and | counteracts et al.
key striatum D3R stimulation both the posi- | (2008)
Mouse primary | DIR interaction tive cross-talk | Farré et al.
striatal neurons | with D3R synergis- | of DIR and (2015)
tically enhances D3R receptor | Present
second messenger agonists at the | work
signaling Erk1/2 levels
D3R stimulation and the qua-
enhanced D1R ternary struc-
affinity for DA and | ture of the
DA agonist heterodimer
D2R- CO-IP Heterologous In the presence of - Scarselli
D3R expression excess D3R, the et al.
systems properties of partial (2001)
D2R agonists Novi et al.
transformed to (2007)
antagonists Maggio
and Millan
(2010)
Other GPCRs
D3R- FRET Heterologous A2AR reduced both | — Torvinen
A2AR expression the D3R affinity for et al.
systems agonist and the (2005)
D3R ability in
inhibiting AC
activity
D3R- BRET Heterologous Heterodimerization | — Reyes-
MTIR/ PLA expression sys- | may result in the Resina
MT2R tems blockade of et al.
Human D3R-Gi coupling (2020)
non-pigmented | and in a reduction
ciliary body of the signaling to
epithelial cells | the Erk1/2 pathway
D3R- BRET Heterologous NTSRI1-controlled | Bivalent Budzinski
NTSR1 expression internalization of ligands stabi- | et al.
systems D3R into lize and (2021)
endosomes via induce the
recruitment of interaction
B-arrestin between the
two receptors
D3R- FRET Heterologous GPR143 may - Bueschbell
GPR143 expression reduce D3R et al.
systems Affinity for DA (2021)

(continued)
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Table 1 (continued)
Receptor | Criterion 1
complex | Techniques ‘ Cell/tissue Criterion 2 Criterion 3 Reference
Ion channels
D3R- BRET Heterologous D3R-nAChR HyNDA-1,a | Bontempi
nAChR PLA expression sys- | heteromer stimula- | dual-acting et al.
tems tion induces a compound (2017)
Mouse primary | strong and significantly Bono et al.
mesencephalic | sustained activation | modulates (2019)
DA neurons of the PI3K-Erk1/2- | structural Matera
and midbrain Akt pathways, plasticity on et al.
sections leading to the both mice and | (2019)
hiPSC-derived | expression of the hiPSC- Bono et al.
DA neurons immediate-early derived DA (2021)
gene c-Fos and to neurons, pos- | Mutti et al.
sustained phos- sibly by act- | (2022)
phorylation of ing on D3R-
p70S6K nAChR
heteromer
Cell-perme-
able interfer-
ing peptides
that avoid the
interaction
between D3R
and nAChR,
abolish struc-
tural plasticity
mediated by
the heteromer

Akt thymoma viral proto-oncogene, A2AR adenosine A2A receptor, BRET bioluminescence reso-
nance energy transfer, CO-IP co-immunoprecipitation, DA dopamine, D/R dopamine D1 receptor,
D2R dopamine D2 receptor, D3R dopamine D3 receptor, Erkl/2 extracellular regulated kinase 1/2,
FRET fluorescence resonance energy transfer, GPCRs G-protein coupled receptors, GPRI43 G
protein-coupled receptor 143, hiPSC human induced pluripotent stem cell, MT1R/MT2R melatonin
receptor 1 and 2, nAChR nicotinic acetylcholine receptor, NTSR!/ neurotensin receptor 1, PI3K
phosphatidylinositol 3-kinase, PLA proximity ligation assay, p70S6K, p70 ribosomal S6 kinase

receptor heteromers (Table 1) (Perreault et al. 2014; Bono et al. 2020). D3R are
found both post- and pre-synaptically in the nervous system, being expressed in DA
neurons of the substantia nigra (SN) and ventral tegmental area (VTA), and in
medium spiny neurons (MSN) of the ventral (Le Moine and Bloch 1996) and dorsal
striatum (Sokoloff et al. 1990). Classically, the activity of the D3R is mediated by the
recruitment of Gi/o proteins which inhibit adenylate cyclase (AC), and by the
regulation of calcium and potassium channels activity (Missale et al. 1998). In
addition, it was reported that D3R may also signal through other specific intracellular
pathways, that include the extracellular signal regulated kinase 1/2 (Erk1/2) and the
Akt cascades in a G protein-dependent or independent manner (Beaulieu and
Gainetdinov 2011).
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Among the D3R-containing heterodimers D2R-D3R heterodimer was first
detected in transfected cell models using chimeras generated from receptor frag-
ments of the D2R and D3R in combination with co-immunoprecipitation (Scarselli
et al. 2001). More recently, the existence of the D2R-D3R heterodimer has been
demonstrated in transfected cell lines by using SNAP and CLIP tagging technolo-
gies, combined with time-resolved FRET (TR-FRET) (Pou et al. 2012); this tech-
nology, by labeling surface proteins with TR-FRET compatible fluorophores, allows
a quantitatively analysis of protein—protein interactions at the surface of a living cell
(Maurel et al. 2008). A putative role for the D2R-D3R heterodimer in the pathogen-
esis of schizophrenia and PD has been suggested, thus indicating that this
heterodimer could be a target for novel drugs (Novi et al. 2007; Maggio and Millan
2010).

D3R heterodimerization with the adenosine A2A receptor (A2AR) has been
demonstrated by both co-localization and FRET experiments in transiently
co-transfected A2AR/D3R cell lines (Torvinen et al. 2005); by using these in vitro
models, the observation that activating A2AR reduced both the D3R affinity for
agonist and the D3R ability in inhibiting AC activity has suggested that the activa-
tion of the A2AR within the heterodimer could represent a novel strategy to
antagonistically modulate D3R in antipsychotic treatments (Torvinen et al. 2005).

Moreover, a possible interaction between D3R and the GPCRs for neurotensin
(NTS), a 13 amino-acid neuropeptide involved in the modulation of numerous
processes, including locomotion, memory, and cognition (Sarret and Cavelier
2017) has been described (Koschatzky and Gmeiner 2012; Budzinski et al. 2021).
In particular, while for the NTSR2 the interaction with the D3R still remains to be
demonstrated (Koschatzky and Gmeiner 2012), a specific interaction between D3R
and NTSR1 has been recently reported (Budzinski et al. 2021). An overlapping
expression of D3R and NTSRI1 in the brain, especially in the islands of Calleja was
detected by autoradiography using D3R- or NTSIR-selective radioligands
(Budzinski et al. 2021). Moreover, by using BRET analysis in transfected cell
lines, specific interaction of the D3R with the NTSR1 was detected (Budzinski
et al. 2021). Interestingly, bivalent ligands targeting the D3R-NTSRI1 heterodimer
have been designed and characterized for their ability to stabilize and increase the
interaction between the two receptors as well as to induce heterodimer internaliza-
tion via recruitment of P-arrestin, with a potential value in the pharmacological
strategies for counteracting drug addiction (Budzinski et al. 2021).

D3R heterodimerization with the melatonin GPCRs MT1R and MT2R has been
also recently reported in both transfected cells, by using BRET analysis, and in
human eye post-mortem tissues, as demonstrated by PLA experiments (Reyes-
Resina et al. 2020). Functional experiments, performed in both transfected cells
and in human non-pigmented ciliary body epithelial cells, showed that for both the
heterodimers, co-stimulation led to a decrease in the overall intracellular signaling
(Reyes-Resina et al. 2020). Interestingly, both these heterodimers may be involved
in the control of intraocular pressure induced by melatonin and DA.

Very recently, the orphan receptor G protein-coupled receptor 143 (GPR143), an
atypical GPCR expressed in several brain regions with multiple roles in pigment
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cells, has been shown as a new interacting partner for D3R (Bueschbell et al. 2021);
this interaction has been demonstrated by using FRET in co-transfected cells
(Bueschbell et al. 2021).

The ability of D3R in interacting with non-GPCRs has been demonstrated by the
existence of a heteromer composed of the D3R and the a4p2 nicotinic acetylcholine
receptor (nAChR) subtype, first identified in transfected cells by BRET analysis and
then validated in primary cultures of mouse mesencephalic neurons, in mouse
mesencephalic brain sections and in human DA neurons derived from induced
pluripotent stem cells (iPSCs) by using PLA (Bontempi et al. 2017; Bono et al.
2019). Further characterization of this heteromer has shown its involvement in the
neurotrophic and neuroprotective effects induced by nicotine (Bontempi et al. 2017,
Bono et al. 2018, 2019), indicating that the D3R-nAChR heteromer is a functional
unit supporting DA neuron plasticity and survival (Bontempi et al. 2017; Bono et al.
2018, 2019). A unique intracellular signaling has been recently associated with the
D3R-nAChR heteromer activation: a strong and persistent activation of the PI3K-
Erk1/2-Akt pathway, leading to the expression of c-Fos and to a sustained phos-
phorylation of cytosolic p70 ribosomal S6 kinase (p70S6K,) has been described as
key molecular effectors critical for DA neuron dendritic remodeling and protection
(Mutti et al. 2022).

Intriguingly, the analyses of iPSCs-derived DA neurons obtained from two
Parkinson’s disease (PD) patients carrying the G2019S LRRK2 mutation have
shown a reduced expression of the D3R-nAChR heteromer at the plasma membrane
level, a molecular alteration that may crucially contribute to the specific vulnerability
of DA neurons in this pathology (Bono et al. 2021, 2022). Moreover, a dual-acting
compound, named HyNDA-1, composed of the selective a4p2 nAChR agonist,
A-84543, and the D3R preferential agonist, ropinirole, linked together by means
of a spacer, was designed to selectively target and activate the D3R-nAChR
heteromer with the aim to protect and support DA neuron against injury (Matera
et al. 2019).

5 DI1R-D3R-Heterodimer in the Striatum

DA transmission occurs broadly throughout the brain with a special impact on the
activity of the striatum, the input structure of the basal ganglia, that is greatly
influenced by DA released by SNpc VTA midbrain nuclei: sending a massive output
to the striatum and receiving input from the striatum, these DA neurons are to be
considered as an integral part of the corticobasal circuitry that is crucially involved in
the control of the various aspects underlying goal-directed behaviors, such as
emotions, motivations, and cognition that drive them (Haber 2014; Chen et al.
2021). Classically, DA neurons of the SNpc control voluntary movements primarily
projecting to the dorsal striatum (nigrostriatal pathway), mostly composed of
GABAergic medium spiny neurons (MSNs), divided into two major efferent path-
ways based on molecular and anatomical evidence: about half of MSNs give rise to
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the striatonigral D1R-expressing neurons of the excitatory “direct pathway,” which
directly connect the striatum with the output structures, while the other half, the
striatopallidal D2R neurons of the inhibitory “indirect” pathways that project to the
external segment of the globus pallidus, indirectly connect the striatum to the output
nuclei (Gerfen and Surmeier 2011). As the DIR and D2R act in an opposing way in
terms of intracellular messengers, with DIR increasing and D2R decreasing intra-
cellular cyclic AMP (cAMP) (Missale et al. 1998), DA increases the excitability of
the “direct pathway” and decreases that of the “indirect pathway,” thus allowing
motor activity (Gerfen and Surmeier 2011). VTA DA neurons project to the ventral
striatum, including the ventral and medial parts of the dorsal striatum, the olfactory
tubercle system and the nucleus accumbens (NAc) (Schultz 2007; Haber 2014) via
the “mesolimbic pathway” and regulate different aspects of motivated behavior,
including adaptive responses to both positive and negative reinforces (Bromberg-
Martin et al. 2010; Haber 2014; Morales and Margolis 2017; Chen et al. 2021). As in
dorsal striatum, both the core and shell of the NAc are also comprised of D1R- and
D2R-expressing MSNs that predominantly project to the midbrain and ventral
pallidum, respectively (Gerfen and Surmeier 2011). Classically, D1R-expressing
MSNs in NAc have been associated with positive reinforcement, while
D2R-expressing MSNs with negative reinforcement (Durieux et al. 2009; Hikida
et al. 2010; Lobo et al. 2010). However, to date, a clear distinction between
DI1R-expressing and D2R-expressing MSNs is hardly to delineate, prompting the
suggestion of abolishing the use of “direct” and “indirect” pathway terminology in
the NAc (Cazorla et al. 2014; Kupchik et al. 2015; Soares-Cunha et al. 2016).
Similarly, optogenetic studies have shown that inter-pathway communications also
occur in the dorsal striatum of mice leading to the notion that both D1R-expressing-
and D2R-expressing MSNs pathways likely contribute to the various aspects of
motor action (Jin and Costa 2010; Tecuapetla et al. 2010; Cui et al. 2013).

While the D1R- and D2R-expressing pathways are primary constituents of both
the dorsal and ventral striatum, other DA receptors are behaviorally and clinically
relevant, including the D3R, with a characteristic pattern of distribution mainly
confined to the ventral part of the striatum, particularly in the neurons of the shell
of the NAc (Sokoloff et al. 1990) but at low levels of expression in the MSN of the
dorsal striatum (Ariano and Sibley 1994; Surmeier et al. 1996; Schwartz et al. 1998;
Nicola et al. 2000). Functionally, D3R has been involved in the control of locomo-
tion (Marcellino et al. 2008), motivated behaviors (Heidbreder 2008), and various
aspects of cognitive functions (Nakajima et al. 2013). Interestingly, in both ventral
and dorsal striatum, D3R have been shown to be co-localized with DIR (Le Moine
and Bloch 1996; Ridray et al. 1998; Schwartz et al. 1998; Nicola et al. 2000)
indicative of the possibility that these two receptor systems may regulate the
MSNs function in an integrated way; therefore, the possibility that co-expressed
DIR and D3R could result in the formation of a heterodimer composed by the
physical interaction of D1R with D3R at the membrane level has been investigated
as an additional level of interaction between the two receptor subtypes, useful to
decode the DIR/D3R functional interplay.
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According to Criterion 1 described in Gomes et al. (2016), co-localization was
first demonstrated by using the co-immunoprecipitation, carried out in both Hek
293 cells co-expressing DIR and D3R and rat striatal membranes (Fiorentini et al.
2008a). D1R co-localization with D3R was also suggested by immunofluorescence
experiments and confocal analyses in transfected Hek 293 cells (Fiorentini et al.
2008a; Marcellino et al. 2008). Strong methodological support for the study of
protein—protein interaction inside living cells comes from biophysical techniques
such as FRET and BRET techniques, both used to provide evidence of the existence
of direct interaction between DIR and D3R in living cells (Fiorentini et al. 2008a;
Marcellino et al. 2008). Moreover, BRET experiments carried out in Hek293 cells
expressing the fusion proteins D1R-RLuc and D3R-GFP have shown that the levels
of expression of the D1R-D3R heterodimer were unchanged upon agonist stimula-
tion, suggesting that this heterodimer is a constitutive entity, likely transported to the
plasma membrane as a pre-formed structure (Fiorentini et al. 2008a). Interestingly,
the D1R-D3R heterodimer was visualized in primary cultures of striatal neurons
obtained from wild-type mice, but not in neurons obtained from D3R knock-out
mice (D3R-KO), by using PLA (Fig. 2), a powerful tool for detecting with high
specificity and sensitivity close proximity between proteins in their native environ-
ments without the need for fusion proteins (Fredriksson et al. 2003; Bellucci et al.
2014).

A heterodimer is defined as an entity characterized by pharmacological, signal-
ing, and trafficking properties that are different from those of each protomer forming
the complex (Criterion 2; Gomes et al. 2016). Pharmacological studies carried out in
Hek293 cells co-expressing DIR- and D3R-interacting receptors have shown that
upon D1R and D3R stimulation, while D1R affinity for agonists was increased, the
binding characteristics of the agonist for the D3R were unchanged, indicating the
existence of allosteric/not reciprocal interactions between the two DA receptors
(Marcellino et al. 2008); a D3R-mediated modulation of DIR agonist binding was
also measured in membrane preparations of striatal tissue by using binding
radioligand competition experiments (Marcellino et al. 2008). Interestingly, behav-
ioral evidence of this pharmacological observation has been highlighted in the
reserpinized mice model, classically used to dissect the activity of postsynaptic
striatal DA receptors; in this model, stimulating the D3R led to a potentiation of
the DIR agonist-induced locomotor activity (Marcellino et al. 2008), thus
suggesting that in addition to a classical view of motor activation as the result of
modulation of the “direct/indirect pathways” by DA or DAR agonist, a behavioral
synergy of the D1R- and D2R-expressing pathways could also occur at the plasma
membrane level of D1R-expressing MSNs co-expressing D3R by the means of the
DIR-D3R heterodimer. In line with this observation, a potentiation of
DIR-mediated stimulation of cAMP formation has been measured in Hek
293 cells expressing both D1R and D3R (Fiorentini et al. 2008a), an effect likely
associated with DIR signaling pathway, since when individually expressed, DIR
and D3R exert opposite effects on AC activity, with the DIR interacting with the
Gs/Golf protein to activate AC and D3R inhibiting this pathway (Missale et al.
1998). In contrast with these results, the canonical negative interaction between D1R



Recent Advances in Dopamine D3 Receptor Heterodimers: Focus on Dopamine. . . 59

l | PLA/DAPI | | MERGE |

Wild-type

D3R-KO

Fig. 2 Detection of the DIR-D3R-heterodimer by in situ PLA in mouse primary striatal neurons.
PLA was performed in primary striatal cultures derived from both wild-type mice and mice knock
out for the D3R (D3R-KO), by using the Duolink In Situ reagents kit (O-LINK Bioscience, Upsalla,
Sweden), following the manufacturer directions. Commercial primary antibodies were used to
detect the D1R (1:100; Sigma Aldrich) and D3R (1:50; Santa Cruz Biotechnology). The GAD67
marker (green, 1:500; Millipore) was used to detect striatal neurons. Nuclei were stained with Dapi.
Scale bar = 20 pm. Images were captured using a Zeiss LSM 510 Meta confocal microscope
equipped with Plan-Apochromat 63x/1.4 numerical aperture oil objective and LSM 510 Meta
Software, version 3.5 (Carl Zeiss AG, Oberkochen, Germany). Panel a—c: PLA signals in wild-
type neurons, visible as red spots, observed in approximately 24% of GAD-67-positive neurons,
each having 17,8 red spot/cell; Panel d—f: PLA signals (undetectable) in striatal neurons derived
from D3R-KO mice

and D3R on cAMP accumulation was described by the group of Guitart et al. (2014),
when the AC subtype 5, poorly represented in HEK cells but required for D3R
activity (Robinson and Caron 1997) was overexpressed. In this line, a combination
of Complemented Donor Acceptor (CODA)-RET and molecular fluorescence com-
plementation/BRET experiments in transfected Hek 293 cells has shown that upon
stimulation, D1R interacts with Gs protein and D3R with Gi protein when forming
heterodimer and that the DIR-D3R heterodimer arranges as a pre-coupled macro-
molecular complex consisting of two DIR and D3R homodimers, each able to signal
with their preferred G protein; since two protomers in a GPCR oligomer are likely
insufficient to simultaneously accommodate two trimeric G protein (Maurice et al.
2011), the heterotetrameric structure provides the structure for canonical antagonis-
tic interaction at the AC level (Guitart et al. 2014). Whether a synergy in activating
the G protein-related cAMP accumulation by the D1R-D3R heterodimer needs to be
more investigated, a synergistic activation at the level of MAPK-Erk1/2 signal has
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been clearly demonstrated (Guitart et al. 2014, 2019) interestingly, while stimulation
of DIR resulted in a G protein-dependent activation of Erk1/2, DIR and D3R
co-stimulation switched toward a G protein-independent/beta arrestin-dependent
Erk1/2 activation (Guitart et al. 2019); accordingly, BRET experiments in cells
expressing D3R fused to YFP, beta-arrestin 1-RLuc, and DIR revealed that only
upon co-stimulation strong beta-arrestin recruitment was detected (Guitart et al.
2019). Moreover, a cross-antagonism at the Erk1/2 level is another property of the
D1R-D3R heterodimer, as a result of allosteric interactions by which an antagonist
of one protomer, within the heterodimer, blocks the agonist-induced activation of the
partner receptor. Interestingly, a heterodimer-induced synergistic activation of Akt,
another G protein-independent/beta arrestin-dependent signaling pathway associated
with D2-like receptors (Beaulieu et al. 2007) has also been observed in both
transfected cells and reserpinized mice following DIR and D3R co-stimulation
(Guitart et al. 2019). Of note, in the ventral striatum of reserpinized mice, a
significant and selective increase in Akt phosphorylation, but not of Erk1/2, was
correlated with the synergistic locomotor activity induced by DIR and D3R
co-stimulation, (Guitart et al. 2019).

Finally, the trafficking properties of the DIR/D3R heterodimer in response to
agonist stimulation, determinant for the heterodimer availability at the plasma
membrane, were also well defined (Fiorentini et al. 2008a). It is well known that
DIR stimulation results in a rapid receptor internalization, while the D3R is only
marginally modified by agonist stimulation (Kim et al. 2005); a series of experiments
carried out in transfected Hek 293 cells have shown that, within the DIR-D3R
heterodimer, only the coincident D1R and D3R stimulation, and not the singular
one’s, allowed the heterodimer internalization (Fiorentini et al. 2008a), representing
an additional mechanism of synergy between the two receptors that are both locked
at the plasma membrane. These experiments also showed that beta-arrestin was
required for co-agonist-induced internalization of D1R-D3R heterodimer, that after-
ward recycled back to the plasma membranes, thus mirroring the DIR trafficking
properties (Fiorentini et al. 2008a).

While selective compounds for the DIR/D3R heterodimer have not been
designed yet, membrane-permeable peptides targeting the predicted heterodimeric
interface have been designed (Guitart et al. 2014, 2019) and used as tools to further
explore and support heterodimerization studies (Criterion 3; Gomes et al. 2016). In
particular, peptides with the amino-acid sequence of the transmembrane domain
(TMs) 5, 6, and 7 of the D1R were fused to the cell-penetrating HIV trans-activator
of transcription (TAT) peptide to allow intracellular delivery; interestingly, TMS5, but
not TM6 TM7 peptides, used as heterodimer-destabilizing agents in “in vitro” and
“in vivo” experiments, had the ability to counteract both the positive cross-talk of
DIR and D3R receptor agonists at the Erk1/2 levels and the quaternary structure of
the heterodimer, thus pointing to the DIR TMS as a crucial domain involved in the
heterodimer formation (Guitart et al. 2014, 2019). In addition, the VK4-116 com-
pound, a recently discovered selective D3R antagonist (Kumar et al. 2016),
displayed a biased activity against DIR-D3R heterodimer since its ability to block,
with higher potency, G-protein-dependent (cAMP accumulation) then G protein-
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independent signals (MAPK/Erk1/2, beta-arrestin recruitment, and locomotor activ-
ity) (Guitart et al. 2019); thus, this compound may represent an additional tool for
examining the heterodimer activity, especially in “in vivo” models.

6 Functional Role of the D1R-D3R Heterodimer
in the Striatum

Even if the existence of this heterodimer remains to be clearly determined, results
from in vitro and in vivo models likely indicate that DIR interaction with D3R
stabilizes DIR in the membrane, increases D1R affinity for DA and DA agonists,
and synergistically enhances second messenger signaling (Fig. 3) (Fiorentini et al.
2008a; Marcellino et al. 2008; Guitart et al. 2014, 2019). While in the ventral
striatum, where D3R are abundantly expressed, the DIR-D3R heterodimer may
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Fig. 3 DIR-D3R heterodimer fulfill the three criteria for heterodimerization. The presence of the
DIR-D3R heterodimer was demonstrated by several approaches, using both co-localization and
proximity-based technologies, as well as with co-immunoprecipitation assay in transfected cell lines
and in native tissue (Criterion 1). From a functional point of view, the heterodimer displays new
pharmacological, trafficking, and signaling properties since the D1R interaction with D3R stabilizes
DIR in the membrane, increases DIR affinity for DA and DA agonists, and synergistically
enhances second messenger signaling (Criterion 2). Finally, a support for the DIR-D3R
heterodimerization and its functional relevance was provided by using the TM5, a cell-permeable
interfering peptide (Criterion 3). Created with BioRender.com. BRET, bioluminescence resonance
energy transfer, DA dopamine, D/R dopamine D1 receptor, D3R dopamine D3 receptor, Erk 1/2
extracellular regulated kinase 1/2, FRET fluorescence resonance energy transfer, /P immunopre-
cipitation, PLA proximity ligation assay
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physiologically operate (Guitart et al. 2019), in the dorsal striatum an association
with heterodimer abnormal expression and the development of L-dopa induced
dyskinesia (LID), a common, severe, and irreversible side effect of long-term
L-DOPA in Parkinson’s disease patients, has been widely postulated. A growing
body of evidence has shown that LID is attributed to the hyperactivation of the
DI1R-mediated transmission, resulting in increased levels of cAMP/PKA activity and
ERK1/2 signaling (Bastide et al. 2015). The observation that abnormal activation of
the tyrosine phosphatase Shp-2, a D1R-interacting protein crucially involved in the
D1R-mediated activation of Erk1/2 in striatal neurons (Fiorentini et al. 2011), also
characterized the MSNs in an animal model of LID (Fiorentini et al. 2013), and that
knocking-down Shp-2 reduced LID (Fiorentini et al. 2016), also confirmed the
pivotal role of D1R signaling in the mechanisms underlying LID.

Similarly, the role of D3R in LID pathogenesis has been almost clearly defined:
starting from the observation that chronic-DOPA induced an ectopic expression of
D3R mainly occurring in the D1R-expressing MSNs of the dorsal striatum of animal
models of PD (Bordet et al. 1997, 2000), several other evidence further remarked
this issue; among them, in the 6-OHDA rodent model, blocking D3R upregulation
via intrastriatal infusion of oligonucleotide antisense to D3R mRNA attenuated the
development of LID (Van Kampen and Jon Stoessl 2003). Moreover, in various PD
models, D3R-preferring antagonists/partial agonist attenuated the development and
the expression of LID (Bézard et al. 2003; Kumar et al. 2009; Visanji et al. 2009;
Mela et al. 2010; Solis et al. 2015). LID was also decreased in D3R knock-out mice,
a behavioral effect accompanied by decreases in well-accepted LID molecular
markers, including active Erk1/2, in D1R-expressing MSNs only (Solis et al.
2015); more recently, by using the miRNA strategy in a rat model of PD, silencing
of D3R in DI1R-expressing MSNs resulted in attenuation of LID development
without compromising L-DOPA’s therapeutic benefits (Lanza et al. 2021); interest-
ingly, overexpressing D3R in the dorsal striatum of rats in combination with
L-DOPA was sufficient for developing dyskinetic behavior, also in the absence of
DA depletion (Cote et al. 2014). Remarkably, by using the D3R-preferring PET
radiotracer [(11)C]-(+)-PHNO, D3R upregulation in globus pallidus has been also
shown in PD patients receiving chronic L-DOPA and developing LID but not in PD
patients without LID or healthy subjects (Payer et al. 2016).

Therefore, it is reasonable to assume that an association between LID develop-
ment and abnormal expression of striatal DIR-D3R heterodimer could exist, leading
to increased efficiency of D1R coupling to AC, exaggerated cAMP/PKA activation,
and abnormal Erk1/2 phosphorylation. In this line, radioligand binding studies and
PLA have shown that in the striatum of animal models of PD, L-DOPA and LID
development were associated with increased levels of D3R and DI1R-D3R
heterodimer, also correlated with higher DIR binding affinity in the presence of a
D3R agonist (Farré et al. 2015). Moreover, using quantitative autoradiograph assay
and in situ mRNA hybridization in human brain samples derived from patients
suffering from different neurodegenerative conditions, a correlation between striatal
DI1R plus D3R densities, but not D1R and D3R alone, and PD survival, treatment,
and progression has been described (Yang et al. 2021). The role of DIR- and
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D3R-interacting receptors in LID has been also supported by experiments carried out
on LID rats: the systemic co-administration of DIR and D3R agonists resulted, in
fact, in synergistic increases in both dyskinesia and striatal expression of active
Erk1/2 (Lanza et al. 2018). Intriguingly, in the same rat model of PD and LID, anti-
dyskinetic strategies were able to prevent both LID and key molecular events
associated with LID, including increased levels of striatal DIR-D3R heterodimers
(Fanni et al. 2019). It is also relevant to underline that while the mechanism by which
D3R is upregulated in LID is not fully understood, evidence of a link between higher
striatal brain-derived neurotrophic factor (BDNF), increased level of D3R and
behavioral sensitization has been provided (Guillin et al. 2001; Scheggi et al.
2020): in rat PD models, in fact, BDNF overexpression not only exacerbated
DIR-agonists-induced LID but also increased both striatal D3R and DIR-D3R
heterodimer levels, together with increased levels of active Erk1/2 (Scheggi et al.
2020).

Besides the pivotal role of abnormal D1R-mediated increases in Erk1/2 signals as
molecular events underlying LID, changes in the Akt/GSK3beta pathway in both rat
and monkey PD/LID models have been demonstrated (Bychkov et al. 2007;
Morissette et al. 2010). In this line, dysregulation of Akt/GSK3f signaling has
been associated with the pathogenesis of various neurological and neuropsychiatric
disorders associated with DA dysfunction (Beaulieu et al. 2009). Interestingly,
inhibition of GSK3f ameliorates L-DOPA-induced dyskinesia in 6-OHDA-lesioned
rats (Xie et al. 2016). Therefore, the involvement of DIR-D3R heterodimer in LID
could also be associated with its ability to over-activate the Akt pathway (Guitart
et al. 2019).

7 Conclusions

The GPCRs superfamily of receptors are ubiquitously expressed among all cell types
and are implicated in very numerous functions. Therefore, the discovery that many,
if not all, of the GPCRs can physically associate with other receptors to form new
entities may have important functional consequences and provide novel targets for
more selective drugs in the future. To date, D3R have been found to interact with
several other GPCRs and non-GPCRs, including the D1R-D3R heterodimer, very
abundant in the ventral part of the striatum and physiologically acting as an entity
that synergistically enhances the intracellular signaling induced by heterodimer
activation. By contrast, in the dorsal part of the striatum, an abnormal expression
of the DIR-D3R heterodimer has been associated with the development of patho-
logical dyskinetic behaviors induced by long-term L-DOPA in PD patients. It is well
known that while DIR hyperactivity in the MSNs of the DA-denervated dorsal
striatum is a crucial target for counteracting the development of LID, blocking D1R
signaling is a pharmacological strategy that affects the symptomatic benefits of
L-DOPA treatment. In seeking new strategies for counteracting LID development
in PD patients, those acting on D1R-D3R heterodimer, able to module its activity
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thus affecting abnormal Erk1/2 and Akt signaling, may thus represent novel and
more selective drugs; moreover, since both DIR and D3R have been implicated in
several other pathological conditions, including schizophrenia, and substance use
disorders, the DIR-D3R heterodimer may also be considered as a potential drug
target for the treatment of these diseases.
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Abstract Structural neuroplasticity in the adult brain is a process involving quan-
titative changes of the number and size of neurons and of their dendritic arborization,
axon branching, spines, and synapses. These changes can occur in specific neural
circuits as adaptive response to environmental challenges, exposure to stressors,
tissue damage or degeneration. Converging studies point to evidence of structural
plasticity in circuits operated by glutamate, GABA, dopamine, and serotonin neu-
rotransmitters, in concert with neurotrophic factors such as Brain Derived
Neurotrophic Factor (BDNF) or Insulin Growth Factor 1 (IGF1) and a series of
modulators that include circulating hormones. Intriguingly, most of these
endogenous agents trigger the activation of the PI3K/Akt/mTOR and ERK1/2
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intracellular pathways that, in turn, lead to the production of growth-related struc-
tural changes, enhancing protein synthesis, metabolic enzyme functions,
mitogenesis for energy, and new lipid-bilayer membrane apposition. The dopamine
(DA) D3 receptor has been shown to play a specific role by inducing structural
plasticity of the DAergic neurons of the nigrostriatal and mesocorticolimbic circuit,
where they are expressed in rodents and humans, via activation of the mTORC1 and
ERK1/2 pathways. These effects are BDNF-dependent and require the recruitment
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to
allow the structural changes. Since in mood disorders, depression and anhedonia
have been proposed to be associated with impaired neuroplasticity and reduced
DAergic tone in brain circuits connecting prefrontal cortex, ventral striatum, amyg-
dala, and ventral mesencephalon, activation of D3 receptors could provide a thera-
peutic benefit. Sustained improvements of mood and anhedonia were observed in
subjects with an unsatisfactory response to serotonin uptake inhibitors (SSRI) when
treated with D3-preferential D2/D3 agonists such as pramipexole and ropinirole. The
recent evidence that downstream mTOR pathway activation in human mesence-
phalic DA neurons is also produced by ketamine, probably the most effective
antidepressant currently used in subjects with treatment-resistant depression, further
supports the rationale for a D3 receptor activation in mood disorders.

Keywords Antidepressants - Dopaminergic neurons - iPSC - Ketamine -
Mood disorders - mTOR

1 Introduction: Cellular and Molecular Mechanisms
of Neuronal Structural Plasticity

Neuronal structural plasticity is a critical feature of adult mammalian brain and not
only a prerogative of the developing brain. It consists of changes of density of
macro-processes such as neuronal soma, axons, and dendritic arborizations, as well
as of micro-processes such as synapses and dendritic spines within a given circuit or
brain nuclei in response to stressors, damage, or long-term functional adaptation
(Koleske 2013; Duman et al. 2016).

During brain development, the neuronal dendrites branch and form spines, the
latter being the target of synapses coming from other neurons, the cornerstone of
neuronal communication, turning over dynamically to fulfill an ontogenetic pro-
gram. By contrast, in the adult brain, most dendrite branches and spines are
tendentially stable over long spans of time, turning over mostly functionally in
response to activation or hyperactivation coming from specific circuits, or due to
local factors e.g., mediators of inflammation, circulating stress hormones, interaction
with glial cells and failure of intracellular organelles such as mitochondria. Conver-
gent findings indicate that stability of dendritic arborization and synaptic spines has a
key role in the functioning of the adult brain, loss of stability, and structural deficits
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being associated with psychiatric or neurodegenerative disorders (Koleske 2013;
Duman et al. 2016), while reactive structural neuroplasticity aimed to adaptively
normalize those circuits was proposed to be triggered by the re-engagement of
neurodevelopmental programs (Castrén and Rantaméki 2010). Recent findings
have provided better understanding of the molecular mechanisms that underlie the
adaptive structural plasticity implicated in the stabilization of dendritic arborization,
pointing to major players such as the intracellular pathways activated by Brain
Derived Neurotrophic Factor (BDNF) and Insulin Growth Factor 1 (IGF1), by the
level of activity of NMDA-mediated glutamate neurotransmission, of circulating
glucocorticoids, the local expression of adhesion molecules, new protein synthesis
and the integrity of energy-producing machinery associated with the mitochondria
(Mattson et al. 2008; Liston and Gan 2011; Koleske 2013, Duman et al. 2016;
Castrén and Monteggia 2021).

Here we will review the available evidence supporting the specific role for
Dopamine D3 receptors (D3R) in producing and maintaining structural plasticity
of the nigrostriatal and mesolimbic DAergic circuits in the adult brain, of potential
relevance for mood disorders and, in particular, for treatment-resistant depression
(Collo and Merlo Pich 2018).

2 Defective Neuronal Structural Plasticity in Brain
of Patients with Mood Disorders

Defective structural plasticity in circuits of frontal cortex, hippocampus, amygdala,
and ventral mesencephalon has been consistently described in patients with mood
disorders (Drevets et al. 2008) and in rodents after chronic stress (Christoffel et al.
2011). This reduced neuroplasticity is paralleled by reduced activity of the mTOR
pathway, whose phosphorylation cascade controls cell survival and growth (Jernigan
et al. 2011). Reversal of the reduced structural plasticity observed in dendrites
produced by stress and depression was described in cortico-limbic circuits of rodents
and humans exposed to clinically-effective electroconvulsive therapy (Chen et al.
2009; Dukart et al. 2014) and pharmacological treatments with ketamine or, to lesser
extent, serotonin uptake inhibitors (SSRI) (Duman et al. 2016; Bessa et al. 2009).
The antidepressant actions of these treatments involve the increase of BDNF levels
and the activation of the BDNF-TrkB signaling that activate the main neurotrophic
pathways in neurons, leading to enhanced structural plasticity at synaptic and
dendritic levels, indicating that defective BDNF/TrkB could be a critical mechanism
in determining the impaired structural plasticity in major depressive disorder
(Duman et al. 2016; Castrén and Monteggia 2021). D3R appears to be a player in
this process, being controlled by BDNF-TrkB signaling as part of the DA sensitiza-
tion mechanisms (Guillin et al. 2001) and, in turn, acting as a trigger for the release
of BDNF from the DAergic neurons (Yang et al. 2020). This reciprocal interaction
was further explored in Chap. 4 “D3R Mediates Structural Plasticity in DAergic
Neurons Engaging Neurotrophic Pathways”.
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3 Dopamine D3 Receptors (D3R): Biological
and Pharmacological Profile

The two most common dopaminergic receptors in mesolimbic and nigrostriatal
circuits are the D3R and the D2R, the latter consisting of the “short” and the
“long” subtypes. Even if they share a large sequence homology and several signaling
pathways, they show differences in their action and regulation. The expression
patterns of D2R and D3R partially differ in the mammalian brain, with differences
between rodents and primates (Gurevich and Joyce 1999, Gurevich, chapter in the
present book). At cellular level, D2R subtype and D3R are expressed either presyn-
aptically as autoreceptors in DAergic neurons in the ventral mesencephalon, e.g., in
substantia nigra (Diaz et al. 2000), or postsynaptically in neurons with various
phenotypes present in the terminal regions of the DAergic projections, e.g.,
GABAergic neurons in striatum and putamen, and in substantia nigra (Gurevich
and Joyce 1999, Gurevich, chapter in the present book) or glutamatergic neurons of
prefrontal cortex layer 5 (Clarkson et al. 2017). Interestingly, when present in the
same brain regions, as in prefrontal cortex of rodents, functional segregation of DIR,
D2R, and D3R can be observed, affecting different circuits (Clarkson et al. 2017). In
addition, pharmacological antagonism of either D2R or D3R in frontal cortex
disrupts and promotes cognitive function, respectively (Watson et al. 2012). Further
functional differences between D2R and D3R were observed in mice whose genes
were knockout (KO). The endophenotype of D2R KO mice displayed behavioral
hypoactivity, insensitivity to the D2R/D3R agonist quinpirole, and low extracellular
DA levels in the striatum (Baik et al. 1995). Conversely, D3R KO mice showed the
opposite phenotype, displaying behavioral hyperactivity, responded to quinpirole
response and spontaneous high extracellular DA level in the striatum (Accili et al.
1996; Koeltzow et al. 1998). Finally, D3R were observed in glial cells of striatum,
cortex, and substantia nigra (Miyazaki et al. 2004; Zhang et al. 2014), where they
contribute to local inflammation (Montoya et al. 2019).

3.1 D3R Role in Post-Synaptic Non-dopaminergic Neurons
and Glia

D2R and D3R being members of the 7-transmembrane domain receptors display
different coupling with the subunits of the G protein-coupled receptor (GPCR): DA
D3R engages the By subunits, while D2R uses the Goo subunits (Beom et al. 2004).
Moreover, desensitization of D2R is associated with phosphorylation mediated by
the G protein-coupled receptor kinase (GRK) and by interaction with p-arrestin for
internalization, while D3R undergoes protein kinase C (PKC)-mediated phosphor-
ylation, internalization and degradation, or translocation into membrane hydropho-
bic domains (Cussac et al. 1999; Kim et al. 2001; Beom et al. 2004). Indeed, in
GABAergic medium spiny neurons of striatum, the activation of both D2R and D3R



Involvement of DA D3 Receptors in Structural Neuroplasticity of Selected. . . 77

increases phosphorylation of the MAPK/ERK pathways, while D3R appears to be
able to drive the selective activation of the Akt-mTOR signaling pathway produced
by D2R/D3R agonists, since the latter was completely blocked by pretreatment with
S-33084, a highly selective D3R antagonist (Salles et al. 2013). During development
D3R begins its expression at the early embryological stages in neuronal precursors
and immature oligodendrocytes (Bongarzone et al. 1998). In astrocytes of the adult
mouse midbrain/striatum Montoya et al. (2019), showed that exposures to DA or to
the D3-preferential DA agonist PD128907 were able to increase inducible Nitric
Oxide Synthase (iNOS) to a similar extent to a systemic LPS administration,
generating a pro-inflammatory-like response and increasing the expression of Glial
Fibrillary Astrocytic Protein (GFAP). These effects were not observed in glial cells
of D3R-KO mice, suggesting a possible permissive role of D3R neurotransmission
in neuroinflammation. Intriguingly, LPS toxin exposures were shown to reduce the
expression of D3R, suggesting a negative feedback possibly aimed to attenuate the
local contribution of DA-dependent signals of inflammation.

3.2 D3R Role in Presynaptic DAergic Neurons

In DAergic neurons of substantia nigra (SN) and ventral tegmental area (VTA), both
D2R-short and D3R are expressed in neuronal soma and functionally defined as
“autoreceptors” (Diaz et al. 2000; Ford 2014). The role of “autoreceptors” has been
seen as associated to negative feedback control of synaptic activities, in this case
control of neuron firing rate and control of neurotransmitter release, mostly via
modulatory effect on Ca++ efflux and/or via direct interaction with the Dopamine
Transporter (DAT). Dopamine or D3R-preferential D2R/D3R agonists such as
quinpirole, ropinirole, or pramipexole by binding to presynaptic D3R reduce DA
uptake by interacting with DAT functions (Joyce et al. 2004). Interestingly, D3R
requires functional D2R autoreceptors to exert its control on DA release (Zapata and
Shippenberg 2005). Similar effects were observed when indirect DA agonists, such
as amphetamine or cocaine, were tested on mesencephalic DAergic neurons.
Cocaine increased extracellular DA by blocking DAT, an effect potentiated by the
blockade of D3R using the selective antagonist SB-277011-A, but not by the
selective D2R antagonist L-741,626 (McGinnis et al. 2016). Recent in vivo
microdialysis studies support the evidence that D3R activation increases DA release
from rat substantia nigra/VTA (Rodriguez-Sanchez et al. 2019). Previously,
Schwarz et al. (2004) reported that the selective D3R antagonist SB-277011-A
was able to potentiate pharmaco-Magnetic Resonance Imaging (MRI) response to
amphetamine challenges in the ventral mesencephalon of rats, affecting the brain
functional connectivity and suggesting a presynaptic effect. Another series of studies
has recently profiled the activation of other D3R-mediated intracellular pathways:
they are reviewed in the following paragraph.
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4 D3R Mediates Structural Plasticity in DAergic Neurons
Engaging Neurotrophic Pathways

4.1 Studies in Mesencephalic DA Neurons of Rodents

Based on the evidence collected by Diaz et al. (2000) on the localization of D3R in
mesencephalic DAergic neurons, Du et al. (2005) studied the effects of D3R
activation by incubating rodent primary mesencephalic culture containing astrocytes
with D3R-preferential DA agonists, such as pramipexole and ropinirole, showing
neurotrophic-like effects and increase in number of DAergic neurons. Similar results
were obtained in mouse primary mesencephalic cultures that were maintained under
conditions to prevent astrocytes growth using D3R-preferential D2R/D3R agonist
such as 7-OH-DPAT and quinpirole at low doses, whose effects were blocked by
selective D3R antagonist SB-277112-A (Collo et al. 2008). These data supported the
tenet a neuronal-mediated D3R-dependent effect. Similar increases of dendritic
arborization and soma size were also observed with the indirect DA agonist amphet-
amine, producing effects that involved the activation of MAPK/ERK pathways via
presynaptic D3R, probably due to the increased extracellular DA produced by
amphetamine (Collo et al. 2008). These effects were in keeping with the dendritic
outgrowth observed postmortem in VTA of rats repeatedly exposed to amphetamine
(Mueller et al. 2006). Few years later, using both in vitro and in vivo studies on mice,
Collo et al. (2012) show that exposure to cocaine, another indirect DA agonist,
produced D3R-dependent increases of structural plasticity in mesencephalic
DAergic neurons. These effects were seen in vitro on primary cultures of DAergic
neurons from mouse embryo, where cocaine-induced increase of dendritic arboriza-
tion and soma size were antagonized by the non-selective D2R/D3R antagonist
sulpiride and by the selective D3R antagonists SB-277011-A and S-33084. These
effects of cocaine were mediated by the activation of the ERK1/2 and Akt-mTOR
pathways, since preincubation with selective phosphorylation blockers completely
inhibited structural plasticity induced by cocaine. Moreover, when primary cultures
of mesencephalic DA neurons from D3R KO mice were challenged with cocaine, no
change in dendritic arborization was observed and no activation of ERK1/2 and Akt
pathway phosphorylation was observed. These observations were corroborated
in vivo by morphometric assessment of mesencephalic dopaminergic neurons of
P1 newborns exposed to cocaine from E12.5 to E16.5. The experiments were
performed in wild-type and D3R KO mice. Cocaine increased the soma area of
wild-type but not of D3R KO mice, supporting the translational value of primary
culture (Collo et al. 2012). Other in vivo studies support structural plasticity effects
of D3R signaling: van Kampen and Eckman (2006) evaluated rats exposed to
6-OHDA acute neurotoxic damage of nigrostriatal DAergic pathways after a chronic
treatment with D3-preferential DA agonist 7-OH-DPAT. They observed a signifi-
cant induction of cell proliferation in the substantia nigra pars compacta with a time-
dependent adoption of DAergic phenotype. Retrograde tracing revealed a restoration
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of striatal innervation from mesencephalic DAergic neurons and persistent recovery
of locomotor function, a demonstration of induction of structural plasticity in vivo.

5 Studies in Human DA Neurons Differentiated from
Inducible Pluripotent Stem Cells (iPSC)

The relatively recent observation that inducible Pluripotent Stem Cells (iPSC) from
human donors can be differentiated in DAergic neurons (Kriks et al. 2011; Fedele
et al. 2017) (Fig. 1a) has open the possibility to study their pharmacological
phenotype in vitro (Fig. 1b). The changes of dendritic arborization and soma size
induced by D3R-preferential agonists were studied in human iPSC-derived DAergic
neurons (Collo et al. 2018) following a procedure schematically showed in Fig. 1b.
An example of the application of this procedure is shown in Fig. 1c where the
structural plasticity effects of pramipexole were quantified, resulting in a dose-
dependent increases of maximal dendritic length, number of primary dendrites and
soma size. Similar effects were also observed with ropinirole and antagonized by the
selective D3R antagonists SB-277011-A and S-33084 (Collo et al. 2018). Visuali-
zation of phosphorylated p70S6 kinase indicated the recruitment of the mTOR
pathway, a critical mediator of cell growth and structural plasticity. Phosphorylation
of p70S6 kinase and structural plasticity induced by ropinirole and pramipexole were
blocked by the kinase inhibitors LY294002 and by rapamycin, an mTORC1 inhib-
itor, confirming the involvement of the mTOR pathway. Since Ras-ERK and PI3K-
mTOR pathways are also constitutive elements of the BDNF-TrkB signaling,
different modalities of BDNF-TrkB pathway disruption previously used in rat
telencephalic neurons (i.e., immunoneutralization of BDNF, inhibition of TrkB
receptor and blockade of MEK-ERK signaling) (Jourdi et al. 2009) were applied
to human DA neurons exposed to ropinirole, all procedures blocked D3R-dependent
structural plasticity. These effects are consistent with the regulation of dendritic
morphogenesis by Ras-PI3K-Akt-mTOR and Ras-MAPK signaling pathways pre-
viously described in the rat telencephalic neurons (Kumar et al. 2005). These data
also indicate that active BDNF-TrkB signaling is necessary for D3R-dependent
structural plasticity in human DA neurons. Interestingly, the behavioral relevance
of reciprocal crosstalk between these two crucial pathways in DA neurons was
demonstrated in rats with a unilateral nigrostriatal lesion of DA projections, showing
structural recovery of axonal innervation and novel dendritic spine formation
(Razgado-Hernandez et al. 2015).
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Fig. 1 Human iPSC-derived dopaminergic neurons methodological approach to study neuroactive
compounds. (a) Schematic representation of the differentiation procedure used to obtain in vitro
human DAergic neurons. Neuronal precursors derived from iPSCs are exposed to successive mix of
growth factors and small molecules aimed to develop the A9-like DAergic phenotype, according to
Kriks et al. (2011) and Fedele et al. (2017). KSR, knockout serum replacement; LDN, LDN193189;
SB, SB431542; Shh, Shh C25II; FGF8, fibroblast growth factor 8; Purm, purmorphamine; CHIR,
CHIR99021; BDNF, brain-derived neurotrophic factor; AA, ascorbic acid; cAMP, dibutyryl
cAMP; TGFp, transforming growth factor type f3; GDNF, glial cell line-derived neurotrophic
factor. (b) Cartoon of the procedure used to test iPSC-derived human DA neurons with various
pharmacological agents, performing activation and inhibition studies with a variety of concentra-
tions of agonists and antagonists as described in Collo et al. (2018). The outcomes were imaging or
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6 Effects on DA Neuron Structural Plasticity Produced by
the Activation of D3R Could Be Beneficial in Patients
with Treatment-Resistant Depression

Dysfunction of dopaminergic neurotransmission within the mesolimbic and
nigrostriatal systems, where D3R are expressed, may contribute to anhedonia, loss
of motivation, and psychomotor retardation in severe depressive disorders that
partially respond to treatment, and targeting D3R has been considered a possible
therapeutic approach (Leggio et al. 2013). Preclinical studies showed association
between low levels of BDNF in ventral mesencephalon with anhedonia, a core
symptom of major depressive disorder (Der-Avakian et al. 2014). Low levels of
TrkB expression were observed in postmortem striatum of patients with mood
disorders (Reinhart et al. 2015). Indeed, increased BDNF signaling was recognized
as a necessary step for the antidepressant effects of ketamine (Autry et al. 2011) and,
partially, of SSRI (Bessa et al. 2009), leading to the concept of normalizing defective
structural plasticity and dendritic arborization stability through a BDNF-TrkB
orchestrated intracellular growth pathways activation (Castrén and Rantaméki
2010; Castrén and Monteggia 2021). Hence, the engagement of BDNF-TrkB sig-
naling in mediating structural plasticity in DA neurons driven by D3R-preferential
D2R/D3R agonists, such as 7-OH-DPAT, ropinirole or pramipexole, may be seen as
a common feature involving D3R-mediated neurotransmission to address the prob-
lem of treatment-resistant depression. Accordingly, cariprazine, a D2R/D3R partial
agonist with a 10-fold preferential affinity to D3R, improved symptoms in subjects
with major depressive disorder that were poorly responsive to standard-of-care
(Durgam et al. 2016). The intrinsic activity of cariprazine at D3R (Emax 70%) is
comparable to that of aripiprazole, another D3R-preferential D2R/D3R partial ago-
nist, that was approved for adjunctive treatment of major depressive disorder
(Berman et al. 2007). Antidepressant effects of pramipexole were described in
preclinical studies (Breuer et al. 2009), as well in clinical studies in Parkinson’s
patients with diagnosis of depression (Barone et al. 2010) and as add-on to SSRI in
individuals with treatment-resistant depression (Fawcett et al. 2016; Tundo et al.
2022).

<
«

Fig. 1 (continued) biochemical parameters, aimed to characterize structural plasticity on dendrites
and soma profiles and the molecular pathways involved in these responses. (c¢) Histograms
representing the quantification of the morphological changes of dendrites and soma produced by
pramipexole dose-dependent D3R activation as described in Collo et al. (2018)
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7 D3R Signaling Is Involved in Structural Plasticity
Produced by the Antidepressant Ketamine on Human
and Mice Mesencephalic DAergic Neurons

Ketamine is probably the most effective rapid-acting antidepressant for patients
suffering from treatment-resistant depression (Schwartz et al. 2016; Zanos and
Gould 2018; Collo and Merlo Pich 2018). Structural remodeling of prefrontal,
hippocampal neurons involving dendritic arbors and spines has been proposed as a
key neurobiological mechanism underlying antidepressant properties of ketamine
(Duman et al. 2016; Zanos and Gould 2018). Ketamine-induced increase of dendritic
arborization and soma size was also observed in mouse mesencephalic primary
cultures and human iPSC-derived DAergic neurons (Cavalleri et al. 2018). These
authors showed that the critical molecular mechanisms involved downstream acti-
vation of AMPA receptors which in turn trigger mTOR pathway-dependent struc-
tural plasticity via BDNF-TrkB activation. Both structural plasticity and
neurotrophic pathway activation were blocked by MEK inhibitor PD98059, by
PI3K inhibitor LY294002, and by rapamycin, an mTOR signaling inhibitor. The
effects of ketamine were abolished by AMPA receptor antagonists and were mim-
icked by the AMPA positive allosteric modulator CX614, as shown also in telence-
phalic neurons (Li et al. 2010; Duman et al. 2016). Inhibition of BDNF-TrkB
signaling achieved with various modalities prevented the induction of structural
plasticity produced by ketamine. Intriguingly, ketamine effects on mesencephalic
DAergic neurons required functional D3R, since its effects were abolished by
pretreatment with selective D3R antagonists and were absent in D3R KO mice
DAergic neurons (Cavalleri et al. 2018). These data are in line with the results of
behavioral experiments in rodents using Forced Swim Test to assess depressive-like
behavior, showing that the combined administration of sub-effective doses of keta-
mine and pramipexole exerted antidepressant-like effects compared with each drug
alone (Li et al. 2015). The cartoon in Fig. 2 describes a working hypothesis about the
molecular and cellular mechanisms involved in the interaction between ketamine
and D3R-preferential DA agonist in producing beneficial effects in patients with
treatment-resistant depression.

8 Conclusions

The present review summarized the findings supporting a role for D3R activation
through pharmacological agents such as pramipexole or, indirectly, ketamine to
increase structural plasticity in human DA neurons via recruitment of BDNF-TrkB
and the activation of the MAPK/ERK and mTOR signaling pathways. Given the
evidence of disrupted stability and reduced plasticity of dendritic arborization in
several brain circuits in mood disorders, the structural effects produced by pharma-
cological activation of D3R can be seen as a reasonable treatment approach for a
combination treatment, not implemented yet in the clinics. D3R activation could,
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Fig. 2 Schematic representation of the working hypothesis of molecular mechanisms involved in
mediating the interaction between ketamine and D3R-preferential DA antagonists in producing
structural plasticity-mediated changes in DAergic neurons suggested to improve depression in
treatment-resistant depression. (a) This inset represents the hypothetical key steps mediating
ketamine action on DAergic neurons via NMDA receptors expressed on GABAergic interneurons,
as occurring in telencephalic neurons and summarized in Duman et al. (2016). (b) This inset
represents an alternative hypothesis of ketamine action by a direct interaction on NMDA receptors
expressed on DAergic neurons, as originally proposed for cortical neurons by Miller et al. (2016).
Note that both proposed mechanisms upregulate synaptic AMPA receptors. (¢) In this inset the
exposure with D3R-preferential DA agonists, such as pramipexole or ropinirole (Collo et al. 2018),
is highlighted as a way to drive a possible interaction with the ketamine-triggered intracellular
pathways of relevance for structural changes, as proposed by Collo and Merlo Pich (2018)

therefore, contribute to the enhancement of structural plasticity necessary to improve
depression, providing a reasonable interpretation of the clinical effects observed with
pramipexole or ropinirole as add-on treatment in patients with treatment-resistant
depression.
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Abstract Parkinson disease (PD) dementia, pathologically featured as nigrostriatal
dopamine (DA) neuronal loss with motor and non-motor manifestations, leads to
substantial disability and economic burden. DA therapy targets the DA D3 receptor
(D3R) with high affinity and selectivity. The pathological involvement of D3R is
evidenced as an effective biomarker for disease progression and DA agnostic
interventions, with compensations of increased DA, decreased aggregates of
a-synuclein (a-Syn), enhanced secretion of brain-derived neurotrophic factors
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(BDNF), attenuation of neuroinflammation and oxidative damage, and promoting
neurogenesis in the brain. D3R also interacts with DIR to reduce PD-associated
motor symptoms and alleviate the side effects of levodopa (L-DOPA) treatment. We
recently found that DA D2 receptor (D2R) density decreases in the late-stage PDs,
while high D3R or DA D1 receptor (D1R) + D3R densities in the postmortem PD
brains correlate with survival advantages. These new essential findings warrant
renewed investigations into the understanding of D3R neuron populations and
their cross-sectional and longitudinal regulations in PD progression.

Keywords BDNF - Dopamine D3 receptor - Neuroinflammation - Parkinson
disease - Progression - Survival - a-Synuclein

1 Introduction

Lewy body diseases (LBDs): Parkinson disease (PD), dementia with LB (DLB), and
PD dementia (PDD), classified as Alzheimer disease and related disorders (ADRD),
are neurodegenerative disorders that relentlessly and progressively lead to substan-
tial disability. Pathologically, abnormal a-Syn deposition occurs in cytoplasmic
inclusions called Lewy bodies located in pigmented brainstem nuclei such as
substantia nigra pars compacta and are also deposited in dystrophic neurons in the
striatal and cortical regions (Lewy neurites) (Braak et al. 2004; Lach et al. 1992). PD,
the second leading progressive neurodegenerative disorder following AD, clinically
manifests resting tremor, bradykinesia, rigidity, and postural instability (Kalia and
Lang 2015). PD affects ~1% population over 60 years old (Macdonald et al. 2018).
PD is diagnosed by motor symptoms and pre-symptom non-motor features, includ-
ing depression, sleep problems, and loss of smell (Srivanitchapoom et al. 2018).
Current treatments improve motor symptoms but without halting disease progres-
sion. Ideally, earlier interventions are needed to modify the disease. Dopamine
therapies have been concentrated on the activation of D1 receptor (D1R) and
dopamine D2 receptor (D2R) (Lewis et al. 2006), but the critical role of D3R in
PD pathogenesis and target engagement is less discussed. This chapter discusses
D3R characteristics and regulations in PD pathogenesis, progression, and targeted
DAergic therapies.

2 Dopamine and Dopamine Receptors

2.1 Dopamine

Dopamine (DA), chemically defined as 3-hydroxytyramine, was first synthesized
and tested in 1910 and was named 40 years later (Marsden 2006). DA transmission is



Dopamine D3 Receptor in Parkinson Disease: A Prognosis Biomarker and. . . 91

critically involved in the central nervous system (CNS) functions of movement,
cognition, emotion, memory, reward, drug addiction, and a broad panel of neurode-
generative disorders. The motor manifestations of PD have been well characterized
as loss of nigral DAergic cell bodies in the substantia nigra pars compacta (SNpc)
and the subsequent striatal DA dysfunction in DA neuron terminals (Girault and
Greengard 2004). DA does not penetrate the blood-brain barrier, while precursor
levodopa (L-DOPA) can, and L-DOPA therapy has clinical benefits for PD patients
but also the motor complications like “on-off” fluctuations, which have narrowed its
clinical application (Wijeyekoon and Barker 2009).

2.2 Dopamine Receptors

DA binds to the two major classes of G protein-coupled receptors (GPCRs) named
dopamine receptors (DRs): the Dl-like receptors (DIR, D5R) and the D2-like
receptors (D2R, D3R, D4R). It is commonly believed that D1Rs couple to Goys,
and agonist stimulation activates adenylate cyclase. Agonist stimulation of D2Rs
(a) inhibits adenylate cyclase activity and (b) increases the release of arachidonic
acid and phosphatidylinositol hydrolysis (Luedtke and Mach 2003; Neve et al.
2004). As summarized and reviewed previously, these DRs differ in their distribu-
tion, expression, affinity, and functional properties (Yang et al. 2020). It is worth
restating that DA binds to D3R with the highest affinity (K; of ~2 nM) and selectivity
among all DR subtypes.

D2Rs exist in two interconvertible affinity states for their natural agonist DA: a
high- and a low-affinity state (Sibley et al. 1982). Under physiological conditions,
DA binds predominantly to the high-affinity state and mediates the activation of the
second-messenger cascade. Although autoradiography studies using the D2R/D3R
agonists, [3 H]7-OH-DPAT and [3 H]quinpirole, under conditions minimizing bind-
ing to the D2R, suggest that D3R localizes in the ventral striatum and the islands of
Calleja (Gehlert et al. 1992; Kaichi et al. 2000; Levesque et al. 1992), other data
indicates that the density of D3R measured with agonists [*H]7-OH-DPAT and [°H]
PD128907 is higher in the adult rat caudate-putamen than in the islands of Calleja
(Hillefors and von Euler 2001; Hillefors et al. 1999). The high-affinity state is
believed to be functionally important for agonist actions (George et al. 1985; Leff
1995). Nevertheless, the low-affinity state of D2R, and its conversion to a high-
affinity form, need to be further investigated to better understand its regulatory
functions in both diseased and healthy individuals (Briand et al. 2008; Graff-
Guerrero et al. 2009; King et al. 2009; Skinbjerg et al. 2009). Cell culture studies
of D2R and D3R demonstrate that both are subject to internalization upon agonist
stimulation (Guo et al. 2010; Min et al. 2013), which challenges the interpretation of
potential receptor measures using D2R/D3R imaging tracers.
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2.3 Differential Regulations of D2R and D3R

Substantial evidence has shown that D2R and D3R differentially concert with
DAergic tones. For example, Ryoo et al. (1998) reported a 45% reduction in D3R
in the ventral striatum and a 15% increase in D2R in the postmortem PD caudate/
putamen, which is consistent with animal PD models’ 6-OHDA and MPTP lesioning
studies (Levesque et al. 1995; Morissette et al. 1998). In addition, several positron
emission tomography (PET) studies in human subjects with a chronic history of
cocaine abuse have revealed a reduction in D2-like receptors relative to age-matched
controls (Volkow et al. 1990, 1993). Others have shown that D2R is reduced in
autoradiography (Moore et al. 1998) and PET imaging (Morgan et al. 2002; Nader
et al. 2006) studies of rhesus monkeys with self-administered cocaine. However,
autoradiography studies conducted by Staley and Mash (1996) (Staley and Mash
1996) reported an upregulation of D3R in human cocaine overdose victims in
comparison to age-matched controls. These data suggest that D2R and D3R become
“dysregulated” under conditions of increased (cocaine) and decreased (PD) DAergic
tones, resulting in a change of D2R:D3R ratio in some DAergic system related
disorders. This difference in the D2R:D3R balance may play a vital role in the
behavioral consequences of the CNS syndromes characterized by altered D2-like
receptor function. Therefore, it is necessary to measure the density of D2R and D3R
independently to thoroughly understand the role of altered DR function in various
CNS disorders.

2.4 Development of PH]WC-10 as a Novel D3R Radioligand

The lack of potent and selective D3R ligands has hampered the D3R research since
its discovery in 1990 (Sokoloff et al. 1990). Obtaining ligands specifically selective
for D2R or D3R has been difficult due to the high degree of amino acid homology in
the helical transmembrane spanning regions of the receptors. Selective D3R agonists
(7-OH-DPAT and PD128947) and D2R agonist (PHNO) are available, but selective
D2R or D3R antagonists are not well documented (Ginovart et al. 2006; Vasdev
et al. 2007).
4-(dimethylamino)-N-(4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl)benzamide

(WC-10), a N-phenyl piperazine analog, a higher affinity and binding selectivity
D3R antagonist (Chu et al. 2005) was radiolabeled with tritium and the binding
properties of [PTHIWC-10 to genetically cloned human and rat D2R and D3R were
evaluated in vitro (Xu et al. 2009). The chemical structure of [PHJWC-10 and its
dissociation constant (K4) values to human D2R (76 nM) and D3R (1.16 nM) are
shown in Fig. 1. Although the preliminary data have indicated that [''C]WC-10 is
not an ideal PET tracer; human neuroimaging studies require a more potent D3R
imaging probe (Laforest et al. 2016; Mach et al. 2011; Nabulsi et al. 2008; Peng et al.
2015). [PTHJWC-10 proved to be a valuable probe for in vitro autoradiography for
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Fig. 1 Chemical structure of [PHJWC-10 and the binding affinities to D3R and D2R. K, values
were obtained through the saturation binding of [PH]WC-10 to cloned human D3R and D2R
receptors expressed in HEK cells. *Taken from (Xu et al. 2010)

understanding the regulation of the D3R in PD progression and evaluating potential
novel D3R PET tracers. WC-10 is an antagonist and measures both high and
low-affinity D3R states.

2.5 Quantitative Autoradiography Measure of Binding
Affinity of PHJWC-10 to D3R in Human Striatal Tissues

To measure the binding affinity of ["H]WC-10 to D3R in monkey and human brain
tissue, direct autoradiography saturation binding studies have been conducted, Ky
values in monkey caudate (1.3 nM) and putamen (1.1 nM) are found to be consistent
with that in engineering cloned human D3R. Furthermore, autoradiography satura-
tion binding of [PHJWC-10 was performed in the striatum of a cognitively healthy
control male brain. Autoradiograms showed that the total and nonspecific bindings
of [PHIWC-10 (range from 0.4 to 13 nM) to D3R (Fig. 2) in the caudate and
putamen, nonlinear one-site binding curve fit determined the Ky values of the
receptor-radioligand binding of [PHJWC-10 to human striatum are shown in
Fig. 2. [PH]WC-10 binds with K, of 1.23 nM and the binding density (Bp,ax) of
79.5 fmol/mg tissue to D3R in human caudate and 1.27 nM and 67.6 fmol/mg tissue
in the putamen. It is interesting to note that the binding affinity of [’H|WC-10 to
D3R measured from monkey and human brains is in consistent agreement with that
estimated using cloned human D3R.

2.6 Quantitative Autoradiography Assay for D2R and D3R
Densities

Subsequently, we developed a mathematical model for calculating the absolute
densities of D2R and D3R based on in vitro binding data obtained from [3H]WC—
10 and D2R preferring antagonist [3H]rac10pride (Xu et al. 2010).
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Fig. 2 Quantitative autoradiography saturation binding of [’HJWC-10 to D3R in the caudate and
putamen of a male cognitively healthy case. Autoradiograms show the binding of [PHJWC-10 to
D3R in caudate (C) and putamen (P) under different radiotracer concentrations where 10 nM
WAY-100635 is present to block the 5-HT; 5 receptor (panel a). Nonspecific binding was deter-
mined from the adjacent tissue section, which contained 1 uM S(—)-eticlopride to mask the D3R
(panel b). Quantitative autoradiography analysis of the saturation binding in caudate (panel ¢) and
putamen (panel d) and nonlinear binding isotherm curve-fittings were used to derive the binding
densities (Bpax Values) and the dissociation constants (K4 values)

We developed a quantitative autoradiography-based mathematical model for
calculating the absolute densities of D2R and D3R using in vitro binding data
obtained from D3R preferring antagonist [3H]WC-10 (Xu et al. 2009) and [3H]
raclopride (Xu et al. 2010). [3H]WC—10 and [3H]raclopride bind to D2R and D3R
with different labeling proportions. The specific bound amount of receptors of a
single concentration of [*’HJWC-10 or [*H]raclopride binding can be expressed by
the formulas:

[PH]WC-10: a;D; 4+ b;D3 = B,

[3H] raclopride : a;D; 4 byD3 = By,
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where a; and b, are the fractional occupancies of [3H]WC—1O to D2R and D3R; B, is
the apparent receptor binding density (D, + D3) directly measured from autoradiog-
raphy studies of [3H]WC—10; a,, by, and B, are the same parameters for [3H]
raclopride; D, and Dj are the absolute densities of D2R and D3R, respectively.
The absolute densities of D2R and D3R were calculated by solving the simultaneous
equations:

D, — b2B1 — b1B2
2= a1b2 — azbl
_a1By — ;B

D3 o albz — a2b1

This novel assay has been effectively used for evaluating D2R and D3R alter-
ations in sleep deprivation and attention deficiency (Brown et al. 2011; Lim et al.
2011) and genetic PD models of DJ-1 and Pink-1 knockout rats (Sun et al. 2013b).

2.7 Striatal and Extrastriatal Distribution of D2R and D3R
in Postmortem Human Brain

We completed the first comprehensive biomarker analysis of presynaptic and post-
synaptic DRs in the striatal and extrastriatal regions in aged cognitively healthy
human brains (Sun et al. 2012). The differential distribution and reported density of
DIR, D2R, and D3R are shown in Fig. 3. (Sun et al. 2012). We found that the D3R
density is higher than the D2R density in the thalamus, red nucleus, substantia nigra,
and globus pallidus internal part in these brains (Sun et al. 2012). These data are
important and assist in explaining the clinical imaging using nonselective D2R/D3R
tracers, where the significant changes of tracer binding potential occurred in the
extrastriatal regions: thalamus, substantial nigra, and globus pallidus—where the
densities of D3R are greater than D2R in schizophrenia (Kessler et al. 2009),
methamphetamine polydrug users (Boileau et al. 2012), and drug-naive PD patients
(Boileau et al. 2009). The measured dominant alterations are to D3R but not to D2R.
The changes in D3R binding potential in the striatal regions might be overwhelmed
by the D2R binding signal in these studies. Subsequently, we compared healthy
controls with a small sample size of PD dementia cases (n = 5, including 1 PDD and
4 DLB); we found that D3R was upregulated in the striatum, whereas DIR and D2R
were not, and downregulated in the substantia nigra of PDD/DLBs. The observed
striatal D3R upregulation may reflect a compensatory change upon DAergic dener-
vation. In contrast, the nigral D3R density reduction reflects DAergic neuronal loss
in the nigrostriatal system of PDD/DLBs (Sun et al. 2013a).
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Fig.3 Autoradiograms show the differential distribution of DIR, D2R, and D3R in the striatal and
extrastriatal regions of aged human brain tissue sections. The following CNS anatomical regions
have been denoted: Precommissural putamen (PrePu); Precommissural caudate (PreCd); Nucleus
accumbens (NAc); Internal capsule (IC); Globus pallidus external part (GPe); Globus pallidus
internal part (GPi); Postcommissural putamen (PostPu); Postcommissural caudate (PosCd); Thal-
amus (Th); Substantia nigra (SN); Red nucleus (RN). D3R density is higher than D2R in Th, RN,
SN, and GPi. Adapted from (Yang et al. 2021)

3 D3R in PD Intervention, Prognosis, and Progression

3.1 D3R Agonists Alleviate PD Symptoms

D3R agonists have been routinely used to treat PD in both in vivo and in vitro
models. In animal studies, D3R agonists alleviated striatal DA depletion in the
striatum, attenuated substantial nigral DAergic neuron cell, ameliorated microglial
activation, and improved behavioral performance in Parkinsonism mice; these
effects were not observed in D3R KO mice (Lao et al. 2013; Li et al. 2010). In
clinical research trials, D3R preferential agonist rotigotine’s efficacy has been
demonstrated in a series of phase III clinical studies with good tolerability
and safety. Studies included patients with early and advanced stages of PD and
established a dose-response relationship between escalating doses of rotigotine and
improvements in PD symptoms (Benitez et al. 2014; Elmer et al. 2012; LeWitt et al.
2007; Pham and Nogid 2008).

In comparison to D1R and D2R, D3R may be an appropriate alternative target,
supported by the facts: 1.) although the striatal D3R density is two—three times lower
than DIR and D2R in the aged human brain (Sun et al. 2012), DA binds to D3R with
greater than 100-fold higher affinity than it binds to D2R or D1R; 2) the endogenous
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concentrations of DA in extracellular (5—-10 nM) and synaptic (50 nM) spaces (Prieto
2017) are much lower than the K; of DA binding at D1R or D2R, but higher than its
K; at D3R.

Although DR subtype-selectivity (D2R or D3R) has not been clearly defined,
D2R/D3R agonists have shown significant beneficial effects for improving motor
deficits in PD (Magnard et al. 2016). The most commonly used DA agonists are
pramipexole, apomorphine, ropinirole, and rotigotine. Pramipexole was first
reported to bind to DIR/D2R (Kaneko et al. 1990) and was later proved to be a
potent D3R agonist (Chen et al. 2014) and preferentially activates D3R with high
D2R/D3R selectivity of 24-800 (Cortes et al. 2016) with much lower affinity
(>1,000 nM) to DIR (Wood et al. 2015). Pramipexole not only shows benefits in
early-stage PD but also slows the occurrence of dyskinesia in poor L-DOPA therapy
responders (Antonini et al. 2010). Pramipexole also works as a secondary interven-
tion in advanced PD (Antonini et al. 2010; Schapira et al. 2011) and should be
established as a treatment option for all stages of PD patients (Frampton 2014).
Apomorphine, ropinirole, and rotigotine, first reported as D2R agonists (Eden et al.
1990; Umegaki et al. 1997; Van der Weide et al. 1988), were subsequently discov-
ered as high-affinity D3R preferring agonists with D3R/D2R selectivity of 24,
19-94, and 19-20, respectively (Cortes et al. 2016). Thus D3R activation may
represent the major pathway for these traditional DR agonists.

3.2 Possible Interventional Mechanisms of D3R Activation

D3R agonists show promises and efficiency in the treatment of PD, although the
principal for activation via D3R agonists in PD treatment is still obscure. The
potential D3R activation mechanisms have been reviewed and discussed in detail
(Yang et al. 2020), extensively covering their effects in increasing DA content
through inhibition of DA reuptake and breakdown, decreasing a-Syn aggregates,
promoting a-Syn clearance through autophagy, enhancing BDNF secretion, ame-
liorating oxidative stress and neuroinflammation, promoting neurogenesis, and
interacting with other DRs. Besides, targeting D3R also helps in relieving some
PD-associated non-motor symptoms such as depression, anxiety, psychosis, impulse
control disorders (ICDs), and cognitive defects, as well as slowing down the side
effects of L-DOPA, manifested as L-DOPA-induced dyskinesia (LID) or L-DOPA-
induced abnormal involuntary movements (AIMs).

3.3 Neuroimaging Biomarkers in PD Pathogenesis

Two PD pathological features, a-Syn aggregation nigrostriatal DA neuron projection
loss, are well characterized in the postmortem brain (Dauer and Przedborski 2003;
Zhang et al. 2018). Currently, no in vivo imaging biomarkers of a-Syn are available



98 J. Xu

for PD diagnosis or therapy evaluation. The development of therapies to slow LBD
progression requires an objective biomarker of disease severity. Thus one of the
current imaging strategies focuses on the nigrostriatal pathway. Several presynaptic
biomarker PET radiotracers have been used to evaluate presynaptic DAergic
nigrostriatal neurons in human subjects (Brooks et al. 2003). ['*F]FluoroDOPA
(FD) PET primarily reflects the neuronal activity of decarboxylase that converts
FD into ['*FIDA (Martin and Perlmutter 1994). [''CIDTBZ, a marker for vesicular
monoamine transporter type 2 (VMAT?2), and [''C]CFT, a marker for DA active
transporter (DAT), correlate well with striatal DA and striatal DA fiber density but
only correlate with nigral DA neurons when nigral cell loss does not exceed 50%
(Karimi et al. 2013; Pate et al. 1993; Tabbal et al. 2012; Tian et al. 2012). These
findings are consistent with a flooring effect of presynaptic DAergic measure
observed in postmortem PD patients with moderate disease (Kordower et al. 2013)
and a longitudinal PET study in PD patients (Kuramoto et al. 2013). Hence, these are
suitable neuroimaging biomarkers of presynaptic neurons for early PD. The changes
of postsynaptic DRs could serve as better biomarkers for the PD disease progression
in the late stage.

3.4 D3R Changes for Predicting Prognosis of PD Treatment

Studies using D2R/D3R ligands raclopride and fallypride (Le Foll et al. 2014;
Mukherjee et al. 2015) showed increased striatal uptake in the early-stage PDs
(Fisher et al. 2013; Rinne et al. 1995) and MPTP-intoxicated monkeys (Ballanger
et al. 2016), which suggest that not only D2R but also D3R potentially contribute to
the striatal receptor changes. Importantly, D3R is suggested as a PD prognosis
maker. D3R elevation maintains the positive response to DAergic drugs, and D3R
loss is correlated with the poor response to DAergic drugs (Joyce et al. 2002). In an
animal study, DR agonists showed better improvement in alleviating PD symptoms
in animals with striatal overexpression of both D2R and D3R when compared to
those with overexpression of only D2R (Matsukawa et al. 2007).

3.5 DIR, D2R, and D3R Expression in Control, AD and LBD
Brains

Using the mathematical model for measuring D2R/D3R densities via radiotracers
[3H]Raclopride and [PHJWC-10 described above, together with the D1R radiotracer
[PH]SCH23390, we comprehensively studied these DRs in a large cohort of 21 cog-
nitively healthy controls, 34 AD, 11 PD, 16 DLB, and 10 PDD cases whose
antemortem clinical features and postmortem pathological manifestations were
well characterized, the PD progression duration of 37 LBD (PD/DLB/PDD) cases
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Fig.4 Autoradiograms show the differential distribution of DIR, D2R, and D3R in the striatal and
substantia nigra regions of human brain sections. A: Autoradiograms D1R, D2R, and D3R in the
precommissural caudate (C) and putamen (P) (upper panel) and substantia nigra (SN) (lower panel)
of control (Con), AD, PD, DLB, and PDD groups. Adapted from (Yang et al. 2021)

ranges from 5 to 35 years (Yang et al. 2021). We statistically compared the densities
of DIR, D2R, and D3R in different regions: striatal caudate/putamen and substantia
nigra across all groups (Fig. 4). All the three DR subtype densities are lower in the
substantia nigra than in the striatum in all five groups. Their expression in the
striatum and substantia nigra was similar in PD, DLB, and PDD groups. D2R, but
not the DIR or D3R, was found to be significantly reduced in LBD (PD/DLB/PDD)
groups compared to the control and AD groups.

3.6 DIR + D3R Density Correlates with PD-Associated
Symptomatic and Therapeutic Features

DIR, D2R, and D3R densities are similar between caudate and putamen. We took
the average of caudate/putamen measures as striatal density and conducted system-
atic correlation analyses between striatal and substantia nigra DR densities with
PD-associated clinical manifestations: age of onset, hallucination, dyskinesia, and
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PD stage, and with the PD-associated therapeutic features: DA responsiveness and
survival time. We found that most features significantly correlate with striatal DR
densities. Striatal D1R density significantly correlates with DA responsiveness,
whereas striatal but not the substantia nigra D3R density correlates with survival
time. The combination of striatal but not the substantia nigra DIR and D3R
(DIR + D3R) is closely correlated with age of onset, PD stage, DA responsiveness,
and survival time.

3.7 Impact of Striatal D3R Density on Overall Survival

We randomly grouped the 37 LBD patients by receptor densities (low, medium,
and high grade) and performed a Kaplan—Meier survival analysis. We discovered
for the first time that the striatal but not the substantial nigra D3R grade and
DIR + D3R grade significantly correlated with the survival rate. DIR + D3R
density is more helpful in predicting clinical manifestations of LBD patients than
DIR or D3R alone (Fig. 5). Although a significant reduction of D2R was observed
in the striatum of later-stage LBD patients by comparison with age-matched
controls and AD patients, D3R or DIR + D3R densities showed great values
reflecting the PD features. Therefore, to precisely determine the patients’ stage
and design the individualized interventions, we need to systematically measure the
densities of DIR, D2R, and D3R in the striatum. These findings are encouraging;
nevertheless, the postmortem brains used in our studies endured a prolonged
disease course, received differing medications, and died for distinct reasons.
Therefore, more advanced studies are needed to validate our postmortem findings
in animal models and the clinic setting.
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Fig. 5 Kaplan—Meier survival curves. Relationship between PD progression and the striatal DIR,

D3R, and DIR + D3R densities in low-, medium-, and high-density groups. Adapted from (Yang
et al. 2021)
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D2R declines in late-stage LBDs and could serve as a pathologic biomarker for
PD. However, we found that the D3R or DIR + D3R receptor densities in the
striatum correlate with LBD progression and responsiveness to DA treatment in aged
LBD patients. These new essential findings warrant further investigations of the role
of D3R neurons in PD progression.

Taking collectively, D3R roles as a biomarker for predicting early-stage PD
occurrence and later-stage progression, D3R is the critical target for PD interven-
tions. Furthermore, D3R imaging, together with D1R and D2R, will provide helpful
information on PD diagnosis, progression, and DA therapy efficacy. To this end, the
development of a potent D3R imaging agent for clinical application is in
urgent need.

Tremendous progress has been made in understanding the role of DA neurotrans-
mission and D3R functions in the CNS in health and diseases. However, it is still
largely unknown on the precise mechanisms and locations along the axons and
dendrites where DA activates D3R, the structure, organization, and neuron sub-
populations of D3R, the role of glial cells in DA and D3R remodeling, the longitu-
dinal and cross-sectional patterns of DA release and D3R regulations at a single
synapse and across large brain areas, and the time scale of DA and D3R modulation
on intrinsic neuronal excitability and synaptic plasticity.

The potent antioxidant synoxizyme (previously called carboxyfullerene or Cs)
was found to salvage nigrostriatal function in nonhuman primates (NHPs) after an
intra-carotid infusion of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
DA neuronal toxin, which models the nigrostriatal injury that occurs in PD. The
favorable response to C3 suggests that ROS and oxidative damage contribute to
ongoing injury in this NHP model (Dugan et al. 2014). Although fraught with
controversy, studies have reported that DA receptor agonists bromocriptine and
pramipexole may afford neuroprotection by scavenging ROS (Danzeisen et al.
2006; Muralikrishnan and Mohanakumar 1998). A postmortem study reported that
PD patients with amyloid-beta (AP) pathology, in addition to cortical
synucleinopathy, progress faster (Kotzbauer et al. 2012). This raises questions
about whether those with AP have different pathologic changes (such as more
inflammation) underlying their speedier progression. Our recent immunohistochem-
istry (IHC) and translocator protein (TSPO) autoradiography studies indicate
microglia dystrophy/senescence exists in late-stage PD patients, and astrocytosis in
white matter may contribute to demyelination in AD, PD, and normal aging brains
(Han et al. 2019; Li et al. 2020; Xu et al. 2019) and that the oxidative insults correlate
with DA in the striatum during disease progression (Li et al. 2020). Furthermore, we
recently found that TSPO in the putamen correlates with faster disease progression in
PD dementia (PDD) patients, that the AD patients with lower striatal §-oxo-2-
'-deoxyguanosine (8-0xo-dG, a DNA damage marker) and myeloperoxidase
(MPO, an inflammation marker) levels had a survival advantage, and that
8-0x0-dG in the caudate positively correlates with onset age of DLB patients
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(Li et al. 2022; Li and Xu 2020). These important findings suggest that D3R and its
function in PD-related neuroinflammation merit in-depth investigation for develop-
ing novel PD interventions.

Emerging novel molecular imaging, genetics, bioinformatics, and proteomics
techniques, such as super-resolution microscopy, imaging mass spectrometry
(IMS) and cytometry (IMC), CRISPR gene editing, cryogenic electron microscopy
(cryo-EM), single-cell RNA sequencing, and multi-omics, have already permitted
advances and are expected to improve our understanding of DA and its receptor
system, DR neuron populations and their roles in disease and health, and facilitate
the development of novel D3R pharmaceutical interventions for a variety CNS
disorders.
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Abstract Parkinson’s disease (PD), which is traditionally viewed as a motor dis-
order involving the degeneration of dopaminergic (DA) neurons, has recently been
identified as a quintessential neuropsychiatric condition. Indeed, a plethora of non-
motor symptoms may occur in PD, including apathy. Apathy can be defined as a lack
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of motivation or a deficit of goal-directed behaviors and results in a pathological
decrease of self-initiated voluntary behavior. Apathy in PD appears to fluctuate with
the DA state of the patients, suggesting a critical role of DA neurotransmission in the
pathophysiology of this neuropsychiatric syndrome. Using a lesion-based approach,
we developed a rodent model which exhibits specific alteration in the preparatory
component of motivational processes, reminiscent to apathy in PD. We found a
selective decrease of DA D5 receptors (D;R) expression in the dorsal striatum of
lesioned rats. Next, we showed that inhibition of D;R neurotransmission in non-
lesioned animals was sufficient to reproduce the motivational deficit observed in our
model. Interestingly, we also found that pharmacologically targeting D;R efficiently
reversed the motivational deficit induced by the lesion. Our findings, among other
recent data, suggest a critical role of D3R in parkinsonian apathy and highlight this
receptor as a promising target for treating motivational deficits.

Keywords Apathy - Dopamine D3 receptors - Dorsal striatum - Motivation -
Non-motor symptoms - Parkinson’s disease

1 Beyond the Motor Symptoms of Parkinson’s Disease

Parkinson’s disease (PD) is classically described as a motor disorder (hypokinesia,
rigidity, and resting tremor) consecutive to the degeneration of dopaminergic
(DA) neurons from the substantia nigra pars compacta (SNc) (Samii et al. 2004).
Beyond classical motor symptoms, motivational and affective deficits are frequently
observed in PD, dramatically impairing the quality of life of patients (Aarsland et al.
2009a). A wide variety of non-motor symptoms have been described, including
sleep disturbance, cognitive impairments, psychosis, anxiety, depression, apathy, or
impulsive/compulsive disorders (Aarsland et al. 2009a; Chaudhuri et al. 2006; Voon
and Dalley 2011). Fatigue is also common among parkinsonian patients which
induces a lack of energy and turns into difficulty initiating and supporting voluntary
activity (Chaudhuri and Behan 2004). PD is usually not diagnosed until motor
symptoms develop, although non-motor manifestations including depression, sleep
problems and loss of smell, typically begin years earlier (Srivanitchapoom et al.
2018). It is now recognized that this cluster of non-motor disorders negatively affects
PD patients and their caregivers to the same extent as motor symptoms (Chaudhuri
et al. 2006; Chaudhuri and Schapira 2009), making their understanding a central
element of therapeutic management.
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2 Apathy as a Pivotal Symptom in PD

Among neuropsychiatric symptoms, apathy (generally defined as a motivational
deficit) appears to be a typical psychiatric feature of PD (Aarsland et al. 2009a;
Chaudhuri and Schapira 2009). Apathy is the most common psychiatric disorder in
the early stages of untreated PD and can therefore be considered as a
hypodopaminergic syndrome, which also includes anxiety and depression (Aarsland
et al. 2009b; Shiba et al. 2000). Apathy incidence in PD varies from 16.5 to 70%,
depending on the assessment scale used and the population studied (Aarsland et al.
2009a; Dujardin et al. 2008; Starkstein et al. 1992; Brown and Pluck 2000). Most
patients affected by PD can exhibit apathy in parallel with the progression of the
disease (Aarsland et al. 2009a; Starkstein and Brockman 2011). However, it is
difficult to accurately establish the prevalence of apathy in PD, as signs of apathy
may overlap with signs of other cognitive dysfunctions (Dujardin et al. 2014).
Finally, incidence can vary significantly depending on the non-motor fluctuations:
during the off period, up to 75% of patients exhibited apathetic behavior (Fox and
Lang 2008; Nissenbaum et al. 1987).

3 How to Define Apathy in PD?

A clear definition of apathy is difficult to find in the literature. Apathy is described as
a frequent associated feature of PD, like anxiety and depression, two affective
impairments that are prevalently associated with apathy in this neurodegenerative
disorder (Aarsland et al. 2009a; Chaudhuri et al. 2006; Thobois et al. 2010). Apathy
may therefore be regarded as a non-specific symptom, emerging from a general
degradation of cognitive functions, with negligible implications for assessment or
treatment. However, several pieces of evidence suggest that apathy is a true clinical
construct (Marin 1990; Drijgers et al. 2012). Robert Marin in the 1990s defined
apathy in neurological disorders as a symptom or a distinct psychiatric syndrome
(Marin 1990, 1991). Marin first proposed diagnostic criteria for apathy syndrome
based on the construct of deficits in goal-directed behaviors or a primary lack of
motivation (Marin et al. 1991). Marin structured the clinical expression of apathy
around behavioral, cognitive, and emotional domains that were operationalized as
follows:

1. Diminished goal-directed behavior, with a lack of effort, energy, initiative, and
productivity.

2. Diminished goal-directed cognition, with decreased interests, lack of plans and
goals, and lack of concern about one’s personal problems.

3. Diminished emotional concomitants of goal-directed behavior, with a flattened
effect and lack of emotional response to positive or negative events.
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It was also stated that the symptoms cause clinically significant distress or
impairment in social, occupational, or other important areas of functioning.

Since Marin’s work, several psychometric scales of apathy were developed,
especially for PD (Starkstein et al. 2009; Lhommee et al. 2012; Sockeel et al.
2006). All these scales rely on the behavioral and cognitive dimensions of apathy,
but opinions differ on the inclusion of an emotional dimension. For Marin’s scale,
the term “goal-directed behavior” should be viewed as a “behavior directed toward a
goal” and not as a “behavior directed by a goal”, as the second has a strong
theoretical connotation referring to a specific psychobiological process and putative
functional sub-compartmentalization of the dorsal striatum (Yin and Knowlton
2006; Belin et al. 2009).

Levy and Dubois then proposed that the term motivation should not be used to
defined apathy, pointing out that such definition would be a psychological interpre-
tation of a behavioral change (Levy and Dubois 2006). Instead, they defined apathy
as a quantifiable behavioral syndrome, consisting of a quantitative reduction of self-
generated voluntary and purposeful behaviors. This aspect of lack of self-generated
action is pivotal, as apathetic patients are able to function properly and to perform
daily activities if they receive repeated external stimulation (Levy and Dubois 2006;
Isella et al. 2002), indicating a clear deficit in their capacity to initiate and maintain
behaviors toward a specific goal. Levy and Dubois also suggested that apathy should
not be considered as a unique syndrome, but rather proposed multiple forms of
apathetic states subscribing different dysfunctions of the cortico-striatal circuits
involved in the chain of processes, from intention to action (Levy and Dubois
2006). Thus apathy could be related to a) disruption of emotional and affective
processing (the reduction of goal-directed behaviors is due to an inability to associate
these signals with ongoing and forthcoming behaviors), b) alteration of cognitive
processing (impairment of the cognitive functions needed to plan and carry out goal-
directed behaviors), or ¢) an auto-activation deficit (difficulties in activating thoughts
or initiating the motor programs necessary to perform the behavior) (Levy and
Dubois 2006). Accordingly, in an elegant study using an implicit incentive task,
Schmidt and colleagues reported that apathetic patients (in a PD and non-PD
population) show a strong alteration in the motivational processes responsible for
translating an expected reward into effort and action, but no change in the perception
of reward value (Schmidt et al. 2008). Specifically, apathetic patients were unable to
modulate hand-grip force in order to obtain a monetary incentive, in function of its
size, while their sensitivity to the relative value of the incentive was preserved
(Schmidt et al. 2008). Hence, these data and recent clinical observations reveal
that apathetic state in PD may be specifically linked to the anticipatory component
of anhedonia, which is a lack of association between pleasure and a specific action,
without any change in consummatory responses reflecting the capacity of patients to
experience pleasure when engaged in an enjoyable activity (Loas et al. 2012;
Der-Avakian and Markou 2012).

Overall, these studies indicate that at least some forms of apathy in PD are related
to dysfunctions of preparatory, but not consummatory, subcomponent of motivated
behaviors.
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4 Apathy and its Relation with the Dopaminergic State
of PD Patient

Apathetic symptoms as well as mood disorders such as depression or anxiety are
often reported even before the onset of motor symptoms, or early in the disease, in
untreated PD patients (Aarsland et al. 2009a, b; Pedersen et al. 2009; Poewe 2008).
Apathy incidence and severity are also typically rising in patients undergoing
surgical treatment of PD (deep brain stimulation of the subthalamic nucleus,
STN-DBS) (Starkstein and Brockman 2011; Houeto et al. 2002), particularly in
cases of strong reduction of DA medication (Thobois et al. 2010). At the opposite,
apathetic symptoms can be treated at different stages of the disease using the DA
precursor levodopa or DA D,/Dj receptor (D,/D3;R) agonists, such as ropinirole or
pramipexole (Chaudhuri and Schapira 2009; Thobois et al. 2010; Czernecki et al.
2002, 2008; Ishizaki and Mimura 2011; Leentjens et al. 2009; Volkmann et al.
2010). These clinical observations therefore indicate that, at least some forms of
apathy in PD depend on the DA state of the patients, suggesting an important role of
DA neurotransmission in the pathophysiology of this non-motor symptom (Thobois
et al. 2010; Volkmann et al. 2010; Krack et al. 2010). In line, functional imaging
studies in humans have reported an association between PD-related apathy, as well
as anxiety and depression, and the extent of DA denervation in several brain regions,
including the ventral and dorsal striatum and the prefrontal cortex (Thobois et al.
2010; Weintraub et al. 2005; Remy et al. 2005).

Thereby, the resurgence of apathy observed during STN-DBS might be the
consequence of a DA withdrawal-like syndrome, secondary to the reduction of
pharmacotherapies (Thobois et al. 2010). However, as previously described, several
forms of apathy resulting from different neurobiological dysfunctions exist, and at
least two types of apathy can be observed in PD: (1) a fluctuating apathetic state
directly related to a hypodopaminergic state resulting from the DA neuronal loss,
and that can be revealed by the decrease in DA medication associated with
STN-DBS, and (2) a more protracted apathy, resistant to DA medication and
observed in the chronic stage after surgery (Starkstein and Brockman 2011; Drapier
et al. 2006; Voon et al. 2006). Some researchers have proposed that postoperative
apathy may be directly linked to STN-DBS (Starkstein and Brockman 2011;
Volkmann et al. 2010; Drapier et al. 2006). In two longitudinal studies, Verin and
coworkers found no association between the increase of apathy following STN-DBS
surgery and the reduction in the DA medication dose, arguing against the aforemen-
tioned hypothesis (Drapier et al. 2006; Le Jeune et al. 2009; Kirsch-Darrow et al.
2011). In Drapier’s study, the stimulation electrodes were placed more ventrally in
the STN of apathetic than non-apathetic DBS patients (Drapier et al. 2006),
suggesting that apathy could be due to the diffusion of electric current to the limbic
sub-compartment of the STN (Le Jeune et al. 2009). In addition, other neurotrans-
mitters than DA may be involved in the pathogenesis of apathetic symptoms,
including the well-described degeneration of noradrener