PRDOA 9 (2023) 100212

Clinical Parkinsonism & Related Disorders

ELSEVIER journal homepage: www.sciencedirect.com/journal/clinical-parkinsonism-and-related-disorders

Contents lists available at ScienceDirect

. Clinical
Parkinsonism
& Faated O

Review

Dopamine agonists in Parkinson’s disease: Impact of D1-like or D2-like
dopamine receptor subtype selectivity and avenues for future treatment

Stuart H. Isaacson?, Robert A. Hauser ”, Rajesh Pahwa ¢, David Gray ¢, Sridhar Duvvuri ®"

2 Parkinson’s Disease and Movement Disorders Center of Boca Raton, Boca Raton, FL, USA
b parkinson’s Disease and Movement Disorders Center, Parkinson Foundation Center of Excellence, University of South Florida, Tampa, FL, USA
¢ Parkinson’s Disease and Movement Disorder Center, University of Kansas Medical Center, Kansas City, KS, USA

d Vigil Neuroscience, Inc, Watertown, MA, USA
€ Cerevel Therapeutics, Boston, MA, USA

ARTICLE INFO

Keywords:

Parkinson’s disease
Dopamine agonists

D1 receptors

D2 receptors

Partial agonism

Dopamine receptor selectivity
Direct pathway

Parkinson’s disease treatment

ABSTRACT

Dopamine agonists (DAs) have demonstrated efficacy for the treatment of Parkinson’s disease (PD) but are
limited by adverse effects (AEs). DAs can vary considerably in their receptor subtype selectivity and affinity,
chemical composition, receptor occupancy, and intrinsic activity on the receptor. Most currently approved DAs
for PD treatment primarily target D2/D3 (D2-like) dopamine receptors. However, selective activation of D1/D5
(D1-like) dopamine receptors may enable robust activation of motor function while avoiding AEs related to D2/
D3 receptor agonism. Full D1/D5 receptor-selective agonists have been explored in small, early-phase clinical
studies, and although their efficacy for motor symptoms was robust, challenges with pharmacokinetics,
bioavailability, cardiovascular AEs, and dyskinesia rates similar to levodopa prevented clinical advancement.
Generally, repeated dopaminergic stimulation with full DAs is associated with frontostriatal dysfunction and
sensitization that may induce plastic changes in the motor system, and neuroadaptations that produce long-term
motor and nonmotor complications, respectively. Recent preclinical and clinical studies suggest that a D1/D5
receptor-selective partial agonist may hold promise for providing sustained, predictable, and robust motor
control, while reducing risk for motor complications (e.g., levodopa-induced dyskinesia) and nonmotor AEs (e.g.,
impulse control disorders and excessive daytime sleepiness). Clinical trials are ongoing to evaluate this hy-
pothesis. The potential emerging availability of novel dopamine receptor agonists with selective dopamine re-
ceptor pharmacology suggests that the older terminology “dopamine agonist” may need revision to distinguish
older-generation D2/D3-selective agonists from D1/D5-selective agonists with distinct efficacy and tolerability
characteristics.

1. Introduction

robust clinical motor symptom improvement [7]. However, patients
with PD commonly experience levodopa-related motor complications,

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
with increasing worldwide prevalence, and its incidence steadily in-
creases with age [1,2]. The Global Burden of Disease Study estimates
that the number of PD cases will double from approximately 6 million in
2015 to more than 12 million in 2040, becoming a leading source of
disability [3]. In 2017, more than 1 million individuals in the United
States were estimated to be affected by PD [4], with numbers expected
to increase [5]. Motor symptoms are cardinal features of PD, and motor
function progressively worsens with prolonged disease duration, leading
to disability and reduced quality of life [6,7]. Treatment to replenish
striatal dopaminergic deficiency with levodopa typically results in

including motor fluctuations and dyskinesia, that emerge and progress
over time [7].

The cornerstone of current medical approaches for PD emerged in
the 1960s, when reduced dopamine levels were observed in the striatum
of patients with PD; subsequently, levodopa, a dopamine precursor, was
found to improve PD motor symptoms by acting as an exogeneous source
of dopamine [8-10]. Dopamine receptor agonism emerged as another
effective therapeutic approach for PD in the early 1970s [8]. Unlike
levodopa, which is converted to dopamine in monoaminergic neurons
and released to activate all dopamine receptors, dopamine agonists
(DAs) may have substantial and variable specificity for subsets of
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dopamine receptor subtypes [8,11,12]. Bromocriptine, apomorphine,
and pergolide were the earliest DAs found to be efficacious in PD, fol-
lowed by others such as ropinirole, pramipexole, and rotigotine
[8,13-15]. Current DAs were historically split into 2 groups based on
their chemical structures: first-generation ergoline agonists (ergot-like
derivatives; eg, bromocriptine, cabergoline, lisuride, pergolide) and
later non-ergoline-derived agonists (eg, pramipexole, ropinirole, roti-
gotine, apomorphine) [11,16,17]. Safety concerns of ergoline DAs were
associated with peritoneal, pulmonary, and cardiac or valvular fibrosis,
owing to their off-target activation of certain serotonergic and adren-
ergic receptors; these compounds, along with the chemical moiety-based
classification, are no longer routinely used [17,18].

Dopamine receptor agonists are broadly subdivided into two groups
based on their affinity for two families of dopamine receptors coupled to
G proteins: D1-like (D1 and D5 receptor subtypes) and D2-like (D2, D3,
and D4 receptor subtypes) [19]. D1-like and D2-like receptors differ in
their recruitment of downstream signaling pathways; D1-like receptors
are coupled to Gs,of proteins and have a stimulatory effect on adenylate
cyclase, whereas D2-like receptors are coupled to Gj/, receptors and
inhibit adenylate cyclase activity [20]. D2-like receptors may also
modulate ion channel activity via Gg, [20].

Currently available oral and transdermal DAs tend to be more se-
lective for D2/D3 receptors relative to D1/D5-like receptors, with most
being exclusively D2/D3-selective DAs [17]. However, the relative
specificity of these agents at clinical concentrations varies. Apomor-
phine, for example, preferentially binds to D2/D3/D4 receptors, but is
less selective and is reported to have modest but functionally meaningful
engagement of D1/D5 receptors at therapeutic concentrations
[17,21-24].

When compared with levodopa treatment, currently approved D2-
and D3-selective DAs are associated with a lower risk of dyskinesias in
the initial 3-5 years of PD treatment, but they also have overall less
efficacy than levodopa and lead to higher incidences of other AEs at
efficacious doses [18]. Some AEs (eg, psychosis, impulse control disor-
ders [ICDs], and excessive daytime sleepiness [EDS]) associated with the
use of DAs may be related to the selective activation of D2 and/or D3
receptors in the mesolimbic pathway, where these subtypes regulate
neurocircuitry related to reward, punishment, and behavioral sensiti-
zation [17,25-271].

The implications of the dopamine receptor pharmacology profile of a
specific DA on its clinical efficacy and tolerability are not fully under-
stood, and there are few large direct comparison studies conducted to
date. Currently available oral and transdermal DAs are often considered
generally equivalent to each other by many clinicians; however, mole-
cules that directly engage and activate dopamine receptors can vary
considerably in chemical composition (eg, ergoline versus non-
ergoline), receptor subtype selectivity, and intrinsic activity on the re-
ceptor (ie, full agonism with maximal stimulation versus partial agonism
with submaximal activation) [17,28]. In this review, we discuss evi-
dence to date that suggests how a D1 and D5 dopamine recep-
tor-selective (D1-like) partial agonist may have a distinct clinical
efficacy and safety profile compared with that of currently approved D2-
and D3-selective (D2-like) DAs.

2. Can activation of D1-Like receptors versus D2-Like receptors
drive differences in the clinical efficacy profiles of DAs?

The basal ganglia of the brain are modeled with two functional cir-
cuits (direct and indirect pathways) that help translate cortical inputs
into specific “go” (facilitation) and “stop” (suppression) signals from the
thalamus to the broader motor system [29,30]. This model posits that
the go and stop signals are propagated through direct and indirect
pathways, respectively, which project to the globus pallidus pars interna
(GPi), the primary output of basal ganglia [30]. GPi output exerts an
inhibitory effect on thalamocortical neurons that promote movement
[29]. Dopamine facilitates movement by stimulating the direct (go)
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pathway and inhibiting the indirect (stop) pathway [31]. Dopaminergic
activation of direct pathway medium spiny neurons inhibits the GPi by
releasing GABA, thereby promoting movement, whereas activation of
indirect pathway medium spiny neurons inhibits GPi indirectly via the
globus pallidus externa and subthalamic nucleus to promote movement
[29,32]. Ultimately, integration between the direct and indirect path-
ways produces coordinated motor output and fine temporal patterning
of neural activity [29]. Of note, while all dopamine receptors are
expressed in striatum, D1 receptors and D2 receptors are most abun-
dantly expressed on striatal neurons [33]. Striatal D1 and D2 receptors
are localized to distinct neuronal populations, with D1 receptors
expressed on direct pathway neurons and D2 receptors expressed in the
indirect pathway [26]. Specific or differential functional involvement of
D3, D4, and D5 receptors in the striatal motor circuitry is less known,
particularly due to relatively lower expression and nonselectivity of
available tools [33,34].

Most approved DAs primarily target D2/D3 (D2-like) dopamine re-
ceptors [21,22,24,25]. Bromocriptine, one of the major earlier genera-
tion ergot-derived DAs, primarily activates D2/D3/D4 receptors
[17,35,36]. Among other major ergoline DAs, pergolide activates D2/
D3/D4 receptors but may also have some affinity for D1/D5 receptors
[17,24,37-39]. Second-generation, nonergoline DAs (Table 1) such as
pramipexole, ropinirole, and rotigotine, also primarily activate D2/D3/
D4 (D2-like) dopamine receptors [17,23,24,40]. Apomorphine has been
proposed to act as a less-specific DA that activates all dopamine receptor
subtypes, including D1/D5 receptors, although its affinity for D1 re-
ceptors is reported to be lower than that for other dopamine receptor
subtypes [21-23]. However, apomorphine’s affinity for D1/D5 re-
ceptors is still considerably higher compared to other D2/D3 DAs such as
pramipexole and ropinirole [24]. Among DAs, apomorphine has clinical
efficacy in PD that is most comparable to that of levodopa, possibly
because it has a moderate-to-high affinity for most dopamine receptor
subtypes, including D1/D5 receptors, unlike most other approved D2-
and D3-selective DAs [22]. However, apomorphine has limited oral
bioavailability, and only parenteral, subcutaneous, or sublingual for-
mulations of apomorphine have been investigated [21,22].

Given the sparsity of D1/D5-selective DAs in clinical development to
date (Table 2), limited clinical data are available to directly assess po-
tential differences in efficacy between selective activation of D1/D5 and
D2/D3 receptors. However, available evidence suggests that D1/D5
receptor selective agonism may potentially provide robust motor

Table 1
Current and Notable Clinical-Stage Nonergoline DAs in PD and Their Dopamine
Receptor Subtype Selectivity.

Name of DA" Clinical status” Dopamine receptor
selectivity*
Pramipexole Approved in the EU and United States D3 > D4 > D2>>D1,D5
[101,102] [24]
Ropinirole Approved in the EU and United States D3 > D2 ~ D4 > D1,D5
[103,104] [24]
Rotigotine Approved in the EU and United States ~ D3>>D4 ~ D5 ~ D2 > D1
[105,106] [40]
Apomorphine  Approved in the United States [21] D4 >D5>D3>D2>D1
[24]
Piribedil Approved in the EU [107] D2 ~ D3 ~ D4>D1,D5
[24]
Tavapadon Investigational, phase 3 [108-110] D1, D5 selective [50]
KDT3594 Investigational, phase 2 [111] D2 selective [112]
Lu AF28996 Investigational, phase 1 [113] D1, D2 selective [114]

 This table does not distinguish agents by type of formulation (e.g., sublin-
gual, extended release, transdermal, subcutaneous, oral, infusion, polymer
conjugate, etc.).

b As of November 2022.

¢ For approved DAs, dopamine receptor selectivity is presented based on
binding affinities (K;) as reported in the literature [24,40]. For investigational
DAs where K; values were not reported, selectivity is presented based on de-
scriptions in reported literature. DA, dopamine agonist; PD, Parkinson’s disease.
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Table 2
D1-selective DAs with available clinical evidence in PD.

Name of DA Evidence of motor

control

Current clinical
status”

Dopamine
receptor
selectivity

ABT-431 Discontinued
after pilot clinical

study [45]

D1/D5 full
[43,45]

Clinically and statistically
significant difference
relative to placebo in
motor subsection of the
UPDRS score in pilot
study in advanced PD
[45]

3 of 4 patients did not
have motor
improvement; 1 patient
had motor response
similar to levodopa, as
assessed by UPDRS motor
score immediately after
dosing in pilot study in
mild/moderate PD [46]
Clinically meaningful
motor improvement
relative to placebo, as
assessed by LSM
MDS-UPDRS Part IIT
motor score in phase 1
study in all patients with
PD [48]

Significantly greater
improvement in mean
MDS-UPDRS Part III score
at 15 weeks relative to
placebo in phase 2 study
in early-stage PD [50]

D1/D5 full
[46,47]

Discontinued
after pilot clinical
study [46]

Dihydrexidine

PF-06412562 D1/D5 partial Discontinued
[48] after phase 1

study [115]

Tavapadon D1/D5 partial Phase 3, ongoing

[108-110]

2 As of July 2022. DA, dopamine agonist; LSM, least-squares mean; MDS,
Movement Disorder Society; PD, Parkinson’s disease; UPDRS, Unified Parkin-
son’s Disease Rating Scale.

control. The D1/D5-selective DA ABT-431 and its active metabolite A-
86929 were shown to improve disability score and motor function in
preclinical PD models, including in 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) primate models [41-43]. Intravenous ABT-431 in
a placebo-controlled study that included 14 patients and assessed peak
percent change from baseline in motor subsection of the Unified Par-
kinson’s Disease Rating Scale (UPDRS) score demonstrated a clinically
and statistically significant difference relative to placebo in favor of
ABT-431 at doses of 10-40 mg [44]. Similarly, ABT-431 demonstrated
antiparkinsonian benefit comparable to levodopa for up to 6 h after
therapeutic administration in another pilot randomized clinical study
that included 20 patients and used the motor assessment of the UPDRS
score as an efficacy endpoint [45]. A separate D1/D5 receptor—selective
DA, dihydrexidine, was investigated in a small pilot study, although the
sample size was too small to make reliable conclusions regarding motor
control [46,47]. In an early-phase trial where 13 participants with PD
were treated with the D1/D5 receptor-selective partial agonist
PF-06412562, participants exhibited clinically meaningful motor
improvement from baseline when compared with placebo-treated par-
ticipants, as assessed by mean Movement Disorder Society (MDS)-
UPDRS Part IIl motor score [48]. In a preclinical primate study in which
another selective D1/D5 DA, tavapadon, was compared with levodopa,
tavapadon promoted comparable maximal locomotor activity with a
longer activity time [49]. Additionally, the disability-free time recorded
for tavapadon was approximately 3-fold longer (350 versus 120 min)
than that for levodopa. In a phase 2 randomized study of tavapadon in
57 patients with early-stage PD, tavapadon-treated participants had a
significantly greater improvement in mean MDS-UPDRS Part III score at
15 weeks compared with placebo-treated participants, although
enrollment in this study was terminated early due to its linkage to a
concurrent phase 2 trial of tavapadon in advanced PD that failed to meet
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a prespecified interim efficacy threshold [50]. In that phase 2 trial,
adults with motor fluctuations due to PD were treated with once-daily
tavapadon (15 mg) or placebo for 15 weeks [51]. After 10 weeks of
treatment, tavapadon-treated participants (n = 41) reported a least
squares mean of 1.66 fewer daily OFF hours compared with baseline,
whereas participants who received placebo reported 0.97 fewer off
hours compared with baseline [51].

3. How does preferential activation of D2-Like dopamine
receptors affect the safety and tolerability profiles of DAs?

The selective activation of dopamine receptor subtypes also has
implications for the safety and tolerability profile of DAs. The 4 major
dopaminergic pathways in the brain are the nigrostriatal, mesolimbic,
mesocortical, and tuberoinfundibular pathways (Fig. 1) [52]. Although
DAs are targeted to address decreased dopaminergic activity in the
nigrostriatal pathway on the basis of its involvement in the coordination
of movement and PD pathology as described above, DAs may also
activate other dopaminergic pathways (e.g., tuberoinfundibular, meso-
cortical, and mesolimbic pathways) [52]. Such activation can affect
endocrine function and cause behavioral and psychiatric AEs
[17,52,53]. Importantly, while D1 and D2 receptors both show robust
expression within the striatum, expression patterns in extrastriatal areas
are more variable (Table 3) [20,54,55]. Although most data supporting
direct comparisons of dopamine receptor subtype expression have been
generated in preclinical models (e.g., rats and nonhuman primates), the
overall patterns of receptor expression are often found to be translatable
to humans, with the potential exception of differences in fine expression
patterns within the cortex [56,57]. In addition to dense staining of the
basal ganglia and nucleus accumbens (the primary targets of the
nigrostriatal and mesolimbic dopamine pathways, respectively), D1 re-
ceptors are also found in the cortex, hippocampus, olfactory bulb, and
hypothalamus [55,58,59]. D5 receptors show a similar expression
pattern, although with generally sparser expression, and have also been
identified in the thalamus and cerebellum (areas with little to no D1
receptor expression) [20,60]. Conversely, D2 receptors show limited
cortical expression and are highly expressed in the hypothalamus,
thalamus, and hindbrain regions [56,59]. D3 and D4 receptors are
somewhat unique in that they are widely distributed throughout the
brain, with dense expression throughout limbic regions [57,61]. In
particular, D3 receptors show limited striatal expression, but are highly
expressed in the nucleus accumbens and associated structures [55,57].

Selective expression of dopamine receptors within these regions
likely underscores distinct functional roles for each receptor subtype. D1
receptors are involved in locomotor activity, reward, learning, memory,
and renal functions [62]. D2/D3 receptors are associated with locomo-
tion, learning, memory, cognition, impulse control, sleep, and regula-
tion of food intake [62]. Relatedly, some of the key physiologic functions
associated with D4 receptors are cognition, impulse control, attention,
and sleep [62]. Finally, D5 receptors have been linked to cognition,
attention, decision-making, and motor learning [62]. Neuro-
degeneration of dopamine circuitry in the parkinsonian brain does not
impact each dopamine pathway equally, but instead leads to selective
degeneration of the nigrostriatal pathway, particularly in early stages of
the disease [63]. Dopamine agonists, however, enhance dopamine
signaling throughout the brain, including pathways that may not be
degenerated [63]. Therefore, the overactivation of extrastriatal dopa-
mine receptors may be responsible for many of the side effects associ-
ated with DAs [17,63]. Some of these side effects, including nausea,
vomiting, dizziness, and orthostatic hypotension, are associated with
short-term exposure [18,64]. Other side effects, such as EDS and other
sleep disturbances, cognitive issues, psychosis, ICDs, and peripheral
edema, may be associated with long-term treatment [18,52]. AEs such
as nausea and EDS are also associated with other dopaminergic
replacement therapies such as levodopa [17,65]. A subset of these
events are also nonmotor symptoms in PD that are exacerbated by DAs
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Mesolimbic pathway

+ Reward and cognition
» Sleepand wakefulness

Tuberoinfundibular pathway

* Prolactin synthesis and secretion

Fig. 1. Four major dopaminergic pathways in the brain and their key physiological functions. Arrows in the brain denote dopaminergic pathways and the color of the
arrows are aligned with the color of the box denoting the corresponding dopaminergic pathway.

Table 3
Dopamine Receptor Expression” Throughout Brain Regions of Interest.
Receptor Dorsal striatum Ventral striatum Cortex Hippocampus Thalamus Hypothalamus Cerebellum Hindbrain
D1 [20,55,56,58] +++ +++ ++ ++ + + - +
D2 [20,54-56,59] +++ +++ + + +/- ++ - +++
D3 [20,57] + +++ +/- + + + + +
D4 [61] +++ ++ + +++ ++ ++ + +
D5 [20,54,60,116] ++ + +++ +++ + + + +

@ Comparisons of expression are relative to expression of each receptor across other regions, and do not necessarily indicate relative expression of receptors in

comparison to each other.

[17]. As the disease progresses, patients become more prone to some of
these events, including hallucinations [66]. Repeated pulsatile stimu-
lation of dopamine receptors may also potentiate receptor signaling,
leading to a further imbalance in dopamine pathways and increased risk
of AEs [67,68].

Select AEs associated with current DAs (eg, ICDs, EDS, and psycho-
sis) may therefore be related to overactivation of D2/D3 receptors in the
central nervous system, as well as activation of dopamine receptors in
peripheral tissues (eg, edema) [17,18,25,69,70]. Studies suggest that
some of these AEs occur with D2- and D3-selective DAs in particular,
most likely due to off-target activation of dopamine receptors outside
the nigrostriatal motor pathways, including the mesolimbic pathway,
which plays a role in reward, punishment, and behavioral sensitization
[17,25,26,52,71,72]. Preclinical evidence suggests that D2/D3 re-
ceptors in the nucleus accumbens are associated with impulsivity and
reward motivation [25,73]. Animal models also indicate that D3 dopa-
mine receptors are associated with addiction and reinstatement of drug-
seeking behavior [74]. D3 receptors in brain regions associated with
ICDs are upregulated following chronic administration of D2/D3 DAs,
again highlighting the potential role of D3 receptors in the development
of these AEs [25]. Some of these preclinical findings are further
corroborated by observations in humans. For example, clinical evidence
indicates that humans exhibiting ICDs such as gambling have an asso-
ciation of ventral striatal D2/D3 receptors with temporal discounting
when administered dopaminergic ligands and assessed by positron
emission tomography [25,75]. Furthermore, D3 dopamine receptors are
also found to be upregulated in individuals with cocaine addiction,
highlighting a broad role in reward-related behaviors [76]. The risk of
ICDs following repeated overstimulation of D2/D3 receptors in the
mesolimbic dopamine pathway may be compounded by the patho-
physiology of PD, leading to increased risk of ICDs in those with more
advanced disease [77,78]. Relative preservation of the mesolimbic
pathway in comparison to the degeneration of the nigrostriatal pathway
leads to an imbalance in dopamine signaling and potential impairments
in decision-making [63,79,80]. Development of ICDs in individuals with
PD is associated with increased mesolimbic dopamine release during
gambling tasks or in response to rewarding stimuli [81]. Further acti-
vation of D2/D3 receptors in mesolimbic pathways associated with
impulsivity may then potentiate the risk of ICDs in vulnerable patients

[771].

Similar interactions between DAs and the pathophysiology of PDs
have been linked to the incidence of hallucinations and other cognitive
AEs [68]. In further support of the association between D2 receptors and
psychosis, D2 dopamine receptor antagonism is the established
approach to treating patients with schizophrenia [19,82]. In a large,
open-label, randomized trial, 12% (76,/632) of patients with early-stage
PD receiving D2/D3-selective DAs reported psychiatric events such as
psychosis, confusion, and depression [83]. DAs have also been associ-
ated with hallucinations in studies of patients with advanced PD
[84,85], suggesting that psychiatric AEs linked to D2/D3-selective DAs
may increase with PD progression, motor symptom severity, and
increasing dosage and polypharmacy [27,68]. Understanding the un-
derlying cause of AEs associated with currently available DAs may be
further complicated by off-target effects on nondopaminergic receptor
systems. Some D2/D3-selective DAs also have affinity for serotonergic,
adrenergic, and histaminergic receptors [17,22-24]. These agents may
have agonistic or antagonistic properties at nondopaminergic receptors,
or both [22,24]. Notably, serotonergic and noradrenergic circuitries
have been implicated in regulation of behaviors commonly impacted by
DAs, including somnolence, depression, and psychosis [27,68]. Activa-
tion of serotonin receptors may also be linked to motor AEs, including
dyskinesia [86], underscoring the relevance of off-target activation of
other receptor classes to the AE profiles of commonly used DAs for the
treatment of PD.

Due to the safety profile of D2/D3 DAs, their use may not be rec-
ommended in specific populations. Recently published guidelines from
the American Academy of Neurology suggest that, due to an increased
risk for AEs, D2/D3 DAs should generally not be prescribed to patients
aged >70 years [78]. Elderly patients may have reduced renal or hepatic
function, leading to altered drug metabolism and increasing toxicity,
potentially at doses that are too low to provide sufficient clinical benefit
[87,88]. Psychiatric AEs such as hallucinations or psychosis are
observed at higher frequencies in aged populations [88]. In a retro-
spective chart review of patients aged >80 years who were prescribed a
D2/D3 DA for treatment of PD, only 46% remained on a D2/D3 DA at
least six months after initiating treatment, largely due to the reduced
tolerability of D2/D3 DAs in this population [88]. Similarly, the risk of
AEs associated with D2/D3 DAs changes with PD progression, with
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increased incidence of nonmotor AEs (e.g., ICDs, hallucinations), even in
younger patients with more advanced disease [78,88]. D2/D3 DAs are
therefore less likely to be used as a monotherapy in older people or in
those with advanced PD [89]. However, D2/D3 DAs may be preferred
for initial treatment of PD in those aged <60 years at diagnosis due to
potential for reduced risk of troublesome dyskinesias associated with
long-term treatment with levodopa [78]. This approach has been driven
by observations that people with early-stage PD treated with D2/D3 DAs
have reduced incidence of motor complications (e.g., wearing-OFF
phenomena, dyskinesias) [89,90]. Still, the relatively small treatment
difference in dyskinesia combined with the overall superior efficacy of
levodopa suggests that delaying treatment with levodopa in favor of D2/
D3 DAs in early PD may not provide substantial long-term benefits [87].
Novel approaches that balance risk of motor (e.g., dyskinesias) versus
nonmotor (e.g., ICDs, hallucinations) AEs across disease stages are
needed.

Limited data are currently available from advanced-phase clinical
studies to directly evaluate potential differences in safety and tolera-
bility profiles between D1/D5 (D1-like) receptor-selective agonists and
D2/D3 (D2-like) receptor—selective agonists in patients with PD. How-
ever, retrospective analyses and comparative open-label studies have
suggested that apomorphine, which has a somewhat distinctive dopa-
mine receptor pharmacology [24] compared with most other DAs, is
associated with fewer AEs potentially related to D2/D3 receptor-
selective activation; it may improve some nonmotor symptoms, such
as sleep, mood disturbances, and constipation, and is associated with
lower rates of ICDs than oral DAs such as pramipexole and ropinirole,
which more selectively activate D2/D3 receptors than apomorphine,
which also activates D4 and D1/D5 receptors [22,91,92]. Apomorphine
is suggested to be relatively well tolerated in patients with psychosis and
hallucinations, and small, open-label clinical studies have observed
fewer hallucinations in patients with neuropsychiatric symptoms
following apomorphine treatment [92-94]. Rotigotine, another less-
selective DA with affinity for D1 receptors in addition to D2/D3/D4
receptors, is also associated with lower incidence of ICDs, further sug-
gesting that these AEs may be specifically linked to the selective acti-
vation of D2/D3 receptors [40,91].

The clinical profile of newer, selective D1/D5 DAs is emerging. In a
study of 13 adults with PD, acute administration of PF-06412562, the
selective D1/D5 DA, resulted in a tolerable safety profile without
causing substantial changes in cardiovascular parameters, such as the
safety events observed previously with the selective D1/D5 DA ABT-431
[45,48]. Similarly, no notable abnormalities in laboratory or electro-
cardiogram parameters were observed across early-phase studies of the
selective D1/D5 DA tavapadon, with nausea and headache being the
most-frequent AEs [50,95]. In a phase 2 randomized study of 47 patients
with early-stage PD, no apparent differences were noted between
tavapadon-treated and placebo-treated cohorts in ICDs, as assessed by
the Questionnaire for Impulsive Compulsive Disorders in Parkinson’s
Disease Rating Scale, or in sleepiness, as assessed by the Epworth
Sleepiness Scale [50]. Tavapadon was also evaluated in a phase 2 ran-
domized study of patients with advanced PD, although as previously
mentioned, this study was terminated prior to completion [50,96]. This
study was not terminated because of safety concerns, and there were no
reports of suicidality or changes from baseline in incidence of ICDs in the
24 participants who completed 15 weeks of treatment with tavapadon
[96].

4. What evidence has been generated for the use of partial
versus full DAs in PD?

DAs differ not only in their regional selectivity and differential af-
finity for specific receptors, but also in the degree to which they activate
downstream receptor signaling; agonists that induce downstream acti-
vation comparable to the endogenous ligand are considered full ago-
nists, whereas partial agonists display reduced recruitment of
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downstream signaling cascades [97,98]. Partial DAs have already
proven therapeutically useful for the treatment of neuropsychiatric
disorders, most notably schizophrenia [98]. However, most DAs
currently approved for PD, such as pramipexole and ropinirole, are full
DAs with a high affinity for D2/D3 (D2-like) receptors [25]. Similar to
other approved DAs, apomorphine has also been reported as a full
agonist of dopamine receptors [99,100]. Long-term treatment with full
agonists for D2/D3 receptors may lead to upregulation and hyper-
activation of D2/D3 receptors, which may be a relevant mechanism for
troublesome nonmotor side effects such as ICDs [25]. Similar to
approved DAs, the full agonist profile of previously investigated selec-
tive D1/D5 (D1-like) DAs may have driven the safety profiles observed
with those agents in clinical studies, including side effects. When full
D1/D5 receptor-selective agonists such as ABT-431 and dihydrexidine
were explored in small, early-phase clinical studies, they demonstrated
robust ability to alleviate motor symptoms [45,46]. Nevertheless, car-
diovascular AEs such as cardiac ischemia and hypotension, and dyski-
nesias comparable to those associated with levodopa, made them ill-
suited for clinical advancement [45,46,95]. Because of these limita-
tions, the overall promise of selective D1/D5 receptor activation in PD
has not yet been well investigated.

As summarized above, some evidence suggests that selective D1/D5
agonism may provide motor control while ameliorating some of the AEs
associated with D2/D3 agonism. Selective D1/D5 partial agonists have
also been explored to avoid the side effects associated with selective D1/
D5 full agonists. Preclinical evidence from a study in a nonhuman pri-
mate model of PD suggests that maximal efficacy of tavapadon, a se-
lective D1/D5 DA with partial agonism properties, can be reached at a
brain exposure corresponding to a calculated D1 receptor occupancy of
just under 50% [49]. The maximal dose of tavapadon in this preclinical
study was associated with mild dyskinesia, whereas the dose of levodopa
with a magnitude of motor benefit similar to tavapadon led to severe
dyskinesia. The authors suggested that when treating patients for whom
repeated levodopa treatment had already led to dyskinesias, selective
partial D1/D5 receptor activation with tavapadon may lead to modest
dyskinesia that may not worsen with dose escalation [49]. Although
published clinical studies of tavapadon have all been of 15 weeks
duration or shorter, it is encouraging that AEs such as ICDs and EDS,
which are associated with D2/D3 receptor—selective full agonists, have
not been observed with tavapadon [50,95].

5. Summary

Collectively, the emerging research described in this review suggests
that selective D1/D5 (D1-like) agonism may potentially enable robust
motor control comparable to that observed with nonselective DAs (eg,
levodopa). Additionally, the potential association between specific AEs
that are mechanistically and clinically associated with current D2/D3
(D2-like) receptor—preferring DAs suggests that more selective agonism
of D1/D5 receptors could be explored with the aim of reducing the
incidence of these AEs. Finally, partial dopamine agonism may poten-
tially ameliorate long-term motor and nonmotor complications.

On the basis of available evidence on early initiation of dopaminergic
treatment of motor symptoms, a recent American Academy of Neurology
evidence-based review concluded that initial treatment with levodopa
had greater motor benefit than currently available D2/D3-selective DAs
and monoamine oxidase B inhibitors, and was associated with fewer
dopaminergic AEs (e.g., EDS, nausea, edema, ICDs, and hallucinations).
The review also concluded that initial treatment of PD with levodopa has
a higher likelihood of inducing dyskinesia than treatment with currently
used DAs for up to 5 years of follow-up [78]. Initial treatment with
levodopa was recommended as the preferential dopaminergic therapy
for early-stage PD, except in patients younger than 60 years who are at
high risk for dyskinesia [78].

Notably, levodopa has superior efficacy to approved D2/D3 recep-
tor-selective DAs (eg, oral bromocriptine, ropinirole, pramipexole)
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[83]. Although the reason levodopa is more efficacious than these
currently used DAs is not firmly established, one potential explanation is
that as a dopamine precursor [10], levodopa administration ultimately
engages both direct and indirect motor pathways, whereas selective
targeting of predominantly D2/D3 dopamine receptor subtypes results
in less-robust motor activation. The American Academy of Neurology
guidelines recommend against the use of currently approved D2-like
DAs in early-stage PD for patients with a high risk of medication-
related AEs, including patients with a history of ICDs and EDS [78]. It
is also recommended that clinicians inform patients and caregivers of
side effects that are linked to existing D2-like selective agonists,
including ICDs, EDS, sudden-onset sleep, postural hypotension, and
hallucinations [78]. These recommendations are based on evidence
regarding the association of current-generation DAs with a greater risk
of side effects such as EDS and ICDs, and on data suggesting that DAs
may exacerbate postural hypotension [17,78].

The term dopamine agonist has been broadly used to refer to all
available DAs, which may reflect the historical viewpoint that all DAs
are the same or comparable, regardless of their dopamine receptor
subtype selectivity. These perceptions may be partially attributed to
similarities across approved DAs in dopamine receptor pharmacology,
which ultimately drives efficacy and safety profiles. Although additional
supporting evidence from ongoing clinical trials is needed, the research
described in this review suggests that selective partial agonism of D1/D5
receptors may be an important new tool to provide motor control while
minimizing motor complications associated with levodopa, and may
reduce the occurrence of some mechanistically related nonmotor AEs (e.
g., psychosis, ICDs, EDS) associated with currently approved D2/D3
receptor-selective DAs. If ongoing clinical trials support these initial
observations, the general therapeutic classification of dopamine agonist
may need revision to reflect the emerging view that not all DAs are
functionally equivalent. As new DAs with clinically differentiated
dopamine receptor pharmacology become available, more specific
dopamine agonist therapeutic classifications (e.g., D1-selective partial
DA) that better reflect the clinical efficacy and tolerability of distinct
receptor pharmacology will be needed.

In conclusion, there remains a major unmet need to identify novel
medications that provide robust (levodopa-like) efficacy without
increasing risk of dyskinesia and motor fluctuations, and without the
neuropsychiatric adverse effects attributable to D2/D3 receptor activa-
tion. Research described in this review suggests that D1/D5 recep-
tor-selective partial DAs may help address this unmet need. Additional
data from ongoing, placebo-controlled, randomized clinical trials are
needed to further substantiate this approach.
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