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ABSTRACT: Parkinson’s disease (PD) has long been seen as
a disorder caused by degeneration of the dopaminergic system,
leading to the classic motor manifestations of the disease.
However, there is now overwhelming evidence that PD is more
than a disease merely caused by dopamine depletion. It is well-
known that a myriad of other neurotransmitters are affected by
the disease process. One such neurotransmitter is serotonin (5-
HT). 5-HT has been shown to play a role in several motor and
nonmotor manifestations of PD, including tremor, cognition,
depression and psychosis. 5-HT also seems to play a critical
role in L-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesia. A breadth of preclinical studies and clinical trials have been
conducted that aimed at modulating the 5-HT system in order to alleviate depression, cognitive deficits, psychosis, and
dyskinesia. In this Review, we summarize recent advances in the 5-HT field in PD, but with a translational emphasis. We start by
presenting a novel nonhuman primate model of PD that presents with dual dopamine and 5-HT lesions. We then present
preclinical and clinical data that introduce new concepts, such as the use of biased and partial agonists, as well as molecules
recently introduced to the field of PD, such as eltoprazine, pimavanserin, nelotanserin, and SYN-120, to enhance therapeutic
benefit while minimizing adverse events, notably on parkinsonian disability.
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■ INTRODUCTION

Parkinson’s disease (PD) has long been regarded as a disease
where dopamine-producing neurons originating in the
substantia nigra pars compacta (SNc) degenerate. This leads
to reduced dopamine (DA) levels within the striatum, which
translates to the clinical presentation of the classic, or cardinal,
features of bradykinesia, rigidity, and resting tremor.1 However,
degeneration of other brain areas appears key to the expression
and modulation of different symptoms and treatment-related
side-effects.2 Therefore, there are key circuitry and neuro-
chemical changes beyond nigrostriatal dopaminergic deficits,
including the cholinergic, cannabinioid, opioid, and glutama-
tergic systems,3−6 as well as the serotonin (5-hydroxytrypt-
amine, 5-HT) system.7,8 This altered neurochemical profile is
critical to the pathophysiology of the disease and may be
involved not only in motor effects, but also in treatment-related
side effects, as well as neuropsychiatric and cognitive
complications.

Although the 5-HT system consists of at least 14 receptors
and a 5-HT-specific transporter (SERT),9 most of the studies
conducted in PD patients and animal models have focused on
5-HT 1A (5-HT1A) and 2A (5-HT2A) receptors, as well as on
SERT. Thus, in vivo imaging and postmortem studies
demonstrated involvement of 5-HT2A receptors from the
infero-lateral temporal cortex in visual hallucinations
(VHs),10,11 while a postmortem study found a possible
permissive role of 5-HT1A receptors in VHs.12 Positron
emission tomography (PET) studies suggested that the SERT
is upregulated in the frontal cortex of depressed PD patients,13

while 5-HT1A receptors are downregulated in the hippocampus
and the temporal, cingulate, and orbito-frontal cortices.14 More
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recently, altered SERT levels were documented in the cingulate
cortex of apathetic PD patients.15 In addition to this
involvement in nonmotor manifestations of PD, studies
conducted in animal models and patients have provided
evidence of a role of the 5-HT system in motor complications,
notably L-3,4-dihydroxyphenylalanine (L-DOPA)-induced dys-
kinesia (LID). Thus, studies conducted in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned nonhuman
primate (NHP) have demonstrated increased 5-HT2A

16,17 and
5-HT1A

18 receptors within the striatum and the motor cortex.
Moreover, changes in serotonergic fibers have been suggested
to be involved in LID and the neuropsychiatric symptoms of
PD, along with neuritic morphological changes in the striatum
and globus pallidus.19,20

There is therefore a wealth of data, both preclinical and
clinical, that indicates an involvement of the 5-HT system,
particularly 5-HT1A and 5-HT2A receptors, in nonmotor
manifestations of PD and treatment-related motor complica-
tions. As such, several preclinical and clinical studies have
assessed the therapeutic potential of drugs acting on 5-HT1A
and 5-HT2A receptors.
Here, we review recent literature on 5-HT and more

particularly the role that certain 5-HT receptors might play in
the pathogenesis and treatment options for PD. We start by
presenting ways in which one might improve NHP modeling of
PD by inducing lesions of both the dopamine and 5-HT
systems, as seen in the disease, and discuss how this new model
could be used to study nonmotor manifestations of the disease.
We then present data from preclinical studies and clinical trials
where the 5-HT system was modulated, mostly through
stimulation of 5-HT1A receptors and blockade of 5-HT2A
receptors, to alleviate psychosis, anxiety and LID. We also
discuss hurdles that have impaired the clinical development of
serotonergic drugs, as well as ways to circumvent these
potential obstacles by the use of novel highly selective drugs.

■ A NOVEL NONHUMAN PRIMATE MODEL OF
PARKINSON’S DISEASE

NHP models of PD have, until recently, been based on the
destruction of nigrostriatal dopaminergic neurons using the
neurotoxin MPTP.21 This toxin can be administered via a
variety of systemic routes (intramuscularly, intravenously,
intraperitoneally or, more rarely, intracarotid, to induce a
hemi-Parkinsonian phenotype). MPTP readily crosses the
blood-brain barrier and is transformed to MPDP+ (1-methyl-
4-phenyl-2,3-dihydropyridinium), via monoamine oxidase B
(MAO-B), which gives rise to MPP+ (1-methyl-4-phenyl-
pyridinium) in 5-HT neurons and glial cells.22−25 MPP+ is
released into the synaptic space before being taken up into
dopaminergic neurons following binding to neuromelanin26 or
dopamine transporter and subsequent internalization.27 Once
within dopaminergic neurons, a chain of neurotoxic events
leads to either cell death or quiescence, by a variety of
mechanisms such as mitochondrial complex-1 inhibition with
failure to produce ATP, oxidative stress, lipid and protein
peroxidation, ultimately causing DNA damage. Dopaminergic
neurons are thought to die via both apoptotic and necrotic
mechanisms.28

A variety of different MPTP administration protocols have
been described and are used routinely (i.e., the so-called acute,
chronic, and subchronic models), and vary considerably
between different primate species.29−32 The acute treatment
model consists of high dose of MPTP administration over a few

days, which leads to a rapid and severe dopaminergic loss.33−35

Chronic administration protocols with lower MPTP doses are
used to obtain a more progressive degeneration of
dopaminergic neurons over time, perhaps better recapitulating
the human disease.32,36−43 Finally, subchronic protocols are
often used to overcome time constraints.44,45 Generally, the
symptoms, or phenotypes, can vary depending on the species
(e.g., marmosets, squirrel monkeys, baboons, macaques, or
vervet monkeys) and treatment regime used. Notwithstanding
the species, MPTP-induced parkinsonism in the NHP is
characterized by bradykinesia, rigidity and a slumped body
posture with episodic freezing, with occasional resting
tremor.36−38 In order to evaluate the severity of motor
symptoms, different scales have been developed, e.g., eight
scales in the macaque.46−53 These scales gather different
behavioral components, encompassing bradykinesia, posture,
and tremor. Interestingly, as seen in idiopathic PD, MPTP-
lesioned NHPs may also have cognitive impairment, e.g.,
visuospatial and planning or strategy deficits.39,41,54,55

There are many differences between the MPTP-lesioned
NHP models and idiopathic PD. For instance, unlike the
disease, some recovery from the motor symptoms after MPTP
injections can be seen following the cessation of MPTP-
treatment.56,57 However, this may depend on lesion
severity19,58 and the NHP species (e.g., marmosets and squirrel
monkeys may recover).35,59,60 In the macaque, using pro-
gressive or acute MPTP administration paradigms, animals may
present with transient or persistent motor symptoms, and may
therefore be divided into recovered (MPTP-recovered) and
symptomatic (MPTP-symptomatic) monkeys.19,42 There is a
clear link between symptomatology severity and dopaminergic
loss.19,45,58 This can be detected using a variety of techniques,
such as, but not limited to, PET imaging using [18F]-DOPA or
[11C]-PE2I as dopaminergic radioligands or by using
postmortem immunohistochemitry staining for tyrosine
hydroxylase-like immunoreactivity. While there are clear
advantages of using MPTP-lesioned NHPs, e.g., reproducing
the motor symptoms of dopamine depletion, they are also
particularly appropriate to study the role of other neuro-
transmitters in the development of motor symptoms.
Furthermore, MPTP-lesioned NHPs represent excellent
models for studying the therapeutic effects of various drug
classes, notably dopaminomitetic strategies. However, as stated
earlier, MPTP-lesioned NHP models also have some significant
limitations insofar as they do not recapitulate the complete
pathology encountered in the disease. Thus, no Lewy body
pathology or α-synuclein increases are seen, and the early
involvement of brainstem nuclei or the (late) cortical
involvement is absent. Extranigral pathologies have not received
as much attention as nigrostriatal degeneration.61 To improve
the current models and more closely recapitulate the
neuropharmacological profile of the human condition, a novel
NHP model of PD was recently generated, that exhibits dual
dopaminergic and serotonergic lesions, achieved by sequential
administration of MPTP and 3,4-methylenedixymethamphet-
amine (MDMA, Ecstasy).19,62 MDMA is an amphetamine
derivative with high SERT affinity.63 Acutely, it induces massive
release of 5-HT by reversing the SERT gradient and depleting
intracellular vesicular pools of 5-HT.64,65 Upon chronic
administration, MDMA triggers the decrease of serotonergic
markers and lesions serotonergic terminals by formation of free
radicals and resulting oxidative stress.66 PET imaging using a
SERT ligand, 4-[18F]-ADAM, demonstrated that MDMA
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specifically binds to SERT in macaques.67 The neurotoxic
effects of MDMA on 5-HT have been described in the normal
primate in several species, including the macaque,68−71 using
different approaches, such as immunohistochemistry69,72 and
autoradiographic binding.73 MDMA, administrated at a low
dose (5 mg/kg) twice daily for four consecutive days, induced
massive and stable (7 years) destruction of serotonergic
terminals (while soma was spared) in the NHP.72 In humans,
diffusion-tensor imaging studies have shown that MDMA
impacts axonal integrity, notably in the thalamus.74 A recent
PET study demonstrated that MDMA users have a strong
decrease of [11]-DASB binding in cortical regions, rather than
in basal ganglia and midbrain,75 evidencing the specific
susceptibility of certain (cortical) brain regions vs subcortical
regions to MDMA, independently of their density of
serotonergic or dopaminergic innervation. There is therefore
compelling evidence suggesting that the administration of
MDMA to primates can cause serotonergic pathology similar to
that seen in PD.
Based on prior work, MDMA was administered to macaques

previously lesioned with MPTP, using a protocol described by
Ricaurte’s group, i.e., 5 mg/kg twice daily for 4 days, and the
effects of MDMA administration to MPTP-lesioned NHPs was
then investigated, with behavioral and in vivo imaging
approaches.19,62 At the behavioral level, acute injections of
MDMA induced pupillary dilation and hypoactivity associated
with a slumped body posture and somnolence. Macaques also
exhibited myoclonic jerks in the tail and feet. These behavioral
manifestations stopped after cessation of MDMA injections.
The neurotoxic effect of MDMA in MPTP-lesioned NHPs was
assessed using PET 2−3 weeks after MDMA was discontinued.
MDMA administration resulted in lower [11C]-DASB binding
in all regions of interest, in both MPTP-symptomatic and
MPTP-recovered monkeys. The neurotoxic effects of MDMA
on 5-HT fibers were further assessed by examining postmortem
tissues, which demonstrated strong decreases of staining of all
serotonergic markers at both cortical and subcortical levels in
double-lesioned macaques. MDMA had no impact on the 5-HT
soma in the raphe nuclei or on the remaining dopaminergic
neurons in the SNc. From a translational perspective, it is
highly relevant and interesting to compare this dual dopamine-
5-HT-lesioned NHP with the clinical situation. PD patients
exhibit around 80% of dopamine cell loss in the SNc,76 while
severely lesioned NHPs present with a nigral loss of 80−90%.
For the 5-HT somas, PD patients present a loss of 37% in the
dorsal raphe,8 while the loss in the MPTP-severely lesioned
macaque could reach 25−30%.19,77 PD patients have a decrease
of 31% of the [11]-DASB in the whole brain,78 suggesting a
reduction of serotonergic inputs to the regions of interest,
coupled with a specific decrease of 5-HT markers in the
striatum of 50−60%.79 In severely MPTP-lesioned NHPs, there
appears to be a loss a loss of 60% of the serotonergic fibers in
the striatum.19 This loss of 5-HT fibers was extended to other
regions in both moderately- and severely lesioned MPTP
NHPs following MDMA administration. In conclusion, MPTP
is not totally selective for dopaminergic neurons, and a
limitation of MDMA is the lack of 5-HT soma loss. However,
there are several key advantages of combining the two agents,
which allows the better modeling of the disease, with stronger
and more homogeneous 5-HT lesion, but with the relative
preservation of serotonergic vs dopaminergic terminals,
allowing the role of the dopamine and/or 5-HT systems to
be assessed in a systematic manner.

This MPTP-MDMA-lesioned NHP model has therefore
been interrogated to provide key answers pertaining to
outstanding questions relative to the dopaminergic and
serotonergic systems in PD. With regards to the cardinal
manifestations of PD, it appears that only rigidity was impacted,
as MDMA administration did not exacerbate bradykinesia or
tremor. In MPTP-lesioned NHPs, bradykinesia and rigidity
predominate42,47,80 and are underpinned by the key dopami-
nergic lesion. Importantly and interestingly, MDMA admin-
istration and subsequent 5-HT lesion abolished L-DOPA-
induced dyskinesia,81 which is consistent with data obtained in
rodents and in humans regarding the deleterious role of 5-HT
fibers to capture and transform L-DOPA to dopamine.82 Last,
but not least, in MPTP-recovered NHPs, the administration of
L-DOPA triggered a behavioral hyperactivity resembling
neuropsychiatric-like symptoms but these symptoms were
reduced in animals that had received an MDMA lesion. The
severity of these behavioral symptoms correlated with reduced
[11]-DASB binding in the posterior ventral putamen and the
external globus pallidus. Of note, the external globus pallidus is
a brain area involved in compulsive grooming in both
normal83,84 and parkinsonian85,86 NHPs. These findings
reinforce the possibility that serotonergic fibers may play a
deleterious role, not only in movement disorders, but also in
neuropsychiatric complications often seen in PD. By using this
novel dual MPTP-MDMA lesion model, it will be possible to
investigate the contribution of the serotonergic system in the
expression of nonmotor symptoms associated with the disease
itself rather than to dopamine replacement therapy.19 One
important question that remains to be investigated is whether
MPTP-recovered-MDMA double-lesioned macaques develop
an apathetic-like or anxious-like state. Indeed, a prominent role
of serotonergic degeneration has been shown recently in
apathy, anxiety, and depression in de novo PD patients.15

Another important possibility offered by this model is to
reverse the order in which toxins are used (e.g., administering
MDMA before MPTP), allowing the impact of an early and
selective 5-HT lesion on the appearance and severity of the
parkinsonian motor and nonmotor symptoms to be assessed.
Therefore, this double-lesioned model opens important new
preclinical research possibilities that will lead to novel
therapeutic avenues.

■ THE 5-HT SYSTEM AS A THERAPEUTIC TARGET IN
PD: PRECLINICAL STUDIES

5-HT1A Receptor Modulation. Serotonin, 5-HT1A, re-
ceptors are located both somato-dendritically in the raphe
nuclei and postsynaptically in terminal fields, such as the
striatum and cortices (for detailed review, see ref 87).
Generally, as nigrostriatal dopamine neurons are lost and the
cardinal motor symptoms become unresponsive to dopamine
agonists such as ropinirole and pramipexole, patients will need
to be managed with the gold-standard therapy, L-DOPA.
However, eventually there will be a loss of therapeutic window,
coupled with an increase in LID. It seems that this latter
phenomenon might be driven by the uptake of L-DOPA and
subsequent release of synaptic dopamine from serotonergic
neurons, which might cause a reduction in serotonergic
neurotransmission via actions of DA at SERT.88 This occurs
in a highly uncontrolled manner due to the absence of negative
feedback machinery for dopamine in this cell type. Therefore,
the dopamine transporter and inhibitory dopamine D2 and D3
autoreceptors are absent, leading to continual and prolonged
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dopamine release, which dramatically increases synaptic
dopamine levels and drives LID. While L-DOPA sparing
methods can be successful in reducing the latency to onset of
LID, there are a lack of approved treatment strategies, with the
exception of strategies linked to expensive deep-brain
stimulation or nonpulsatile L-DOPA.89 Arguably, however,
some success has been seen using amantadine, although long-
term efficacy and tolerability remain of concern.90 Therefore,
based on the serotonergic theory of LID, strategies that might
serve to reduce serotonergic neurotransmission, and thereby
indirectly dopaminergic neurotransmission by so-called “false
neurotransmitter” release, could help reduce LID. In this
respect, it is is well-known that administration of 5-HT1A and 5-
HT 1B (5-HT1B) receptor agonists and SERT blockade can
reduce serotonergic neurotransmission by either direct or
indirect actions at somatodendritic, 5-HT1A autoreceptors and
terminal 5-HT1B receptors, respectively. Therefore, compounds
which possess such activity might be considered as potentially
interesting candidates for treating these devastating side
effects.87,91 However, postsynaptic 5-HT1A receptors are more
than probably involved (see further on).
In MPTP-lesioned marmosets primed with L-DOPA to elicit

stable dyskinesia, there are profound changes in serotonergic
neurites in the striatum and globus pallidus.20 In the rat,
stereotaxic application of a serotonergic neurotoxin, 5,7-
dihydroxytryptamine, reduced the rodent analogue of dyski-
nesia, so-called Abnormal Involuntary Movements (or AIMs).91

Therefore, strategies that reduce serotonergic neurotransmis-
sion should be capable of reducing LID; accordingly, 5-HT1A
receptor agonists, such as buspirone, tandospirone, sarizotan
and eltoprazine, have shown various degrees of clinical efficacy
(see below; Table 1) to treat LID92−95 and preclinical studies
support this notion.

Sarizotan is a nonselective 5-HT1A receptor full agonist and
dopamine D2, D3, and D4 receptor antagonist.96,97 Low dose
sarizotan effectively alleviated L-DOPA-induced chorea in the
MPTP-lesioned macaque without reducing the anti-parkinso-
nian benefit conferred by L-DOPA.98 However, high dose
sarizotan impaired L-DOPA anti-parkinsonian action.99 Pres-
ently, however, it remains unclear whether the exacerbation of
parkinsonism after administration of sarizotan was mediated
through activation of 5-HT1A receptors, antagonism of
dopamine receptors, or both. Rodent studies have also
demonstrated that sarizotan reduces dyskinesia-like behavior.
Therefore, repetitive jaw movements induced by the partial D1
receptor (partial) agonist SKF-38,393, similar to dyskinesia,

were reduced by pretreatment with sarizotan.100 Sarizotan was
directly injected into the subthalamic nucleus of dyskinetic rats
and alleviated L-DOPA-induced AIMs.101 However, while 5-
HT1A receptors may be critically involved in the effects of
sarizotan, there is also a prominent role for of dopamine D3
receptors in alleviating at least part of the dyskinesia-like
paradigm in rats102 in addition to a potential role played by
dopamine D4 receptor blockade.

103,104

8-Hydroxy-2-(di-n-propylamino)tetralin (8-OHDPAT) and
particularly its enantiomer, R-(+)-OHDPAT, is a full 5-HT1A
receptor agonist that, unlike sarizotan, is highly selective,
exhibiting nearly 400-fold selectivity.105,106 There are ample
rodent data demonstrating that 8-OHDPAT reduces AIMs
behavior, but data from Bishop’s lab demonstrates that these
effects can be attributed to actions at the level of the dorsal
raphe nucleus (DRN).107 Interestingly, however, other work
from Bishop’s lab suggests that striatal postsynaptic hetero-
ceptors may additionally be involved.108 In the MPTP-lesioned
marmoset, R-(+)-OHDPAT significantly reduced the severity
of L-DOPA-induced chorea, but it was not possible to obtain
an antidyskinetic benefit without hindering L-DOPA anti-
parkinsonian action.109 Because of the high selectivity of R-
(+)-OHDPAT, an off-target interaction with other receptors
appears not to explain the reduction of antiparkinsonian benefit
observed in this study.
Unlike sarizotan and R-(+)-OHDPAT, which are both full

agonists, eltoprazine is a 5-HT1A receptor partial agonist, with a
maximal efficacy (Emax) ∼ 50%. However, eltoprazine exhibits
relatively high affinity for other serotonergic targets including 5-
HT1B, 5-HT2A, and 5-HT2C receptors.110,111 Like other 5-HT1A
receptor agonists, eltoprazine reduces AIMs in the rat, possibly
through actions at both 5-HT1A and 5-HT1B receptors.

112,113 In
a study conducted in the MPTP-lesioned macaque, eltoprazine
significantly diminished LID severity, but it was impossible to
dissociate the antidyskinetic effect from the reduction of L-
DOPA antiparkinsonian action.112 These results suggest that
activation of 5-HT1A receptors with partial agonists may
alleviate LID, but may hinder L-DOPA antiparkinsonian action.
However, data interpretation is complex here, as eltoprazine is
not 5-HT1A-selective; as such any therapeutic effect achieved or
adverse event(s) triggered may not be mediated by interaction
with 5-HT1A receptors solely.
F-15,599 is a highly potent and highly selective 5-HT1A

receptor full agonist with over 1000-fold selectivity over its next
target.114,115 Moreover, unlike all of the 5-HT1A receptor
agonists discussed in this section, F-15,599 is a biased agonist
that preferentially binds to postsynaptic 5-HT1A receptors.

116 In
a study conducted in the MPTP-lesioned macaque, F-15,599
reduced LID without interfering with L-DOPA antiparkinso-
nian action.117 Although brain receptor occupancy was not
measured in this study, it nevertheless suggests that preferential
activation of postsynaptic 5-HT1A receptors may reduce LID
without impairing L-DOPA antiparkinsonian action.
Rodent studies have also suggested that F-15,599 and its

congener F-13,714, which are full agonists with preferential
affinity for postsynaptic and presynaptic 5-HT1A recep-
tors,115,118 respectively, potently inhibited AIMs behavior at
low doses119 after acute administration and induced 5-HT1A
receptor dependent ipsilateral rotation. However, some
reduction in rotarod performance was seen seen for both
compounds, but this was only observed at the highest doses
tested. Further investigations into the actions of these
molecules suggested that they both profoundly reduced

Table 1. Key 5-HT1A Receptor Partial, Full, and Biased
Agonists Which Have Demonstrated a Reduction of LID in
Preclinical and Clinical Studies

compd
type

agonist
clinical
evidence ref, examples

buspirone partial yes 165, and others
eltoprazine partial yes 95, 98, 99, 101
sarizotan full yes 95, 112
tandospirone full yes 166
8-OHDPAT full no 107, 108, and

others
F15,5999 biased no 116, 117
NLX112 (F13,640,
befiradol)

full no 122, 123

F13,714 biased no 119
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synaptic 5-HT in the 6-OHDA-lesioned and normal striata of
nondyskinetic rats, but the key locus of effects is not totally
clear and additional studies are warranted. However, no effects
were observed on dopamine, glutamate, or γ-aminobutyric acid.
NLX-112 (F-13,640 or befiradol) is a congener of F-15,599

and F-13,714. NLX-112 has nanomolar affinity and high
selectivity for 5-HT1A receptors. NLX-112 has undergone
extensive clinical development for the treatment of neuropathic
pain120,121 and is presently being considered for the treatment
of LID. Therefore, the compound effectively alleviated AIMs
behavior, while reducing 5-HT overflow, in both lesioned and
nonlesioned striata.122 As 5-HT1A agonists may have utility for
the treatment of mood disorders.87 Therefore, it would make
sense to consider this highly selective compound, at least, in
putative models of mood disorders, since these symptoms are
commonly observed in PD patients. Accordingly, NLX-112 was
tested in the forced swim test of depression and demonstrated
potent and complete reduction of immobility, in 6-OHDA-
lesioned rats, suggesting antidepressant-like actions.122 Based
on data following acute administration of NLX-112, further
studies were designed to test whether the effects of NLX-112
were robust following chronic administration;123 whether NLX-
112 prevents the developments of AIMs when given in the
priming phase; whether it consistently reduces AIMs in animals
with established dyskinesia; and finally what the effects of NLX-
112 are on synaptic overflow of 5-HT, dopamine and other
neurotransmitters in the priming and the established AIMs
phases. These experiments showed that NLX-112 reduced
AIMs both in the priming and the established AIMs phases, and
that the blunting of AIMs in the priming phase did not equate
to a reduction of AIMs development. Microdialysis measure-
ments suggested that 5-HT levels were reduced, as might be
expected. Moreover, in the presence of L-DOPA, NLX-112
effectively reduced dopamine overflow in the lesioned striatum,
suggesting that 5-HT1A receptor activation reduces dopamine
release, leading to a reduction in dyskinesia.
Collectively, these studies conducted in the parkinsonian

rodent and NHP demonstrate that 5-HT1A activation is an
effective approach to alleviate dyskinesia. The limiting factor
with this approach is that under some circumstances there may
be an exacerbation of parkinsonian disability, whether the drug
used is a full agonist (e.g., R-(+)-OHDPAT) or a partial agonist
(e.g., eltoprazine). However, it is noteworthy that none of
sarizotan, R-(+)-OHDPAT, and eltoprazine are biased agonists
and do not discriminate between pre- and postsynaptic 5-HT1A
receptors. In contrast, more recently described compounds
such as F-15,599, F-13,714, and NLX-112, alleviated dyskinesia
without impacting on parkinsonism, suggesting that targeting
postsynaptic or somatodendritic autoreceptors by highly
selective and highly efficacious 5-HT1A agonists, might be an
effective and well-tolerated way to reduce dyskinesia. Whether
preferential activation of presynaptic and/or postsynaptic 5-
HT1A (and/or 5-HT1B/1D) receptors would be equally effective
and well tolerated remains to be demonstrated.
Indeed, stimulation of 5-HT1B/1D receptors in parkinsonism

is less well studied than studies assessing 5-HT1A receptor
activation. Thus, in the MPTP-lesioned marmoset, the 5-
HT1B/1D agonist SKF-99−101-H significantly reduced dyski-
nesia but also hindered L-DOPA antiparkinsonian benefit.124 In
contrast, in the MPTP-lesioned macaque, the 5-HT1B receptor
agonist CP-94,253 did not reduce dyskinesia and had no effect
on parkinsonism.125 With so few studies conducted in the
NHP, it is difficult to make strong conclusions about the

efficacy and tolerability of 5-HT1B/1D agonists in PD and
additional studies are needed to further characterize the
therapeutic potential of this category of drugs. In the rat, the
5-HT1B agonist CP-94,253 reduced AIMs behavior following
treatment with either L-DOPA, apomorphine or the dopamine
D1 agonist SKF-81,297.

126,127 Generally, however, many studies
focused on the combination of 5-HT1A and 5-HT1B receptor
agonists, and as such it is not always possible to directly discern
the role of the latter subtype.126,128

5-HT2A Receptor Modulation: A Role in LID and
Psychosis. Clozapine is an atypical antipsychotic that interacts
with several receptors, including 5-HT2A, 5-HT2C, alpha-
adrenergic, muscarinic and dopamine D2 and D4 recep-
tors.129−131 In the MPTP-lesioned marmoset, clozapine
effectively reduced both LID and psychosis-like behaviors,
without affecting parkinsonism.132,133 These results suggest that
5-HT2A antagonism is effective at reducing both PD psychosis
and dyskinesia, without diminishing the action of L-DOPA;
however, because of the lack of selectivity of clozapine, it is
unclear whether this effect is exclusively mediated via 5-HT2A
receptor blockade, or whether other receptors are involved.
JL-18 is a clozapine analogue that harbors high affinity at 5-

HT2A and dopamine D2, D3 and D4 receptors.
134 In the MPTP-

lesioned macaque, JL-18 reduced LID, but considerably
hindered L-DOPA therapeutic effect.135 Due to the fact that
JL-18 is not 5-HT2A-selective, no claim can be made as to
whether a 5-HT2A-mediated effect underlies the reduction of L-
DOPA action following its administration, especially since it
antagonizes dopamine D1 and D2 receptors at higher doses.

134

Rodent data suggest that 5-HT2A receptor blockade does not
convey anti-LID effects per se, while treatment with 5-HT2A
receptor antagonists may modify D1 receptor responses.

136−138

Methysergide is a nonselective 5-HT2A receptor antagonist
that significantly reduced dyskinesia in the MPTP-lesioned
macaque, but by interfering with the antiparkinsonian effect of
L-DOPA.52 However, caution should be taken in concluding
that 5-HT2A receptors have an exclusive role as methysergide
lacks selectivity,139 therefore it is not possible to pinpoint a
single mechanism of action underlying both the therapeutic and
detrimental effects in the MPTP-lesioned primate.
The case of MDMA is very interesting (see previous and next

sections for additional discussions about MDMA). The
racemate MDMA alleviated L-DOPA- and pramipexole-
induced dyskinesia without interfering with their antiparkinso-
nian effect in the MPTP-lesioned marmoset.140 In a further
study conducted on the MPTP-lesioned marmoset,141 the R-
enantiomer of MDMA, which acts as a 5-HT2A partial
agonist,142 alleviated both dyskinesia and psychosis, without
affecting the benefit of L-DOPA on parkinsonism. These
studies suggest that selective 5-HT2A receptor partial activation
may be effective for both PD psychosis and dyskinesia. Again,
caution is warranted based on the psychotomimetic actions of
racemic MDMA via dopamine release and the ability of 5-HT2A
receptor agonists to drive hallucinations.
Pimavanserin is a selective 5-HT2A/2C inverse agonist without

significant affinity for any other target.143 In the MPTP-
lesioned macaque, pimavanserin reduced LID, without
interfering with its antiparkinsonian action.144 Clinically it is
now used to treat psychosis in PD patients (see next section)
and rodent data have suggested its actions in a variety of animal
models of psychosis.145−147 It is possible that the doses used
clinically cause anatgonist/inverse agonist actions at both 5-
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HT2A and 5-HT2C receptors may have impact on the
antipsychotic efficacy.148

Quetiapine is a nonselective 5-HT2A antagonist and atypical
antipsychotic agent that exhibits moderate affinity at dopamine
D2, muscarinic and alpha-adrenoceptors.149 In the MPTP-
lesioned macaque150 and the MPTP-lesioned marmoset,133

quetiapine alleviated dyskinesia without affecting L-DOPA-
induced reversal of parkinsonism. Moreover, quetiapine also
reduced dopaminergic psychosis-like behaviors in the MPTP-
lesioned marmoset.133

Collectively, these studies suggest that antagonising 5-HT2A
receptors is an effective strategy to alleviate both dyskinesia and
psychosis, without interfering with the antiparkinsonian effect
of L-DOPA. Because of their lack of selectivity, we postulate
that the detrimental effect of JL-18 and methysergide on L-
DOPA antiparkinsonian action may be due to interaction with
other targets. The lack of selectivity of some compounds
described, e.g., clozapine and quetiapine, prevents attributing
their beneficial action to a 5-HT2A-selective mechanism
exclusively. However, data with pimavanserin and the
therapeutic benefits it confers appear mediated via actions at
5-HT2A sites.

■ CLINICAL STUDIES USING SEROTONERGIC
AGENTS IN PD

Motor Symptoms of PD. Reducing involuntary move-
ments secondary to LID in the clinic has been a key therapeutic
strategy for which a variety of serotonergic agents have been
assessed. In addition, as discussed earlier, the serotonergic
system may be involved in the expression of motor symptoms,
particularly resting tremor.
5-HT May Contribute to LID. As discussed above,

preclinical studies suggest that targeting presynaptic 5-HT1A
receptors on serotonergic fibers to reduce aberrant dopamine
release, as well as postsynaptic 5-HT1A receptors to reduce
overactive cortico-striatal glutamate neurotransmission,151,152

may reduce LID. Clinical investigations to verify these findings
have used PET in PD patients with LID, compared to age-
matched PD subjects without LID. Higher striatal SERT:
dopamine transporter ratios were seen, suggesting relative
preservation of serotonergic terminal.94,153 Additional clinical
evidence implicates 5-HT in the development of so-called
“runaway dyskinesia” that may occur in PD patients following
transplanted fetal ventral mesencephalic tissue, possibly due to
the presence of serotonergic neurons in grafted tissue.154

An early, indirect, suggestion that 5-HT agents may reduce
LID came from the anecdotal evidence of a young-onset PD
patient who reported that his LID (and PD) improved after
taking MDMA, and this was the subject of a BBC documentary
and an “n-of-1” double-blind acute challenge study suggesting
that MDMA could reduce LID and extend the action of L-
DOPA. The effect of MDMA on LID was thought to involve 5-
HT, as there was no effect on dopaminergic transmission as
demonstrated by a raclopride PET study.81 Clearly the
psychotropic actions of MDMA cannot be discounted, but
the possible principle of 5-HT modulators was subsequently
evaluated in many preclinical studies.87,123,140,141,155,156

Clinical trials in PD subjects with LID, have evaluated novel
5-HT1A agonists and 5-HT2A antagonists, as well as clinically
available mixed 5-HT1A agonists that are already approved for
other indications, such as anxiety and depression, e.g.,
buspirone and tandospirone (see later).

Novel 5-HT1A Receptor Agonists. The first novel 5-HT1A
receptor agonist to be clinically evaluated for LID was sarizotan.
Sarizotan is both a 5-HT1A receptor agonist, as well as a
dopamine D2, D3, and D4 receptor antagonist.

96 Early studies
were promising, with a phase IIa study reporting a reduction in
LID of 40%, without worsening motor PD symptoms.157

However, in an open-label trial sarizotan reduced LID, but also
worsened motor symptoms (reduced on-time) in half of study
participants.158 Three large randomized controlled trials of
sarizotan have been conducted. One study, using 2, 4, and 10
mg/day (n = 398) failed to demonstrate any significant change
in dyskinesia scores compared to placebo. In addition, higher
doses were also associated with an increased duration of off-
time. Two studies using sarizotan 2 mg daily (the PADDY-1
study, n = 504 and the PADDY-2 study, n = 403) demonstrated
no significant improvement in LID compared to placebo.159,160

The conclusion was that either 5-HT1A receptor agonists have
to be used at a critical dose with a potentially narrow
therapeutic window, due to the potential to reduce dopamine
release (as discussed above), or, in the particular case of
sarizotan, the worsening of PD may well be related to actions at
non-5-HT receptors, since sarizotan is also a dopamine
receptor antagonist.96 There has been no further clinical
development of sarizotan for the treatment of LID.

Clinically Available Serotonergic Drugs. A number of
clinically available anxiolytics have been evaluated in small
studies. These include the mixed 5-HT1A (partial) receptor
agonists buspirone (which lacks appreciable selectivity and is
also a dopamine D2-like receptor partial agonist),161,162

tandospirone and eltoprazine, as well as the selective 5-HT
reuptake inhibitor (SSRI) fluoxetine. The antipsychotics
clozapine and quetiapine, and the antidepressant mirtazapine,
have “rich”, or aselective actions. Each of the compounds have a
myriad of actions including 5-HT2A antagonistic properties,
along with activity at other targets. In general the studies have
been positive but of low quality (e.g., open-label, short duration
and small numbers). Therefore, true efficacy is unknown as of
yet, as is the precise pharmacological target. Further studies
using some clinically available agents are ongoing.
A small open-label study in seven PD subjects with LID

reported a 47% reduction with the SSRI fluoxetine (40 mg/day
for 11 days).163 The mechanism of action of SSRIs may involve
5-HT1A and/or 5-HT1B/1D receptor indirect agonist effects, in
part.164 However, no further double-blind randomized
controlled trials have been performed to evaluate this role,
and anecdotal studies using SSRIs in depression for PD have
not reported any observations that coexistent LID is also
reduced.
A double-blind randomized controlled crossover study for 3

weeks reported that buspirone (20 mg/day) reduced LID
without worsening parkinsonian disability in 7 out of 10 PD
patients.165 As part of the PET imaging study described above
to evaluate the role of 5-HT1A receptors in PD,94 acute
pretreatment with buspirone (0.35 mg/kg), prior to L-DOPA,
reduced LID by approximately one-third, with no effect on
motor symptoms (n = 24). The dose selected was thought to
preferentially bind to 5-HT1A rather than dopamine D2
receptors. Thus, buspirone appears to have some benefit, but
longer term evaluation needs to be performed. A 12-week
double-blind randomized controlled trial is ongoing evaluating
buspirone (20 mg/day) for bothersome LID in PD
(NCT02617017).
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Eltoprazine is a 5-HT1A receptor partial agonist that also
exhibits affinity for 5-HT1B and 5-HT2C receptors.110 A phase
IIa crossover randomized controlled trial in 18 PD patients,
using single acute dosing (5−7.5 mg), reduced peak-dose and
total LID (∼10−15%) without worsening PD motor scores.
Side-effects were nausea and dizziness.95 There is also an
ongoing double-blind, placebo-controlled, crossover, dose-
range finding study over 3 weeks evaluating eltoprazine 2.5−
7.25 mg/day for LID (NCT02439125). Other similar 5-HT1A
receptor partial agonists include tandospirone, which is
clinically available in Japan. An open-label study reported that
tandospirone (15−60 mg/day) reduced LID in 5 out of 10
subjects, but with worsening of PD motor symptoms in 3 after
12 weeks.166

Postsynaptic 5-HT2A receptors have also been implicated in
LID. Thus, the atypical antipsychotic and preferential 5-HT2A
receptor antagonist clozapine (low dose, <50 mg/day) was
shown to significantly reduce the duration of daily LID by
about 1 h, without worsening motor function, in a single
double-blind randomized controlled trial in 50 subjects.167 The
other atypical antipsychotic, quetiapine (25 mg/day), failed
however to show a significant reduction in LID in a double-
blind randomized controlled trial in 9 PD patients; open-label
trials with 50 mg/day reported some antidyskinetic benefit and
no worsening of PD motor scores.168 The antidepressant,
mirtazapine (which has a mixed pharmacological profile
including anticholinergic as well as 5-HT2A receptor antagonist
actions),169 also reduced LID without worsening parkinson-
ism.170,171 However, these trials were also small open-label
studies, so true efficacy remains unclear. The use of SSRI in the
treatment of LID has been suggested in the animal literature
(e.g., refs 172, 173). Clinically, anecdotal reports also suggest
that SSRIs reduce LID.174 However, more extensive double-
blind placebo controlled studies are warranted.
5-HT Antagonism in PD Resting Tremor. Resting tremor

is another motor symptom that can sometimes be challenging
to treat. Many patients do not have a good reduction with L-
DOPA, suggesting the pathophysiology may be mediated by
nondopaminergic systems, including 5-HT.175 Clozapine at low
dose can also reduce PD tremor, which may reflect 5-HT2A
receptor antagonist properties.176

■ NONMOTOR SYMPTOMS
Depression and Anxiety. There are several nonmotor

issues experienced by PD subjects which may respond to
serotonergic compounds. For example, mood disorders are very
common in PD and are seen in around 50% of patients
(although large ranges are reported).177 Classical antidepres-
sants have been evaluated for use in PD with generally positive,
although variable, effects.178 A recent meta-analysis of trials for
PD depression (which included 13 pharmacological studies)
reported the overall standard mean difference for all
pharmacologic interventions was 0.30 (95% CI 0.00, 0.61, p
= 0.054) and suggested that SSRIs may have better outcomes
than other interventions,179 but other authors have suggested
that SSRIs might represent the last treatment choice.180,181

Prevailing clinical experience and practice suggest that SSRIs
are the first choice for the management of depressive symptoms
in PD, but no head to head randomized control trials
supporting the better efficacy or tolerabilty of specific SSRIs
have been reported. Interestingly, the relative preservation of
serotonergic vs dopaminergic terminals in PD appeared
unrelated to depressive symptoms per se, but the reduction

in serotonin could be a potential limitation to antidpressant
activity associated with SSRIs treatment in PD patients.182,183

However, overall, side-effects and safety appear similar to other
antidepressant treatments and there appears to be no clinically
relevant worsening of PD motor symptoms.

Psychosis. Dopaminegic drugs may clearly be a trigger for
onset or exacerbation of PD psychosis. In the case of L-DOPA
this may be due to extrastriatal dopamine increase.88 PD
psychosis has also been suggested to involve 5-HT, and there is
preclinical and clinical evidence for a role for 5-HT2A receptors
in PD psychosis.184,185 Drugs that target 5-HT2A receptors may
be effective and include low doses of the atypical antipsychotics
quetiapine, clozapine, and the new 5-HT2A/2C inverse agonist
pimavanserin. Quetiapine (25−150 mg/day) has been
evaluated in a number of studies but did not shown significant
benefit compared to placebo.186−188 At higher doses, subjects
with PD dementia may experience worsening of motor
symptoms which may reflect a loss of 5-HT2A-selective binding
and dopamine D2 receptor antagonism instead. The most
efficacious agent for PD psychosis is clozapine and low doses
(12.5−75 mg/day) are very effective189,190 without worsening
of PD motor symptoms. The main issues relate to the
mandatory blood counts for agranulocytosis.191 Other side-
effects include postural hypotension and sedation. There is a
black box warning on use of antipsychotics in general in the
elderly due to higher overall cardiac risks, and a higher hazard
ratio of death of 2.16 with quetiapine use.192 The 5-HT2A/2C
inverse agonist pimavanserin, which has been described more
recently in the literature (see above for references), has lately
been licensed in the United States on the basis of positive data
showing reduced PD psychosis compared to placebo, without
worsening PD motor scores, and with added benefit on sleep
and caregiver burden.193,194 Another 5-HT2A inverse agonist,
nelotanserin, is currently being evaluated in a phase II double-
blind placebo controlled trial in patients with Lewy body
disease experiencing visual hallucinations (NCT02640729).

Cognitive Impairment. Dementia is a major issue in PD
and has been extensively reviewed by a number of authors.195

5-HT6 receptors are located in frontal and entorhinal cortices,
dorsal hippocampus, nucleus accumbens, and striatum, and
have been implicated in learning and memory via the
modulation of cholinergic, monoaminergic, and glutamatergic
functions.196 5-HT6 receptor antagonists improve cognitive
function in Alzheimer’s disease.197 There is an ongoing study
evaluating the 5-HT6/5-HT2A dual antagonist SYN120 in a
safety and tolerability double blind randomized controlled
studies in 80 subjects with PD dementia over 16 weeks
(NCT02258152).

■ DISCUSSION
The 5-HT system is involved in a breadth of manifestations and
treatment-related complications of PD. A better understanding
of the role played by 5-HT in PD has led to several trials, at
both preclinical and clinical levels. Most of these have focused
on 5-HT1A and 5-HT2A receptors, as well as SERT modulation,
as discussed above. Although the potential of 5-HT modulation
to alleviate PD manifestations and treatment-related complica-
tions appears immense, several hurdles have been encountered.
In summary:
(i) The development of a new NHP model that mimics more

closely the disease, with dual dopamine/5-HT lesion, might
provide ways to better model the human condition and advance
drugs to the market for nonmotors symptoms.
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(ii) With 5-HT1A stimulation, it seems difficult to separate
any benefit from an interaction with L-DOPA antiparkinsonian
action, at least in the case of the 5-HT1A full agonists R-
(+)-OH-DPAT and sarizotan. In the case of the latter, however,
because the drug interacts with several receptors besides 5-
HT1A receptors, caution is warranted when discussing its
deleterious effect on L-DOPA action. Moreover, sarizotan had
to put up with an unexpectedly strong placebo performance,160

which has also been the case with the 5-HT2A/2C inverse agonist
pimavanserin,198 ultimately leading to a phase III trial with a
run-in phase where effectiveness vs placebo was achieved.193

Therefore, optimal design of clinical trials may be critical to
bring 5-HT modulators to the clinic.
(iii) The use of 5-HT1A receptor partial agonists also seems

marred by a potential detrimental effect on L-DOPA anti-
parkinsonian action, suggesting that such drugs may have a
narrow therapeutic window. Thus, whereas the partial agonist
eltoprazine alleviated LID in the MPTP-lesioned NHP, it
worsened parkinsonian disability.112 Tandospirone had similar
effects, in a small open-label clinical trial.166

(iv) Perhaps compounds with biased agonistic properties
represent a new way to alleviate LID that will be devoid of
effects on parkinsonism, but too few studies and no clinical
trials have been conducted with these compounds, and their
safety (in the patient population) and efficacy need to be
further demonstrated.
In conclusion, modulation of the 5-HT system is a promising

way to address several manifestations and complications of PD.
Studies are ongoing that aim at developing drugs that will
provide the maximal benefit with minimal adverse events, to
improve patients and care givers quality of life.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: amccrear@its.jnj.com; andymccreary@yahoo.co.uk.
ORCID
Andrew C. McCreary: 0000-0003-3614-9117
Author Contributions
P.H: conceived, organized, and executed the research project,
wrote the first draft of the manuscript, and contributed review
and critique of the manuscript. V.S.-F.: conceived and executed
the research project, wrote the first draft of the manuscript, and
contributed review and critique of the manuscript. S.H.F.:
conceived and executed the research project, wrote the first
draft of the manuscript, and contributed review and critique of
the manuscript. A.C.M.: conceived, organized, and executed the
research project, wrote the first draft of the manuscript, and
contributed review and critique of the manuscript.
Notes
The authors declare the following competing financial
interest(s): P.H. receives research funding from the Western
Brain Institute, Parkinson Society Canada, Natural Sciences and
Engineering Research Council of Canada and Fonds de
Recherche Qubec Sant. V.S.-F. receives research funding from
Fondation de France (Grant Numbers 201234497 and
00016818), S.F. has received Consultancy and research funding
from Astra Zeneca; Avanir, Biotie, C2N, Cynapsus, Kyowa,
Orion. Honoraria from the International Parkinson and
Movement Disorder Society and American Academy of
Neurology; Research funding from MJFF for PD research,
NIH, Parkinson Society Canada and Toronto Western
Foundation. Salary from UHN Dept of Medicine Practice

Plan, A.C.M. is employed by Janssen Vaccines &amp;
Prevention B.V., Leiden, The Netherlands, part of the Janssen
Pharmaceutical Companies of Johnson & Johnson, but receives
no other funding. However, the views conveyed herein are the
personal views of the author and not those necessarily of the
company.

■ REFERENCES
(1) Hornykiewicz, O., and Kish, S. J. (1987) Biochemical
pathophysiology of Parkinson’s disease. Adv. Neurol. 45, 19−34.
(2) Braak, H., Del Tredici, K., Rub, U., de Vos, R. A., Jansen Steur, E.
N., and Braak, E. (2003) Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol. Aging 24, 197−211.
(3) Fujita, M., Ichise, M., Zoghbi, S. S., Liow, J. S., Ghose, S., Vines,
D. C., Sangare, J., Lu, J. Q., Cropley, V. L., Iida, H., Kim, K. M., Cohen,
R. M., Bara-Jimenez, W., Ravina, B., and Innis, R. B. (2006)
Widespread decrease of nicotinic acetylcholine receptors in
Parkinson’s disease. Ann. Neurol. 59, 174−177.
(4) Calon, F., Morissette, M., Ghribi, O., Goulet, M., Grondin, R.,
Blanchet, P. J., Bedard, P. J., and Di Paolo, T. (2002) Alteration of
glutamate receptors in the striatum of dyskinetic 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-treated monkeys following dopamine ago-
nist treatment. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 26, 127−
138.
(5) Pisani, A., Fezza, F., Galati, S., Battista, N., Napolitano, S., Finazzi-
Agro, A., Bernardi, G., Brusa, L., Pierantozzi, M., Stanzione, P., and
Maccarrone, M. (2005) High endogenous cannabinoid levels in the
cerebrospinal fluid of untreated Parkinson’s disease patients. Ann.
Neurol. 57, 777−779.
(6) Charron, G., Doudnikoff, E., Laux, A., Berthet, A., Porras, G.,
Canron, M. H., Barroso-Chinea, P., Li, Q., Qin, C., Nosten-Bertrand,
M., Giros, B., Delalande, F., Van Dorsselaer, A., Vital, A., Goumon, Y.,
and Bezard, E. (2011) Endogenous morphine-like compound
immunoreactivity increases in parkinsonism. Brain 134, 2321−2338.
(7) Shannak, K., Rajput, A., Rozdilsky, B., Kish, S., Gilbert, J., and
Hornykiewicz, O. (1994) Noradrenaline, dopamine and serotonin
levels and metabolism in the human hypothalamus: observations in
Parkinson’s disease and normal subjects. Brain Res. 639, 33−41.
(8) Paulus, W., and Jellinger, K. (1991) The neuropathologic basis of
different clinical subgroups of Parkinson’s disease. J. Neuropathol. Exp.
Neurol. 50, 743−755.
(9) Nichols, D. E., and Nichols, C. D. (2008) Serotonin receptors.
Chem. Rev. 108, 1614−1641.
(10) Ballanger, B., Strafella, A. P., van Eimeren, T., Zurowski, M.,
Rusjan, P. M., Houle, S., and Fox, S. H. (2010) Serotonin 2A receptors
and visual hallucinations in Parkinson disease. Arch. Neurol. 67, 416−
421.
(11) Huot, P., Johnston, T. H., Darr, T., Hazrati, L. N., Visanji, N. P.,
Pires, D., Brotchie, J. M., and Fox, S. H. (2010) Increased 5-HT2A
receptors in the temporal cortex of parkinsonian patients with visual
hallucinations. Mov. Disord. 25, 1399−1408.
(12) Huot, P., Johnston, T. H., Visanji, N. P., Darr, T., Pires, D.,
Hazrati, L. N., Brotchie, J. M., and Fox, S. H. (2012) Increased levels
of 5-HT1A receptor binding in ventral visual pathways in Parkinson’s
disease. Mov. Disord. 27, 735−742.
(13) Boileau, I., Warsh, J. J., Guttman, M., Saint-Cyr, J. A.,
McCluskey, T., Rusjan, P., Houle, S., Wilson, A. A., Meyer, J. H.,
and Kish, S. J. (2008) Elevated serotonin transporter binding in
depressed patients with Parkinson’s disease: a preliminary PET study
with [11C]DASB. Mov. Disord. 23, 1776−1780.
(14) Ballanger, B., Klinger, H., Eche, J., Lerond, J., Vallet, A. E., Le
Bars, D., Tremblay, L., Sgambato-Faure, V., Broussolle, E., and
Thobois, S. (2012) Role of serotonergic 1A receptor dysfunction in
depression associated with Parkinson’s disease. Mov. Disord. 27, 84−
89.
(15) Maillet, A., Krack, P., Lhommee, E., Metereau, E., Klinger, H.,
Favre, E., Le Bars, D., Schmitt, E., Bichon, A., Pelissier, P., Fraix, V.,
Castrioto, A., Sgambato-Faure, V., Broussolle, E., Tremblay, L., and

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

H

mailto:amccrear@its.jnj.com
mailto:andymccreary@yahoo.co.uk
http://orcid.org/0000-0003-3614-9117
http://dx.doi.org/10.1021/acschemneuro.6b00440


Thobois, S. (2016) The prominent role of serotonergic degeneration
in apathy, anxiety and depression in de novo Parkinson’s disease. Brain
139, 2486−2502.
(16) Huot, P., Johnston, T. H., Winkelmolen, L., Fox, S. H., and
Brotchie, J. M. (2012) 5-HT2A receptor levels increase in MPTP-
lesioned macaques treated chronically with L-DOPA. Neurobiol. Aging
33, 194.e5−194.e15.
(17) Riahi, G., Morissette, M., Parent, M., and Di Paolo, T. (2011)
Brain 5-HT(2A) receptors in MPTP monkeys and levodopa-induced
dyskinesias. Eur. J. Neurosci 33, 1823−1831.
(18) Huot, P., Johnston, T. H., Koprich, J. B., Winkelmolen, L., Fox,
S. H., and Brotchie, J. M. (2012) Regulation of cortical and striatal 5-
HT1A receptors in the MPTP-lesioned macaque. Neurobiol. Aging 33,
207.e9−207.e19.
(19) Beaudoin-Gobert, M., Epinat, J., Metereau, E., Duperrier, S.,
Neumane, S., Ballanger, B., Lavenne, F., Liger, F., Tourvielle, C.,
Bonnefoi, F., Costes, N., Bars, D. L., Broussolle, E., Thobois, S.,
Tremblay, L., and Sgambato-Faure, V. (2015) Behavioural impact of a
double dopaminergic and serotonergic lesion in the non-human
primate. Brain 138, 2632−2647.
(20) Zeng, B. Y., Iravani, M. M., Jackson, M. J., Rose, S., Parent, A.,
and Jenner, P. (2010) Morphological changes in serotoninergic
neurites in the striatum and globus pallidus in levodopa primed MPTP
treated common marmosets with dyskinesia. Neurobiol. Dis. 40, 599−
607.
(21) Blesa, J., Phani, S., Jackson-Lewis, V., and Przedborski, S. (2012)
Classic and new animal models of Parkinson’s disease. J. Biomed.
Biotechnol. 2012, 845618.
(22) Levitt, P., Pintar, J. E., and Breakefield, X. O. (1982)
Immunocytochemical demonstration of monoamine oxidase B in
brain astrocytes and serotonergic neurons. Proc. Natl. Acad. Sci. U. S. A.
79, 6385−6389.
(23) Westlund, K. N., Denney, R. M., Kochersperger, L. M., Rose, R.
M., and Abell, C. W. (1985) Distinct monoamine oxidase A and B
populations in primate brain. Science 230, 181−183.
(24) Di Monte, D. A., Royland, J. E., Irwin, I., and Langston, J. W.
(1996) Astrocytes as the site for bioactivation of neurotoxins.
Neurotoxicology 17, 697−703.
(25) Di Monte, D. A., Wu, E. Y., Irwin, I., Delanney, L. E., and
Langston, J. W. (1991) Biotransformation of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine in primary cultures of mouse astrocytes. J.
Pharmacol. Exp. Ther. 258, 594−600.
(26) D’Amato, R. J., Lipman, Z. P., and Snyder, S. H. (1986)
Selectivity of the parkinsonian neurotoxin MPTP: toxic metabolite
MPP+ binds to neuromelanin. Science 231, 987−989.
(27) Javitch, J. A., D’Amato, R. J., Strittmatter, S. M., and Snyder, S.
H. (1985) Parkinsonism-inducing neurotoxin, N-methyl-4-phenyl-
1,2,3,6 -tetrahydropyridine: uptake of the metabolite N-methyl-4-
phenylpyridine by dopamine neurons explains selective toxicity. Proc.
Natl. Acad. Sci. U. S. A. 82, 2173−2177.
(28) Michel, P. P., Hirsch, E. C., and Hunot, S. (2016)
Understanding Dopaminergic Cell Death Pathways in Parkinson
Disease. Neuron 90, 675−691.
(29) Jenner, P., Rupniak, N. M., Rose, S., Kelly, E., Kilpatrick, G.,
Lees, A., and Marsden, C. D. (1984) 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced parkinsonism in the common marmoset.
Neurosci. Lett. 50, 85−90.
(30) Visanji, N. P., and Brotchie, J. M. (2005) MPTP-induced
models of Parkinson’s disease in mice and non-human primates. Curr.
Protoc. Pharmacol. 29 (5.42), 5.42.1−45.42.13.
(31) van Vliet, S. A., Vanwersch, R. A., Jongsma, M. J., Olivier, B., and
Philippens, I. H. (2008) Therapeutic effects of Delta9-THC and
modafinil in a marmoset Parkinson model. Eur. Neuropsychopharmacol.
18, 383−389.
(32) Perez-Otano, I., Herrero, M. T., Oset, C., De Ceballos, M. L.,
Luquin, M. R., Obeso, J. A., and Del Rio, J. (1991) Extensive loss of
brain dopamine and serotonin induced by chronic administration of
MPTP in the marmoset. Brain Res. 567, 127−132.

(33) Hodgson, R. A., Bedard, P. J., Varty, G. B., Kazdoba, T. M., Di
Paolo, T., Grzelak, M. E., Pond, A. J., Hadjtahar, A., Belanger, N.,
Gregoire, L., Dare, A., Neustadt, B. R., Stamford, A. W., and Hunter, J.
C. (2010) Preladenant, a selective A(2A) receptor antagonist, is active
in primate models of movement disorders. Exp. Neurol. 225, 384−390.
(34) Bezard, E., Imbert, C., Deloire, X., Bioulac, B., and Gross, C. E.
(1997) A chronic MPTP model reproducing the slow evolution of
Parkinson’s disease: evolution of motor symptoms in the monkey.
Brain Res. 766, 107−112.
(35) Jenner, P., Taquet, H., Mauborgne, A., Benoliel, J. T., Cesselin,
F., Rose, S., Javoy-Agid, F., Agid, Y., and Marsden, C. D. (1986) Lack
of change in basal ganglia neuropeptide content following subacute 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment of the common
marmoset. J. Neurochem. 47, 1548−1551.
(36) Perez-Otano, I., Oset, C., Luquin, M. R., Herrero, M. T., Obeso,
J. A., and Del Rio, J. (1994) MPTP-induced parkinsonism in primates:
pattern of striatal dopamine loss following acute and chronic
administration. Neurosci. Lett. 175, 121−125.
(37) Hantraye, P., Varastet, M., Peschanski, M., Riche, D., Cesaro, P.,
Willer, J. C., and Maziere, M. (1993) Stable parkinsonian syndrome
and uneven loss of striatal dopamine fibres following chronic MPTP
administration in baboons. Neuroscience 53, 169−178.
(38) Varastet, M., Riche, D., Maziere, M., and Hantraye, P. (1994)
Chronic MPTP treatment reproduces in baboons the differential
vulnerability of mesencephalic dopaminergic neurons observed in
Parkinson’s disease. Neuroscience 63, 47−56.
(39) Schneider, J. S., and Pope-Coleman, A. (1995) Cognitive deficits
precede motor deficits in a slowly progressing model of parkinsonism
in the monkey. Neurodegeneration 4, 245−255.
(40) Wullner, U., Pakzaban, P., Brownell, A. L., Hantraye, P., Burns,
L., Shoup, T., Elmaleh, D., Petto, A. J., Spealman, R. D., Brownell, G.
L., et al. (1994) Dopamine terminal loss and onset of motor symptoms
in MPTP-treated monkeys: a positron emission tomography study
with 11C-CFT. Exp. Neurol. 126, 305−309.
(41) Schneider, J. S., and Kovelowski, C. J., 2nd. (1990) Chronic
exposure to low doses of MPTP. I. Cognitive deficits in motor
asymptomatic monkeys. Brain Res. 519, 122−128.
(42) Mounayar, S., Boulet, S., Tande, D., Jan, C., Pessiglione, M.,
Hirsch, E. C., Feger, J., Savasta, M., Francois, C., and Tremblay, L.
(2007) A new model to study compensatory mechanisms in MPTP-
treated monkeys exhibiting recovery. Brain 130, 2898−2914.
(43) Role of Anti-Inflammatory Agents in Patients With Schizo-
phrenia, clinicaltrials.gov: NCT00929955.
(44) Elsworth, J. D., Deutch, A. Y., Redmond, D. E., Jr., Sladek, J. R.,
Jr., and Roth, R. H. (1987) Effects of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) on catecholamines and metabolites in
primate brain and CSF. Brain Res. 415, 293−299.
(45) Song, D. D., and Haber, S. N. (2000) Striatal responses to
partial dopaminergic lesion: evidence for compensatory sprouting. J.
Neurosci. 20, 5102−5114.
(46) Schneider, J. S., Lidsky, T. I., Hawks, T., Mazziotta, J. C., and
Hoffman, J. M. (1995) Differential recovery of volitional motor
function, lateralized cognitive function, dopamine agonist-induced
rotation and dopaminergic parameters in monkeys made hemi-
parkinsonian by intracarotid MPTP infusion. Brain Res. 672, 112−117.
(47) Imbert, C., Bezard, E., Guitraud, S., Boraud, T., and Gross, C. E.
(2000) Comparison of eight clinical rating scales used for the
assessment of MPTP-induced parkinsonism in the Macaque monkey.
J. Neurosci. Methods 96, 71−76.
(48) Benazzouz, A., Boraud, T., Dubedat, P., Boireau, A., Stutzmann,
J. M., and Gross, C. (1995) Riluzole prevents MPTP-induced
parkinsonism in the rhesus monkey: a pilot study. Eur. J. Pharmacol.
284, 299−307.
(49) Kurlan, R., Kim, M. H., and Gash, D. M. (1991) Oral levodopa
dose-response study in MPTP-induced hemiparkinsonian monkeys:
assessment with a new rating scale for monkey parkinsonism. Mov.
Disord. 6, 111−118.

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acschemneuro.6b00440


(50) Papa, S. M., and Chase, T. N. (1996) Levodopa-induced
dyskinesias improved by a glutamate antagonist in Parkinsonian
monkeys. Ann. Neurol. 39, 574−578.
(51) Smith, R. D., Zhang, Z., Kurlan, R., McDermott, M., and Gash,
D. M. (1993) Developing a stable bilateral model of parkinsonism in
rhesus monkeys. Neuroscience 52, 7−16.
(52) Gomez-Mancilla, B., and Bedard, P. J. (1993) Effect of
nondopaminergic drugs on L-dopa-induced dyskinesias in MPTP-
treated monkeys. Clin. Neuropharmacol. 16, 418−427.
(53) Fahn, S., and Elton, R. L. (Members of the UPDRS
Development Committee) (1987) Unified Parkinson’s Disease Rating
Scale. In Recent developments in Parkinson’s disease (Fahn, S., Marsden,
C. D., Goldstein, M., and Calne, D. B., Eds.), pp 153−163, Macmillan
Healthcare Information, Florham Park.
(54) Fernandez-Ruiz, J., Doudet, D. J., and Aigner, T. G. (1995)
Long-term cognitive impairment in MPTP-treated rhesus monkeys.
NeuroReport 7, 102−104.
(55) Slovin, H., Abeles, M., Vaadia, E., Haalman, I., Prut, Y., and
Bergman, H. (1999) Frontal cognitive impairments and saccadic
deficits in low-dose MPTP-treated monkeys. J. Neurophysiol. 81, 858−
874.
(56) Taylor, J. R., Elsworth, J. D., Roth, R. H., Sladek, J. R., Jr., and
Redmond, D. E., Jr. (1997) Severe long-term 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced parkinsonism in the vervet monkey
(Cercopithecus aethiops sabaeus). Neuroscience 81, 745−755.
(57) Eidelberg, E., Brooks, B. A., Morgan, W. W., Walden, J. G., and
Kokemoor, R. H. (1986) Variability and functional recovery in the N-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of parkinsonism in
monkeys. Neuroscience 18, 817−822.
(58) Ballanger, B., Beaudoin-Gobert, M., Neumane, S., Epinat, J.,
Metereau, E., Duperrier, S., Broussolle, E., Thobois, S., Bonnefoi, F.,
Tourvielle, C., Lavenne, F., Costes, N., Lebars, D., Zimmer, L.,
Sgambato-Faure, V., and Tremblay, L. (2016) Imaging Dopamine and
Serotonin Systems on MPTP Monkeys: A Longitudinal PET
Investigation of Compensatory Mechanisms. J. Neurosci. 36, 1577−
1589.
(59) Mavridis, M., Degryse, A. D., Lategan, A. J., Marien, M. R., and
Colpaert, F. C. (1991) Effects of locus coeruleus lesions on
parkinsonian signs, striatal dopamine and substantia nigra cell loss
after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in monkeys: a
possible role for the locus coeruleus in the progression of Parkinson’s
disease. Neuroscience 41, 507−523.
(60) Russ, H., Mihatsch, W., Gerlach, M., Riederer, P., and Przuntek,
H. (1991) Neurochemical and behavioural features induced by chronic
low dose treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in the common marmoset: implications for Parkinson’s
disease? Neurosci. Lett. 123, 115−118.
(61) Karachi, C., Grabli, D., Bernard, F. A., Tande, D., Wattiez, N.,
Belaid, H., Bardinet, E., Prigent, A., Nothacker, H. P., Hunot, S.,
Hartmann, A., Lehericy, S., Hirsch, E. C., and Francois, C. (2010)
Cholinergic mesencephalic neurons are involved in gait and postural
disorders in Parkinson disease. J. Clin. Invest. 120, 2745−2754.
(62) Beaudoin-Gobert, M., Tremblay, L., and Sgambato-Faure, V.
(2015) [An implication of serotonergic fibers which goes beyond
Levodopa-induced dyskinesia]. Med. Sci. (Paris) 31, 956−959.
(63) Battaglia, G., and De Souza, E. B. (1989) Pharmacologic profile
of amphetamine derivatives at various brain recognition sites: selective
effects on serotonergic systems. NIDA Res. Monogr. 94, 240−258.
(64) Rudnick, G., and Wall, S. C. (1992) The molecular mechanism
of ″ecstasy″ [3,4-methylenedioxy-methamphetamine (MDMA)]:
serotonin transporters are targets for MDMA-induced serotonin
release. Proc. Natl. Acad. Sci. U. S. A. 89, 1817−1821.
(65) Gough, B., Ali, S. F., Slikker, W., Jr., and Holson, R. R. (1991)
Acute effects of 3,4-methylenedioxymethamphetamine (MDMA) on
monoamines in rat caudate. Pharmacol., Biochem. Behav. 39, 619−623.
(66) Karuppagounder, S. S., Bhattacharya, D., Ahuja, M.,
Suppiramaniam, V., Deruiter, J., Clark, R., and Dhanasekaran, M.
(2014) Elucidating the neurotoxic effects of MDMA and its analogs.
Life Sci. 101, 37−42.

(67) Chen, Y. A., Huang, W. S., Lin, Y. S., Cheng, C. Y., Liu, R. S.,
Wang, S. J., Li, I. H., Huang, S. Y., Shiue, C. Y., Chen, C. Y., and Ma, K.
H. (2012) Characterization of 4-[18F]-ADAM as an imaging agent for
SERT in non-human primate brain using PET: a dynamic study. Nucl.
Med. Biol. 39, 279−285.
(68) Insel, T. R., Battaglia, G., Johannessen, J. N., Marra, S., and De
Souza, E. B. (1989) 3,4-Methylenedioxymethamphetamine (“ecstasy”)
selectively destroys brain serotonin terminals in rhesus monkeys. J.
Pharmacol. Exp. Ther. 249, 713−720.
(69) Ricaurte, G. A., Forno, L. S., Wilson, M. A., DeLanney, L. E.,
Irwin, I., Molliver, M. E., and Langston, J. W. (1988) (±)3,4-
Methylenedioxymethamphetamine selectively damages central seroto-
nergic neurons in nonhuman primates. JAMA 260, 51−55.
(70) Ricaurte, G. A., Yuan, J., and McCann, U. D. (2000) (±)3,4-
Methylenedioxymethamphetamine (’Ecstasy’)-induced serotonin neu-
rotoxicity: studies in animals. Neuropsychobiology 42, 5−10.
(71) De Souza, E. B., Battaglia, G., and Insel, T. R. (1990)
Neurotoxic effect of MDMA on brain serotonin neurons: evidence
from neurochemical and radioligand binding studies. Ann. N. Y. Acad.
Sci. 600, 682−697 discussion 697−688..
(72) Hatzidimitriou, G., McCann, U. D., and Ricaurte, G. A. (1999)
Altered serotonin innervation patterns in the forebrain of monkeys
treated with (±)3,4-methylenedioxymethamphetamine seven years
previously: factors influencing abnormal recovery. J. Neurosci. 19,
5096−5107.
(73) Szabo, Z., McCann, U. D., Wilson, A. A., Scheffel, U.,
Owonikoko, T., Mathews, W. B., Ravert, H. T., Hilton, J., Dannals,
R. F., and Ricaurte, G. A. (2002) Comparison of (+)-(11)C-McN5652
and (11)C-DASB as serotonin transporter radioligands under various
experimental conditions. J. Nucl. Med. 43, 678−692.
(74) de Win, M. M., Jager, G., Booij, J., Reneman, L., Schilt, T.,
Lavini, C., Olabarriaga, S. D., den Heeten, G. J., and van den Brink, W.
(2008) Sustained effects of ecstasy on the human brain: a prospective
neuroimaging study in novel users. Brain 131, 2936−2945.
(75) Kish, S. J., Lerch, J., Furukawa, Y., Tong, J., McCluskey, T.,
Wilkins, D., Houle, S., Meyer, J., Mundo, E., Wilson, A. A., Rusjan, P.
M., Saint-Cyr, J. A., Guttman, M., Collins, D. L., Shapiro, C., Warsh, J.
J., and Boileau, I. (2010) Decreased cerebral cortical serotonin
transporter binding in ecstasy users: a positron emission tomography/
[(11)C]DASB and structural brain imaging study. Brain 133, 1779−
1797.
(76) Damier, P., Hirsch, E. C., Zhang, P., Agid, Y., and Javoy-Agid, F.
(1993) Glutathione peroxidase, glial cells and Parkinson’s disease.
Neuroscience 52, 1−6.
(77) Pifl, C., Schingnitz, G., and Hornykiewicz, O. (1991) Effect of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine on the regional distribu-
tion of brain monoamines in the rhesus monkey. Neuroscience 44,
591−605.
(78) Politis, M., Wu, K., Loane, C., Quinn, N. P., Brooks, D. J.,
Rehncrona, S., Bjorklund, A., Lindvall, O., and Piccini, P. (2010)
Serotonergic neurons mediate dyskinesia side effects in Parkinson’s
patients with neural transplants. Sci. Transl. Med. 2, 38ra46.
(79) Kish, S. J., Tong, J., Hornykiewicz, O., Rajput, A., Chang, L. J.,
Guttman, M., and Furukawa, Y. (2008) Preferential loss of serotonin
markers in caudate versus putamen in Parkinson’s disease. Brain 131,
120−131.
(80) Porras, G., Li, Q., and Bezard, E. (2012) Modeling Parkinson’s
disease in primates: The MPTP model. Cold Spring Harbor Perspect.
Med. 2, a009308.
(81) BBC (2000) British Broadcasting Corporation Horizon 2000,
Ecstasy and Agony.
(82) Carta, M., and Tronci, E. (2014) Serotonin System Implication
in l-DOPA-Induced Dyskinesia: From Animal Models to Clinical
Investigations. Front. Neurol. 5, 78.
(83) Grabli, D., McCairn, K., Hirsch, E. C., Agid, Y., Feger, J.,
Francois, C., and Tremblay, L. (2004) Behavioural disorders induced
by external globus pallidus dysfunction in primates: I. Behavioural
study. Brain 127, 2039−2054.

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acschemneuro.6b00440


(84) Baup, N., Grabli, D., Karachi, C., Mounayar, S., Francois, C.,
Yelnik, J., Feger, J., and Tremblay, L. (2008) High-frequency
stimulation of the anterior subthalamic nucleus reduces stereotyped
behaviors in primates. J. Neurosci. 28, 8785−8788.
(85) Tremblay, L., Worbe, Y., Thobois, S., Sgambato-Faure, V., and
Feger, J. (2015) Selective dysfunction of basal ganglia subterritories:
From movement to behavioral disorders. Mov. Disord. 30, 1155−1170.
(86) Sgambato-Faure, V., Worbe, Y., Epinat, J., Feger, J., and
Tremblay, L. (2016) Cortico-basal ganglia circuits involved in different
motivation disorders in non-human primates. Brain Struct. Funct. 221,
345−364.
(87) McCreary, A. C., and Newman-Tancredi, A. (2017) 5-HT1A
receptor. Pharmacol Rev. In press.
(88) De Deurwaerdere, P., Di Giovanni, G., and Millan, M. J. (2017)
Expanding the repertoire of L-DOPA’s actions: A comprehensive
review of its functional neurochemistry. Prog. Neurobiol. 151, 57−100.
(89) Jenner, P., McCreary, A. C., and Scheller, D. K. (2011)
Continuous drug delivery in early- and late-stage Parkinson’s disease as
a strategy for avoiding dyskinesia induction and expression. J. Neural
Transm 118, 1691−1702.
(90) Pilleri, M., and Antonini, A. (2015) Therapeutic strategies to
prevent and manage dyskinesias in Parkinson’s disease. Expert Opin.
Drug Saf. 14, 281−294.
(91) Carta, M., Carlsson, T., Kirik, D., and Bjorklund, A. (2007)
Dopamine released from 5-HT terminals is the cause of L-DOPA-
induced dyskinesia in parkinsonian rats. Brain 130, 1819−1833.
(92) Cenci, M. A. (2014) Presynaptic Mechanisms of l-DOPA-
Induced Dyskinesia: The Findings, the Debate, and the Therapeutic
Implications. Frontiers in neurology 5, 242.
(93) Miguelez, C., Morera-Herreras, T., Torrecilla, M., Ruiz-Ortega,
J. A., and Ugedo, L. (2014) Interaction between the 5-HT system and
the basal ganglia: functional implication and therapeutic perspective in
Parkinson’s disease. Front. Neural Circuits 8, 21.
(94) Politis, M., Wu, K., Loane, C., Brooks, D. J., Kiferle, L.,
Turkheimer, F. E., Bain, P., Molloy, S., and Piccini, P. (2014)
Serotonergic mechanisms responsible for levodopa-induced dyskine-
sias in Parkinson’s disease patients. J. Clin. Invest. 124, 1340−1349.
(95) Svenningsson, P., Rosenblad, C., Af Edholm Arvidsson, K.,
Wictorin, K., Keywood, C., Shankar, B., Lowe, D. A., Bjorklund, A.,
and Widner, H. (2015) Eltoprazine counteracts l-DOPA-induced
dyskinesias in Parkinson’s disease: a dose-finding study. Brain 138,
963.
(96) Bartoszyk, G. D., Van Amsterdam, C., Greiner, H. E.,
Rautenberg, W., Russ, H., and Seyfried, C. A. (2004) Sarizotan, a
serotonin 5-HT1A receptor agonist and dopamine receptor ligand. 1.
Neurochemical profile. J. Neural Transm 111, 113−126.
(97) Newman-Tancredi, A., Assie, M. B., Leduc, N., Ormiere, A. M.,
Danty, N., and Cosi, C. (2005) Novel antipsychotics activate
recombinant human and native rat serotonin 5-HT1A receptors:
affinity, efficacy and potential implications for treatment of
schizophrenia. Int. J. Neuropsychopharmacol. 8, 341−356.
(98) Bibbiani, F., Oh, J. D., and Chase, T. N. (2001) Serotonin 5-
HT1A agonist improves motor complications in rodent and primate
parkinsonian models. Neurology 57, 1829−1834.
(99) Gregoire, L., Samadi, P., Graham, J., Bedard, P. J., Bartoszyk, G.
D., and Di Paolo, T. (2009) Low doses of sarizotan reduce dyskinesias
and maintain antiparkinsonian efficacy of L-Dopa in parkinsonian
monkeys. Parkinsonism Relat Disord 15, 445−452.
(100) Rosengarten, H., Bartoszyk, G. D., Quartermain, D., and Lin, Y.
(2006) The effect of chronic administration of sarizotan, 5-HT1A
agonist/D3/D4 ligand, on haloperidol-induced repetitive jaw move-
ments in rat model of tardive dyskinesia. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 30, 273−279.
(101) Marin, C., Aguilar, E., Rodriguez-Oroz, M. C., Bartoszyk, G. D.,
and Obeso, J. A. (2009) Local administration of sarizotan into the
subthalamic nucleus attenuates levodopa-induced dyskinesias in 6-
OHDA-lesioned rats. Psychopharmacology (Berl) 204, 241−250.
(102) Gerlach, M., Bartoszyk, G. D., Riederer, P., Dean, O., and van
den Buuse, M. (2011) Role of dopamine D(3) and serotonin 5-HT

(1A) receptors in L: -DOPA-induced dyskinesias and effects of
sarizotan in the 6-hydroxydopamine-lesioned rat model of Parkinson’s
disease. J. Neural Transm. 118, 1733−42.
(103) Huot, P., Johnston, T. H., Koprich, J. B., Aman, A., Fox, S. H.,
and Brotchie, J. M. (2012) L-745,870 reduces L-DOPA-induced
dyskinesia in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-le-
sioned macaque model of Parkinson’s disease. J. Pharmacol. Exp.
Ther. 342, 576−585.
(104) Huot, P., Johnston, T. H., Koprich, J. B., Espinosa, M. C.,
Reyes, M. G., Fox, S. H., and Brotchie, J. M. (2015) L-745,870 reduces
the expression of abnormal involuntary movements in the 6-OHDA-
lesioned rat. Behav. Pharmacol. 26, 101−108.
(105) Lejeune, F., Newman-Tancredi, A., Audinot, V., and Millan, M.
J. (1997) Interactions of (+)- and (−)-8- and 7-hydroxy-2-(di-n-
propylamino)tetralin at human (h)D3, hD2 and h serotonin1A
receptors and their modulation of the activity of serotoninergic and
dopaminergic neurones in rats. J. Pharmacol. Exp. Ther. 280, 1241−
1249.
(106) Cornfield, L. J., Lambert, G., Arvidsson, L. E., Mellin, C.,
Vallgarda, J., Hacksell, U., and Nelson, D. L. (1991) Intrinsic activity of
enantiomers of 8-hydroxy-2-(di-n-propylamino)tetralin and its analogs
at 5-hydroxytryptamine1A receptors that are negatively coupled to
adenylate cyclase. Mol. Pharmacol. 39, 780−787.
(107) Eskow, K. L., Dupre, K. B., Barnum, C. J., Dickinson, S. O.,
Park, J. Y., and Bishop, C. (2009) The role of the dorsal raphe nucleus
in the development, expression, and treatment of L-dopa-induced
dyskinesia in hemiparkinsonian rats. Synapse 63, 610−620.
(108) Bishop, C., Krolewski, D. M., Eskow, K. L., Barnum, C. J.,
Dupre, K. B., Deak, T., and Walker, P. D. (2009) Contribution of the
striatum to the effects of 5-HT1A receptor stimulation in L-DOPA-
treated hemiparkinsonian rats. J. Neurosci. Res. 87, 1645−1658.
(109) Iravani, M. M., Tayarani-Binazir, K., Chu, W. B., Jackson, M. J.,
and Jenner, P. (2006) In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine-treated primates, the selective 5-hydroxytryptamine 1a agonist
(R)-(+)-8-OHDPAT inhibits levodopa-induced dyskinesia but only
with increased motor disability. J. Pharmacol. Exp. Ther. 319, 1225−
1234.
(110) Schipper, J., Tulp, M. T., and Sijbesma, H. (1990)
Neurochemical profile of eltoprazine. Drug Metab. Drug Interact. 8,
85−114.
(111) Olivier, B., Mos, J., and Rasmussen, D. (1990) Behavioural
pharmacology of the serenic, eltoprazine. Drug Metab. Drug Interact. 8,
31−83.
(112) Bezard, E., Tronci, E., Pioli, E. Y., Li, Q., Porras, G., Bjorklund,
A., and Carta, M. (2013) Study of the antidyskinetic effect of
eltoprazine in animal models of levodopa-induced dyskinesia. Mov.
Disord. 28, 1088−1096.
(113) Carta, M., Carlsson, T., Munoz, A., Kirik, D., and Bjorklund, A.
(2008) Involvement of the serotonin system in L-dopa-induced
dyskinesias. Parkinsonism Relat Disord 14 (Suppl 2), S154−S158.
(114) Maurel, J. L., Autin, J. M., Funes, P., Newman-Tancredi, A.,
Colpaert, F., and Vacher, B. (2007) High-efficacy 5-HT1A agonists for
antidepressant treatment: a renewed opportunity. J. Med. Chem. 50,
5024−5033.
(115) Newman-Tancredi, A., Martel, J. C., Assie, M. B., Buritova, J.,
Lauressergues, E., Cosi, C., Heusler, P., Bruins Slot, L., Colpaert, F. C.,
Vacher, B., and Cussac, D. (2009) Signal transduction and functional
selectivity of F15599, a preferential post-synaptic 5-HT1A receptor
agonist. Br. J. Pharmacol. 156, 338−353.
(116) Assie, M. B., Bardin, L., Auclair, A. L., Carilla-Durand, E.,
Depoortere, R., Koek, W., Kleven, M. S., Colpaert, F., Vacher, B., and
Newman-Tancredi, A. (2010) F15599, a highly selective post-synaptic
5-HT1A receptor agonist: in-vivo profile in behavioural models of
antidepressant and serotonergic activity. Int. J. Neuropsychopharmacol.
13, 1285−1298.
(117) Huot, P., Johnston, T. H., Fox, S. H., Newman-Tancredi, A.,
and Brotchie, J. M. (2015) The highly-selective 5-HT(1A) agonist
F15599 reduces L-DOPA-induced dyskinesia without compromising

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acschemneuro.6b00440


anti-parkinsonian benefits in the MPTP-lesioned macaque. Neuro-
pharmacology 97, 306−311.
(118) Newman-Tancredi, A. (2011) Biased agonism at serotonin 5-
HT1A receptors: preferential postsynaptic activity for improved
therapy of CNS disorders. Neuropsychiatry 1, 149−164.
(119) Iderberg, H., McCreary, A. C., Varney, M. A., Cenci, M. A., and
Newman-Tancredi, A. (2015) Activity of serotonin 5-HT receptor
’biased agonists’ in rat models of Parkinson’s disease and l-DOPA-
induced dyskinesia. Neuropharmacology 93C, 52−67.
(120) Colpaert, F. C., Tarayre, J. P., Koek, W., Pauwels, P. J., Bardin,
L., Xu, X. J., Wiesenfeld-Hallin, Z., Cosi, C., Carilla-Durand, E., Assie,
M. B., and Vacher, B. (2002) Large-amplitude 5-HT1A receptor
activation: a new mechanism of profound, central analgesia. Neuro-
pharmacology 43, 945−958.
(121) Colpaert, F. C. (2006) 5-HT(1A) receptor activation: new
molecular and neuroadaptive mechanisms of pain relief. Curr. Opin.
Invest. Drugs 7, 40−47.
(122) Iderberg, H., McCreary, A. C., Varney, M. A., Kleven, M. S.,
Koek, W., Bardin, L., Depoortere, R., Cenci, M. A., and Newman-
Tancredi, A. (2015) NLX-112, a novel 5-HT1A receptor agonist for
the treatment of L-DOPA-induced dyskinesia: Behavioral and
neurochemical profile in rat. Exp. Neurol. 271, 335−350.
(123) McCreary, A. C., Varney, M. A., and Newman-Tancredi, A.
(2016) The novel 5-HT1A receptor agonist, NLX-112 reduces l-
DOPA-induced abnormal involuntary movements in rat: A chronic
administration study with microdialysis measurements. Neuropharma-
cology 105, 651−660.
(124) Jackson, M. J., Al-Barghouthy, G., Pearce, R. K., Smith, L.,
Hagan, J. J., and Jenner, P. (2004) Effect of 5-HT1B/D receptor
agonist and antagonist administration on motor function in
haloperidol and MPTP-treated common marmosets. Pharmacol.,
Biochem. Behav. 79, 391−400.
(125) Munoz, A., Li, Q., Gardoni, F., Marcello, E., Qin, C., Carlsson,
T., Kirik, D., Di Luca, M., Bjorklund, A., Bezard, E., and Carta, M.
(2008) Combined 5-HT1A and 5-HT1B receptor agonists for the
treatment of L-DOPA-induced dyskinesia. Brain 131, 3380−3394.
(126) Munoz, A., Carlsson, T., Tronci, E., Kirik, D., Bjorklund, A.,
and Carta, M. (2009) Serotonin neuron-dependent and -independent
reduction of dyskinesia by 5-HT1A and 5-HT1B receptor agonists in
the rat Parkinson model. Exp. Neurol. 219, 298−307.
(127) Eskow Jaunarajs, K. L., Dupre, K. B., Steiniger, A., Klioueva, A.,
Moore, A., Kelly, C., and Bishop, C. (2009) Serotonin 1B receptor
stimulation reduces D1 receptor agonist-induced dyskinesia. Neuro-
Report 20, 1265−1269.
(128) Iderberg, H., Rylander, D., Bimpisidis, Z., and Cenci, M. A.
(2013) Modulating mGluR5 and 5-HT1A/1B receptors to treat l-
DOPA-induced dyskinesia: effects of combined treatment and possible
mechanisms of action. Exp. Neurol. 250, 116−124.
(129) Ashby, C. R., Jr., and Wang, R. Y. (1996) Pharmacological
actions of the atypical antipsychotic drug clozapine: a review. Synapse
24, 349−394.
(130) Selent, J., Lopez, L., Sanz, F., and Pastor, M. (2008) Multi-
receptor binding profile of clozapine and olanzapine: a structural study
based on the new beta2 adrenergic receptor template. ChemMedChem
3, 1194−1198.
(131) McCreary, A. C., Glennon, J. C., Ashby, C. R., Jr., Meltzer, H.
Y., Li, Z., Reinders, J. H., Hesselink, M. B., Long, S. K., Herremans, A.
H., van Stuivenberg, H., Feenstra, R. W., and Kruse, C. G. (2007)
SLV313 (1-(2,3-dihydro-benzo[1,4]dioxin-5-yl)-4- [5-(4-fluoro-phe-
nyl)-pyridin-3-ylmethyl]-piperazine monohydrochloride): a novel
dopamine D2 receptor antagonist and 5-HT1A receptor agonist
potential antipsychotic drug. Neuropsychopharmacology 32, 78−94.
(132) Fox, S. H., Visanji, N., Reyes, G., Huot, P., Gomez-Ramirez, J.,
Johnston, T., and Brotchie, J. M. (2010) Neuropsychiatric behaviors in
the MPTP marmoset model of Parkinson’s disease. Can. J. Neurol. Sci.
37, 86−95.
(133) Visanji, N. P., Gomez-Ramirez, J., Johnston, T. H., Pires, D.,
Voon, V., Brotchie, J. M., and Fox, S. H. (2006) Pharmacological
characterization of psychosis-like behavior in the MPTP-lesioned

nonhuman primate model of Parkinson’s disease. Mov. Disord. 21,
1879−1891.
(134) Liegeois, J. F., Bruhwyler, J., Damas, J., Rogister, F., Masereel,
B., Geczy, J., and Delarge, J. (1995) Modulation of the clozapine
structure increases its selectivity for the dopamine D4 receptor. Eur. J.
Pharmacol. 273, R1−3.
(135) Tahar, A. H., Belanger, N., Bangassoro, E., Gregoire, L., and
Bedard, P. J. (2000) Antidyskinetic effect of JL-18, a clozapine analog,
in parkinsonian monkeys. Eur. J. Pharmacol. 399, 183−186.
(136) Bishop, C., Kamdar, D. P., and Walker, P. D. (2003)
Intrastriatal serotonin 5-HT2 receptors mediate dopamine D1-induced
hyperlocomotion in 6-hydroxydopamine-lesioned rats. Synapse 50,
164−170.
(137) Taylor, J. L., Bishop, C., Ullrich, T., Rice, K. C., and Walker, P.
D. (2006) Serotonin 2A receptor antagonist treatment reduces
dopamine D1 receptor-mediated rotational behavior but not L-
DOPA-induced abnormal involuntary movements in the unilateral
dopamine-depleted rat. Neuropharmacology 50, 761−768.
(138) Bishop, C., Daut, G. S., and Walker, P. D. (2005) Serotonin 5-
HT2A but not 5-HT2C receptor antagonism reduces hyperlocomotor
activity induced in dopamine-depleted rats by striatal administration of
the D1 agonist SKF 82958. Neuropharmacology 49, 350−358.
(139) Leysen, J. E., Awouters, F., Kennis, L., Laduron, P. M.,
Vandenberk, J., and Janssen, P. A. (1981) Receptor binding profile of
R 41 468, a novel antagonist at 5-HT2 receptors. Life Sci. 28, 1015−
1022.
(140) Iravani, M. M., Jackson, M. J., Kuoppamaki, M., Smith, L. A.,
and Jenner, P. (2003) 3,4-methylenedioxymethamphetamine (ecstasy)
inhibits dyskinesia expression and normalizes motor activity in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated primates. J. Neuro-
sci. 23, 9107−9115.
(141) Huot, P., Johnston, T. H., Lewis, K. D., Koprich, J. B., Reyes,
M. G., Fox, S. H., Piggott, M. J., and Brotchie, J. M. (2011)
Characterization of 3,4-Methylenedioxymethamphetamine (MDMA)
Enantiomers In Vitro and in the MPTP-Lesioned Primate: R-MDMA
Reduces Severity of Dyskinesia, Whereas S-MDMA Extends Duration
of ON-Time. J. Neurosci. 31, 7190−7198.
(142) Nash, J. F., Roth, B. L., Brodkin, J. D., Nichols, D. E., and
Gudelsky, G. A. (1994) Effect of the R(−) and S(+) isomers of MDA
and MDMA on phosphatidyl inositol turnover in cultured cells
expressing 5-HT2A or 5-HT2C receptors. Neurosci. Lett. 177, 111−
115.
(143) Vanover, K. E., Weiner, D. M., Makhay, M., Veinbergs, I.,
Gardell, L. R., Lameh, J., Del Tredici, A. L., Piu, F., Schiffer, H. H., Ott,
T. R., Burstein, E. S., Uldam, A. K., Thygesen, M. B., Schlienger, N.,
Andersson, C. M., Son, T. Y., Harvey, S. C., Powell, S. B., Geyer, M. A.,
Tolf, B. R., Brann, M. R., and Davis, R. E. (2006) Pharmacological and
behavioral profile of N-(4-fluorophenylmethyl)-N-(1-methylpiperidin-
4-yl)-N′-(4-(2-methylpropylo xy)phenylmethyl) carbamide (2R,3R)-
d ihydroxybutaned ioa te (2 :1) (ACP-103) , a nove l 5 -
hydroxytryptamine(2A) receptor inverse agonist. J. Pharmacol. Exp.
Ther. 317, 910−918.
(144) Vanover, K. E., Betz, A. J., Weber, S. M., Bibbiani, F., Kielaite,
A., Weiner, D. M., Davis, R. E., Chase, T. N., and Salamone, J. D.
(2008) A 5-HT2A receptor inverse agonist, ACP-103, reduces tremor
in a rat model and levodopa-induced dyskinesias in a monkey model.
Pharmacol., Biochem. Behav. 90, 540−544.
(145) Price, D. L., Bonhaus, D. W., and McFarland, K. (2012)
Pimavanserin, a 5-HT2A receptor inverse agonist, reverses psychosis-
like behaviors in a rodent model of Alzheimer’s disease. Behav.
Pharmacol. 23, 426−433.
(146) McFarland, K., Price, D. L., and Bonhaus, D. W. (2011)
Pimavanserin, a 5-HT2A inverse agonist, reverses psychosis-like
behaviors in a rodent model of Parkinson’s disease. Behav. Pharmacol.
22, 681−692.
(147) Gardell, L. R., Vanover, K. E., Pounds, L., Johnson, R. W.,
Barido, R., Anderson, G. T., Veinbergs, I., Dyssegaard, A., Brunmark,
P., Tabatabaei, A., Davis, R. E., Brann, M. R., Hacksell, U., and
Bonhaus, D. W. (2007) ACP-103, a 5-hydroxytryptamine 2A receptor

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acschemneuro.6b00440


inverse agonist, improves the antipsychotic efficacy and side-effect
profile of haloperidol and risperidone in experimental models. J.
Pharmacol. Exp. Ther. 322, 862−870.
(148) Stahl, S. M. (2016) Mechanism of action of pimavanserin in
Parkinson’s disease psychosis: targeting serotonin 5HT2A and 5HT2C
receptors. CNS Spectr 21, 271−275.
(149) Bymaster, F. P., Calligaro, D. O., Falcone, J. F., Marsh, R. D.,
Moore, N. A., Tye, N. C., Seeman, P., and Wong, D. T. (1996)
Radioreceptor binding profile of the atypical antipsychotic olanzapine.
Neuropsychopharmacology 14, 87−96.
(150) Oh, J. D., Bibbiani, F., and Chase, T. N. (2002) Quetiapine
attenuates levodopa-induced motor complications in rodent and
primate parkinsonian models. Exp. Neurol. 177, 557−564.
(151) Huot, P., and Brotchie, J. M. (2011) 5-HT(1A) receptor
stimulation and L-DOPA-induced dyskinesia in Parkinson’s disease:
bridging the gap between serotonergic and glutamatergic mechanisms.
Exp. Neurol. 231, 195−198.
(152) Dupre, K. B., Ostock, C. Y., Eskow Jaunarajs, K. L., Button, T.,
Savage, L. M., Wolf, W., and Bishop, C. (2011) Local modulation of
striatal glutamate efflux by serotonin 1A receptor stimulation in
dyskinetic, hemiparkinsonian rats. Exp. Neurol. 229, 288−299.
(153) Lee, J. Y., Seo, S., Lee, J. S., Kim, H. J., Kim, Y. K., and Jeon, B.
S. (2015) Putaminal serotonergic innervation: monitoring dyskinesia
risk in Parkinson disease. Neurology 85, 853−860.
(154) Tronci, E., Fidalgo, C., and Carta, M. (2015) Foetal Cell
Transplantation for Parkinson’s Disease: Focus on Graft-Induced
Dyskinesia. Parkinson's Dis. 2015, 563820.
(155) Bishop, C., Taylor, J. L., Kuhn, D. M., Eskow, K. L., Park, J. Y.,
and Walker, P. D. (2006) MDMA and fenfluramine reduce L-DOPA-
induced dyskinesia via indirect 5-HT1A receptor stimulation. Eur. J.
Neurosci 23, 2669−2676.
(156) Huot, P., Fox, S. H., and Brotchie, J. M. (2011) The
serotonergic system in Parkinson’s disease. Prog. Neurobiol. 95, 163−
212.
(157) Bara-Jimenez, W., Bibbiani, F., Morris, M. J., Dimitrova, T.,
Sherzai, A., Mouradian, M. M., and Chase, T. N. (2005) Effects of
serotonin 5-HT1A agonist in advanced Parkinson’s disease. Mov.
Disord. 20, 932−936.
(158) Olanow, C. W., Damier, P., Goetz, C. G., Mueller, T., Nutt, J.,
Rascol, O., Serbanescu, A., Deckers, F., and Russ, H. (2004)
Multicenter, open-label, trial of sarizotan in Parkinson disease patients
with levodopa-induced dyskinesias (the SPLENDID Study). Clin.
Neuropharmacol. 27, 58−62.
(159) Goetz, C. G., Damier, P., Hicking, C., Laska, E., Muller, T.,
Olanow, C. W., Rascol, O., and Russ, H. (2007) Sarizotan as a
treatment for dyskinesias in Parkinson’s disease: a double-blind
placebo-controlled trial. Mov. Disord. 22, 179−186.
(160) Goetz, C. G., Laska, E., Hicking, C., Damier, P., Muller, T.,
Nutt, J., Warren Olanow, C., Rascol, O., and Russ, H. (2008) Placebo
influences on dyskinesia in Parkinson’s disease. Mov. Disord. 23, 700−
707.
(161) Hamik, A., Oksenberg, D., Fischette, C., and Peroutka, S. J.
(1990) Analysis of tandospirone (SM-3997) interactions with
neurotransmitter receptor binding sites. Biol. Psychiatry 28, 99−109.
(162) Piercey, M. F., Smith, M. W., and Lum-Ragan, J. T. (1994)
Excitation of noradrenergic cell firing by 5-hydroxytryptamine1A
agonists correlates with dopamine antagonist properties. J. Pharmacol.
Exp. Ther. 268, 1297−1303.
(163) Durif, F., Vidailhet, M., Bonnet, A. M., Blin, J., and Agid, Y.
(1995) Levodopa-induced dyskinesias are improved by fluoxetine.
Neurology 45, 1855−1858.
(164) Conti, M. M., Ostock, C. Y., Lindenbach, D., Goldenberg, A.
A., Kampton, E., Dell’isola, R., Katzman, A. C., and Bishop, C. (2014)
Effects of prolonged selective serotonin reuptake inhibition on the
development and expression of l-DOPA-induced dyskinesia in hemi-
parkinsonian rats. Neuropharmacology 77, 1−8.
(165) Bonifati, V., Fabrizio, E., Cipriani, R., Vanacore, N., and Meco,
G. (1994) Buspirone in levodopa-induced dyskinesias. Clin. Neuro-
pharmacol. 17, 73−82.

(166) Kannari, K., Kurahashi, K., Tomiyama, M., Maeda, T., Arai, A.,
Baba, M., Suda, T., and Matsunaga, M. (2002) Tandospirone citrate, a
selective 5-HT1A agonist, alleviates L-DOPA-induced dyskinesia in
patients with Parkinson’s disease. No To Shinkei 54, 133−137.
(167) Durif, F., Debilly, B., Galitzky, M., Morand, D., Viallet, F., Borg,
M., Thobois, S., Broussolle, E., and Rascol, O. (2004) Clozapine
improves dyskinesias in Parkinson disease: a double-blind, placebo-
controlled study. Neurology 62, 381−388.
(168) Katzenschlager, R., Manson, A. J., Evans, A., Watt, H., and
Lees, A. J. (2004) Low dose quetiapine for drug induced dyskinesias in
Parkinson’s disease: a double blind cross over study. J. Neurol.,
Neurosurg. Psychiatry 75, 295−297.
(169) Anttila, S. A., and Leinonen, E. V. (2001) A review of the
pharmacological and clinical profile of mirtazapine. CNS Drug Rev. 7,
249−264.
(170) Pact, V., and Giduz, T. (1999) Mirtazapine treats resting
tremor, essential tremor, and levodopa-induced dyskinesias. Neurology
53, 1154.
(171) Meco, G., Fabrizio, E., Di Rezze, S., Alessandri, A., and Pratesi,
L. (2003) Mirtazapine in L-dopa-induced dyskinesias. Clin. Neuro-
pharmacol. 26, 179−181.
(172) Conti, M. M., Meadows, S. M., Melikhov-Sosin, M.,
Lindenbach, D., Hallmark, J., Werner, D. F., and Bishop, C. (2016)
Monoamine transporter contributions to l-DOPA effects in hemi-
parkinsonian rats. Neuropharmacology 110, 125−134.
(173) Lindenbach, D., Palumbo, N., Ostock, C. Y., Vilceus, N., Conti,
M. M., and Bishop, C. (2015) Side effect profile of 5-HT treatments
for Parkinson’s disease and L-DOPA-induced dyskinesia in rats. Br. J.
Pharmacol. 172, 119−130.
(174) Mazzucchi, S., Frosini, D., Ripoli, A., Nicoletti, V., Linsalata, G.,
Bonuccelli, U., and Ceravolo, R. (2015) Serotonergic antidepressant
drugs and L-dopa-induced dyskinesias in Parkinson’s disease. Acta
Neurol Scand 131, 191−195.
(175) Qamhawi, Z., Towey, D., Shah, B., Pagano, G., Seibyl, J.,
Marek, K., Borghammer, P., Brooks, D. J., and Pavese, N. (2015)
Clinical correlates of raphe serotonergic dysfunction in early
Parkinson’s disease. Brain 138, 2964−2973.
(176) Yaw, T. K., Fox, S. H., and Lang, A. E. (2016) Clozapine in
Parkinsonian Rest Tremor: A Review of Outcomes, Adverse Reactions
and Possible Mechanisms of Action. Mov Disord Clin Pract 3, 116−
124.
(177) Hely, M. A., Morris, J. G., Reid, W. G., and Trafficante, R.
(2005) Sydney Multicenter Study of Parkinson’s disease: non-L-dopa-
responsive problems dominate at 15 years. Mov. Disord. 20, 190−199.
(178) Seppi, K., Weintraub, D., Coelho, M., Perez-Lloret, S., Fox, S.
H., Katzenschlager, R., Hametner, E. M., Poewe, W., Rascol, O., Goetz,
C. G., and Sampaio, C. (2011) The Movement Disorder Society
Evidence-Based Medicine Review Update: Treatments for the non-
motor symptoms of Parkinson’s disease. Mov. Disord. 26 (Suppl3),
S42−S80.
(179) Bomasang-Layno, E., Fadlon, I., Murray, A. N., and
Himelhoch, S. (2015) Antidepressive treatments for Parkinson’s
disease: A systematic review and meta-analysis. Parkinsonism Relat
Disord 21, 833−842 discussion 833..
(180) Skapinakis, P., Bakola, E., Salanti, G., Lewis, G., Kyritsis, A. P.,
and Mavreas, V. (2010) Efficacy and acceptability of selective
serotonin reuptake inhibitors for the treatment of depression in
Parkinson’s disease: a systematic review and meta-analysis of
randomized controlled trials. BMC Neurol. 10, 49.
(181) Liu, J., Dong, J., Wang, L., Su, Y., Yan, P., and Sun, S. (2013)
Comparative efficacy and acceptability of antidepressants in
Parkinson’s disease: a network meta-analysis. PLoS One 8, e76651.
(182) Guttman, M., Boileau, I., Warsh, J., Saint-Cyr, J. A., Ginovart,
N., McCluskey, T., Houle, S., Wilson, A., Mundo, E., Rusjan, P.,
Meyer, J., and Kish, S. J. (2007) Brain serotonin transporter binding in
non-depressed patients with Parkinson’s disease. Eur. J. Neurol 14,
523−528.
(183) Strecker, K., Wegner, F., Hesse, S., Becker, G. A., Patt, M.,
Meyer, P. M., Lobsien, D., Schwarz, J., and Sabri, O. (2011) Preserved

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

M

http://dx.doi.org/10.1021/acschemneuro.6b00440


serotonin transporter binding in de novo Parkinson’s disease: negative
correlation with the dopamine transporter. J. Neurol. 258, 19−26.
(184) Chang, A., and Fox, S. H. (2016) Erratum to: Psychosis in
Parkinson’s Disease: Epidemiology, Pathophysiology, and Manage-
ment. Drugs 76, 1319.
(185) Chang, A., and Fox, S. H. (2016) Psychosis in Parkinson’s
Disease: Epidemiology, Pathophysiology, and Management. Drugs 76,
1093−1118.
(186) Kurlan, R., Cummings, J., Raman, R., and Thal, L. (2007)
Quetiapine for agitation or psychosis in patients with dementia and
parkinsonism. Neurology 68, 1356−1363.
(187) Prohorov, T., Klein, C., Miniovitz, A., Dobronevsky, E., and
Rabey, J. M. (2006) The effect of quetiapine in psychotic Parkinsonian
patients with and without dementia. An open-labeled study utilizing a
structured interview. J. Neurol. 253, 171−175.
(188) Fernandez, H. H., Friedman, J. H., Jacques, C., and Rosenfeld,
M. (1999) Quetiapine for the treatment of drug-induced psychosis in
Parkinson’s disease. Mov. Disord. 14, 484−487.
(189) The Parkinson Study Group (1999) Low-dose clozapine for
the treatment of drug-induced psychosis in Parkinson’s disease. The
Parkinson Study Group. N. Engl. J. Med. 340, 757−763.
(190) Pollak, P., Tison, F., Rascol, O., Destee, A., Pere, J. J., Senard, J.
M., Durif, F., and Bourdeix, I. (2004) Clozapine in drug induced
psychosis in Parkinson’s disease: a randomised, placebo controlled
study with open follow up. J. Neurol., Neurosurg. Psychiatry 75, 689−
695.
(191) Alvir, J. M., Lieberman, J. A., Safferman, A. Z., Schwimmer, J.
L., and Schaaf, J. A. (1993) Clozapine-induced agranulocytosis.
Incidence and risk factors in the United States. N. Engl. J. Med. 329,
162−167.
(192) Weintraub, D., Chiang, C., Kim, H. M., Wilkinson, J., Marras,
C., Stanislawski, B., Mamikonyan, E., and Kales, H. C. (2016)
Association of Antipsychotic Use With Mortality Risk in Patients With
Parkinson Disease. JAMA Neurol 73, 535−541.
(193) Cummings, J., Isaacson, S., Mills, R., Williams, H., Chi-Burris,
K., Corbett, A., Dhall, R., and Ballard, C. (2014) Pimavanserin for
patients with Parkinson’s disease psychosis: a randomised, placebo-
controlled phase 3 trial. Lancet 383, 533−540.
(194) Yasue, I., Matsunaga, S., Kishi, T., Fujita, K., and Iwata, N.
(2016) Serotonin 2A Receptor Inverse Agonist as a Treatment for
Parkinson’s Disease Psychosis: A Systematic Review and Meta-analysis
of Serotonin 2A Receptor Negative Modulators. J. Alzheimer's Dis. 50,
733−740.
(195) Hanagasi, H. A., Tufekcioglu, Z., and Emre, M. (2017)
Dementia in Parkinson’s disease. J. Neurol. Sci. 374, 26.
(196) Upton, N., Chuang, T. T., Hunter, A. J., and Virley, D. J.
(2008) 5-HT6 receptor antagonists as novel cognitive enhancing
agents for Alzheimer’s disease. Neurotherapeutics 5, 458−469.
(197) Wilkinson, D., Windfeld, K., and Colding-Jorgensen, E. (2014)
Safety and efficacy of idalopirdine, a 5-HT6 receptor antagonist, in
patients with moderate Alzheimer’s disease (LADDER): a randomised,
double-blind, placebo-controlled phase 2 trial. Lancet Neurol. 13,
1092−1099.
(198) Markham, A. (2016) Pimavanserin: First Global Approval.
Drugs 76, 1053−1057.

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.6b00440
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

N

http://dx.doi.org/10.1021/acschemneuro.6b00440

