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This topic aims to pool the most recent advances in the phenomenology and
pathophysiology of levodopa-induced dyskinesias. The papers in this eBook have strongly
contributed to reduce the gaps in our knowledge of LIDs pathogenesis.
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After its first use in clinic since 1960, oral administration of L-3,4-
dihydroxyphenylalanine (levodopa) remains the main treatment
for Parkinson’s disease (PD) patients. Although the vast majority
respond positively to treatment, a significant proportion of PD
patients develop daily fluctuations in mobility and troublesome
involuntary movements known as levodopa-induced dyskinesias
(LIDs). The time-to-onset and severity of this motor complica-
tion show large individual variability thus limiting the long-term
use of levodopa and clinical strategies aimed at reducing LIDs
manifestation. In the last few years, a considerable effort has been
made to understand the neurobiological basis of this motor com-
plication. In particular, recent evidence coming from human and
animal studies has strongly contributed to reduce the gaps in our
knowledge of LIDs pathogenesis.

The papers in this research topic highlight several themes rel-
evant to the understanding of the clinical and neurobiological
basis of LIDs. From a neuropsychological perspective, Pietracupa
et al. (1) have explored the clinical correlated of the poor aware-
ness of LIDs in PD patients; since the few studies conducted so
far have used different methods and different patient populations,
several hypotheses have been postulated, which suggest that sev-
eral possible mechanisms may be implicated. One of the most
recently proposed mechanisms emphasizes the role of propriocep-
tive and sensorimotor deficits associated with the impairment of
the posterior parietal-ponto-cerebellar pathways, as nicely tested
in a sample of PD patients with and without LIDs in the study by
Stevenson et al. (2). Furthermore, using a top-down approach, the
present topic firstly presents the latest neurophysiological findings
in human models obtained using neuroimaging techniques and
then moves toward cellular and molecular mechanisms of LIDs in
animal model.

Finlay et al. (3) systematically adopted this approach in review-
ing the recent literature with the scope to define a translation
strategy that can bridge animal studies (that allow to assess the
precise effects of drug treatment) with neuroimaging data on
humans. These authors also discussed the last evidence provided
by our works (4, 5), where we demonstrated that LIDs patients are
characterized by anatomical and functional abnormalities of the

prefrontal cortex involving the supplementary motor area (SMA)
and the inferior frontal cortex (IFC). This notion has been recently
confirmed by two independent groups investigating LIDs patients
during the ON phase of levodopa therapy (6, 7). In particular,
Herz et al. (6) investigated brain functional activity of LIDs dur-
ing a motor task, continuously for 45 min after levodopa intake
before the beginning of peak-dose dyskinesias. They found that
PD patients with dyskinesias display an immediate hypersensitiv-
ity of the SMA and putamen to levodopa. Moreover, abnormal
resting-state functional connectivity between the IFC and the
putamen was demonstrated in PD patients with LID at 60 min
after levodopa intake, consistent with the expected time peaks of
dyskinesia (7).

Beyond the multiple phenomenology of LIDs in PD patients,
further insights on the pathophysiology of hyperkinetic move-
ment disorders derive from studies conducted in patients with
idiopathic dystonia, tardive dyskinesia (TD), and Gilles de la
Tourette syndrome (GTS). Dystonia is a hyperkinetic movement
disorder characterized by sustained or intermittent muscle con-
tractions causing abnormal, often repetitive, movements, postures,
or both (8). The term TD referred to abnormal movements pro-
duced by the chronic exposure to dopamine receptor blocking
agents. GTS is a childhood-onset complex neurobehavioral disor-
der defined by motor and phonic tics, which can be often com-
plicated by comorbid conditions that could progress to behavioral
changes. Recent neuroimaging papers demonstrate the presence of
anatomical abnormalities involving the IFC in all these disorders
(9-11). That is, we have hypothesized a common pathophysio-
logical mechanism for all these hyperkinetic disorders, including
LIDs, based on the inability by specific prefrontal areas to sup-
press involuntary movements (12, 13). Accordingly, other papers
in this topic addressed this hypothesis (14, 15). Overviewing PET-
related findings, Alongi etal. (14) discussed how this neuroimaging
technique has demonstrated, both in idiopathic dystonia and
GTS, metabolic and neurotransmission abnormalities not lim-
ited to the cortico-striato-pallido-thalamo-cortical pathway and
also within the cerebello-thalamo-cortical network. Tessitore et al.
(15) highlight a similar application for fMRI technique in PD

Frontiers in Neurology | Movement Disorders

April 2015 | Volume 6 | Article 76 | 4


http://www.frontiersin.org/Neurology
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/about
http://www.frontiersin.org/Journal/10.3389/fneur.2015.00076/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2015.00076/abstract
http://loop.frontiersin.org/people/20450/overview
http://loop.frontiersin.org/people/52573/overview
http://loop.frontiersin.org/people/67102/overview
http://loop.frontiersin.org/people/46784/overview
mailto:a.cerasa@unicz.it
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Cerasa et al.

Future scenarios for Levodopa-induced dyskinesias

patients, mainly discussing the usefulness of resting-state con-
nectivity analysis. Blood oxygen level-dependent functional MRI
signal recorded while the subject lies at rest with eyes closed rep-
resents an important tool for understanding brain disorders in
patients with PD. Brain regions with similar functions have been
shown to display robust functional connectivity during rest, which
reflects the presence of direct and indirect anatomical pathways.
For this reason, these authors proposed that in the near future,
the practical application of this technique might provide a reliable
MRI biomarker for an early diagnosis of PD.

Involvement of cortical areas (motor areas and prefrontal cor-
tices) as well of the cerebellum in patients with LIDs has been also
suggested by transcranial magnetic stimulation (TMS) studies,
specifically using protocols to probe synaptic plasticity in humans
(7, 16, 17). In the current research topic, Kishore et al. (18) pro-
pose a pathophysiological model of LIDs in PD in which aberrant
impaired plasticity in the motor cortex might be sustained by
deficient cerebellar modulation of sensory afferents to the motor
cortex itself. In this comprehensive review, the authors outline
functional and anatomical studies on basal ganglia circuits and
their reciprocal connection with the cerebellum, as well the role of
dopamine on the basal ganglia, the cortical motor areas and the
cerebellum. The model proposed by Kishore et al. (18) allows to
understand why non-invasive cerebellar stimulation may be effi-
cacious in treating LIDs in PD (17). Notably, this notion parallels
the aforementioned involvement of cortico-cerebellar pathways in
the pathological processes of predictive motor control in LIDs (2).

The role of cortical areas such the IFC and the primary motor
cortex and well of the cerebellum in the generation of LIDs is a
novel concept supported by several recent studies reviewed in this
research topic. Nevertheless, the cortico-striato-pallido-thalamo-
cortical loop represents a critical network for the generation of
LIDs as supported by the long-term beneficial effect of ablative
surgery and deep brain stimulation (DBS) of the globus pallidus
internus (GPi) and the subthalamic nucleus (STN) (19). Accord-
ingly, one of the reviews of the present research topic is focused
on the role of stereotactic surgery as a powerful tool to treat LIDs
in PD (20). From ablative techniques (pallidotomy and subthala-
motomy) to DBS of the GPi and the STN, the authors discuss the
evidence for a direct anti-dyskinetic effect by techniques involving
the GP1i or the anteromedial portion of the STN, likely by current
spreading to the pallido-thalamic bundle.

The current research topic is also enriched by three intrigu-
ing reviews related to the experimental models of LIDs. Animal
models provide the unique opportunity to investigate in depth the
molecular and cellular machinery involved in the pathophysiology
of LIDs. Cenci (21) provides a comprehensive overview of the pre-
synaptic mechanisms of LIDs, focusing on the central notion that
the breakdown of pre-synaptic dopaminergic homeostasis predis-
poses to large fluctuations in therapeutic levels of dopamine upon
treatment with levodopa (21). She also underlines the relevance
of molecular, physiological, and morphological changes at post-
synapatic level produced by dopaminergic denervation (21). One
of the main concepts addressed in this review is the role of sero-
tonin neurons in pathophysiological mechanisms of LIDs. Indeed,
during the past few years, an abundant literature has support the
hypothesis, although quite controversial, that LIDs may depend

upon dopamine release from serotonin neurons. This hypothesis
is the also the main subject of the review by Carta and Tronci
(22). These authors revised the experimental evidence pointing to
the role of serotonin neurons in producing dyskinesia, also dis-
cussing the clinical implications. Indeed, over the course of PD,
other cellular compartments can substitute the lost dopaminergic
neurons in mediating levodopa conversion to dopamine. In this
context, the serotonergic system has emerged, in recent years, as
a key player. In comparison to dopaminergic neurons, serotonin
neurons share the same enzymatic machinery required to convert
levodopa to dopamine and to store dopamine after exogenous
administration of levodopa. However, serotonin neurons lack a
feedback control mechanism able to fine-tune the synaptic lev-
els of dopamine. Carta and Tronci (22) propose that this form of
dopamine is released in an uncontrolled manner, leading to exces-
sive synaptic dopaminergic peaks, and contributing to swings in
synaptic dopaminergic levels following oral administration of lev-
odopa. Although the authors discuss the vast body of evidence
providing support for a major role of the serotonergic system in
the appearance of LIDs in animal model, they also point out how
clinical evidence for a role of serotonin modulation in attenuating
LIDs in PD patients are still scarce and generally disappointing.

With a different perspective, Morin and Di Paolo report rel-
evant studies investigating glutamate receptor subtypes in rela-
tion to motor complications in PD patients and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkeys
(23). MPTP-lesioned primates are very useful to test potential
antidyskinetic and/or anti-parkinsonian pharmacological agents.
Glutamate receptors are reported to interact with numerous neu-
rotransmitters and neuromodulators implicated in the develop-
ment of LIDs including dopaminergic neurotransmission. The
authors put the accent on the evidence that nigrostriatal dener-
vation in PD leads to increased glutamatergic transmission in the
basal ganglia and that glutamate receptor stimulation is involved
in the pathogenesis of levodopa-induced motor complications in
PD and glutamate receptor subtypes, such as mGlu5 and NMDA
receptors, are potential selective targets for treatment of these
adverse effects.

In conclusion, the contributions included in this research topic
highlight the role of different cortical and subcortical areas as well
as of other neurotransmitters beyond dopamine in the patho-
physiology of LIDs. We hope that this research will stimulate new
thinking about neurobiological mechanisms of LIDs.
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The question of whether the awareness
of levodopa-induced dyskinesias (LID) is
reduced, or altogether missing, in patients
with Parkinson’s disease (PD) has been
attracting growing interest. Why is this
topic important? Firstly, as studies address-
ing the efficacy of drugs on LID employ
patients’ motor diaries as an outcome mea-
sure, poor LID self-awareness might inter-
fere with data collection in clinical tri-
als; secondly, poor LID self-awareness may
result in increased doses of dopaminergic
drugs, which could in turn be associated
with an enhanced risk of side effects such
as LID. Lastly, understanding this phenom-
enon may shed light on some pathophysi-
ological aspects of LID in PD.

The few studies conducted so far con-
cluded that at least a proportion of PD
patients are either partially or totally
unaware of the presence of LID. These
studies used different methods to ascer-
tain LID awareness as well as different
patient populations. Consequently, several
hypotheses have been postulated to explain
poor self-awareness of LID, which suggest
that several possible mechanisms may be
implicated.

An impairment in the experience of
moving abnormally was suggested by Vitale
et al. (1) in a pilot study conducted on
PD patients (and on patients with Hunt-
ington disease). The authors found that
poor LID self-awareness was more marked
in PD patients with mild LID, and there-
fore suggested that poor LID self-awareness
merely reflects the fact that when LID are
mild, their interference with normal activi-
ties is limited and patients tend to underes-
timate them. These results, however, were
not confirmed in the study conducted by
Sitek et al. (2), who instead observed, by

means of a video protocol, that poor self-
awareness of LID was more pronounced
in patients with longer symptom duration
(and therefore with possibly more severe
LID). This finding reported by Sitek et al.
(2) thus suggests that other mechanisms are
likely to play a role in the phenomenon
of poor self-awareness of LID. Amanzio
et al. (3) believed that factors linked to
the cognitive domain might be involved.
In a well planned study, they investigated
whether awareness of different movement
disorders in cognitively intact PD patients
differs in the on and off states. The results
of their study revealed a significant dif-
ference between awareness of LID mea-
sured in the on state and awareness of
hypo-bradykinesia assessed in the off state.
In particular, while 22 of the 25 patients
enrolled in their study displayed a reduced
awareness of LID, a reduced awareness
of hypo-bradykinetic movement disorders
was found in only 6 of the 25 patients.
On the basis on these findings, the authors
suggested that dopaminergic therapy may,
by stimulating mesocortical-limbic path-
ways, exert a detrimental effect on the
function of the orbitofrontal and cin-
gulated frontal-subcortical loops, thereby
contributing to a poor self-awareness of
LID. Supporting this view, recent papers
indeed showed that frontal cortex stud-
ied by advanced neuroimaging techniques
differ between patients with or without
LID. In one study, PD patients with LID
had significant overactivity in the supple-
mentary motor area and underactivity in
the right inferior prefrontal gyrus during
execution of motor tasks when compared
with PD patients without LID (4). In addi-
tion, in another study cortical thickness
analysis revealed a pronounced increase of

thickness in the right inferior frontal sulcus
in PD patients with LID with respect to PD
patients without LID (5). The hypothesis of
Amanzio et al. is not, however, supported
by the observations of other authors, who
found that poor self-awareness is not only
associated with LID, but also with motor
symptoms assessed in the off state, and
that awareness of off motor symptoms
improved, at least in part, during the on
state following dopaminergic stimulation
(1, 6, 7). Maier et al. (7) also found
that the severity of impairment of motor
self-awareness was unrelated to dopamine-
dependent executive functioning. These
authors also reported that impaired aware-
ness of abnormal movements (and there-
fore of LID) was significantly associated
with the postural instability gait disorder
phenotype of PD to a greater extent than
with the hyperkinetic phenotype. Although
the postural instability gait disorder pheno-
type is frequently associated with cognitive
decline, it is noteworthy that the sever-
ity of the impaired awareness of move-
ment in the study by Maier et al. (7) was
not correlated with either disease dura-
tion or cognitive outcome. Other authors
have proposed alternative or complemen-
tary hypotheses. For example, one note-
worthy finding comes from the work by
Jenkinson et al. (8), who highlighted the
fact that normal motor awareness entails a
correct comparison of intended vs. actual
movement, and predicted in their work
that anosognosia of LID in PD arises from
a failure to detect discrepancies between
intended movement and visual feedback.
To test their hypothesis, they used a mirror
to reverse the expected visual consequence
of an executed movement. PD patients
with poor self-awareness of LID did not
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detect any differences between congruent
and incongruent movement, whereas non-
anosognosic PD patients and healthy vol-
unteers reported incongruent movement
as being stranger than congruent move-
ment. The findings of Jenkinson et al.’s
(8) work thus support the hypothesis that
normal motor awareness entails a com-
parison of intended and actual movement.
Indeed, the intactness of the comparator in
non-anosognosic PD patients and healthy
volunteers is demonstrated by the finding
that incongruent movement was reported
to be stranger than congruent movement
by both these groups, as well as by the fact
that there were no significant differences
between non-anosognosic PD patients and
healthy volunteers. These results are in
keeping with the hypothesis of a break-
down of the comparator mechanism in PD
patients with anosognosia. According to
this hypothesis, if reduced or lack of aware-
ness of LID in PD is a form of anosognosia,
then a dysfunction of the right hemisphere
is presumably involved. If we bear in mind
that PD is usually characterized by asym-
metric motor involvement, this paradigm
may prove useful as a means of verifying
whether patients with more severe symp-
toms on the left side of the body suffer from
agreater degree of anosognosia of LID than
patients with more severe symptoms on
the right side of the body. Indeed, dysfunc-
tion of the right hemisphere seems to con-
tribute to impaired self-awareness of motor
symptoms. By studying non-demented PD
patients who were tested prior to a uni-
lateral pallidotomy, Leritz et al. (6) found
not only that PD patients as a group rated
themselves as being less impaired than their
caregivers did, but also that PD patients
with right-sided symptoms (left pallido-
tomy patients) rated themselves as being
more impaired on two ADL measures than
patients with left-sided symptoms (right
pallidotomy patients). In other words,
patients with more severe symptoms on the
left side of the body were less aware of their
motor and functional deficit than patients
with more severe symptoms on the right
side of the body. In a recent work, we inves-
tigated awareness of LID in 30 PD patients
who had no cognitive dysfunction (9). In
that study, which was based on a video
protocol, we initially found that 23.3%
of the patients investigated were unaware
of the presence of their LID. However,

when patients were asked to recognize LID
while watching video-recordings of them-
selves, most of them recognized their own
LID. Moreover, the same patients recog-
nized LID in video-recordings of reference
PD patients. None of the clinical vari-
ables (e.g., age, duration of symptoms,
severity of disease, duration, and dose
of dopaminergic drugs) or neuropsycho-
logical variables we took into considera-
tion correlated with poor self-awareness
of LID. The only clinical feature that did
correlate with poor self-awareness of LID
was a prevalence of motor symptoms on
the left side of the body. These results
led us to hypothesize that LID unaware-
ness is indeed predominantly a form of
anosognosia. Might anosognosia of LID be
another form of anosognosia due to right
subcortical lesions, as has been reported in
patients with hemichorea/hemiballism fol-
lowing contralateral infarction of the cau-
date nucleus (10)? It is more likely that PD
patients with left hemi-body involvement
are less aware of LID than patients with
right hemi-body involvement because of
an abnormal interaction in the complex
network involving the posterior parietal
cortex, the supplementary motor area, the
premotor cortex, and the dorsolateral pre-
frontal cortex, all of which are regions that
play a role in the awareness of voluntary
movements (11, 12).

Awareness, in general, may also be
linked to network activity, as demon-
strated recently by Ham et al. (13) who
investigated whether self-awareness deficits
are associated with network dysfunction
after traumatic brain injury. In this study,
resting-state and event-related functional
magnetic resonance imaging showed that
neural activity within the fronto-parietal
control network and the dorsal anterior
cingulate cortex was abnormal in patients
with impaired self-awareness. It could be
worth exploring by means of resting-state
and event-related functional magnetic res-
onance whether network dysfunction is
also present in PD patients with poor
awareness of LID.

Another question that warrants consid-
eration is whether LID awareness varies
depending on the body part examined. In
this regard, we observed that PD patients
are less aware of LID in the trunk (9).
Although there is no clear explanation
for this finding, some neurophysiological

observations may help to shed light on
the issue. In a noteworthy experimental
study, Wright et al. (14) demonstrated that
PD patients control the direction of axial
twisting in both the hips and trunk less
accurately than normal subjects. Another
interesting observation that emerged from
the study by Wright et al. (14) was that
the proprioceptive deficit in the trunk may
be exacerbated by levodopa administra-
tion. It is tempting to speculate, therefore,
that mechanisms underlying this body site-
specific poor awareness of LID may be due
to the complex interplay between anosog-
nosia and the impairment in axial kinesthe-
sia observed in PD patients (14). Support-
ing this hypothesis is the observation that
PD patients may also display poor aware-
ness of other trunk abnormalities, such
as bent trunk (camptocormia) and lateral
deviation of the trunk (Pisa syndrome)
(15). Poor awareness of LID in the trunk
may be of considerable relevance in PD
patients because it might contribute to the
lack of control over balance and worsen the
postural instability of PD patients, thereby
predisposing patients in more complicated
stages of the disease to falls during the
on phases. Although much has yet to be
understood regarding the intriguing phe-
nomenon of poor motor and LID aware-
ness in PD and other movement disorders,
the studies we have analyzed in this brief
review may be considered a starting point.
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INTRODUCTION

When faced with visual uncertainty during motor performance, humans rely more on predic-
tive forward models and proprioception and attribute lesser importance to the ambiguous
visual feedback. Though disrupted predictive control is typical of patients with cerebellar dis-
ease, sensorimotor deficits associated with the involuntary and often unconscious nature
of L-DOPA-induced dyskinesias in Parkinson's disease (PD) suggests dyskinetic subjects
may also demonstrate impaired predictive motor control.

Methods: \We investigated the motor performance of 9 dyskinetic and 10 non-dyskinetic
PD subjects on and off L-DOPA, and of 10 age-matched control subjects, during a large-
amplitude, overlearned, visually guided tracking task. Ambiguous visual feedback was
introduced by adding “jitter” to a moving target that followed a Lissajous pattern. Root
mean square (RMS) tracking error was calculated, and ANOVA, robust multivariate linear
regression, and linear dynamical system analyses were used to determine the contribution
of speed and ambiguity to tracking performance.

Results: Increasing target ambiguity and speed contributed significantly more to the RMS
error of dyskinetic subjects off medication. .-DOPA improved the RMS tracking perfor-
mance of both PD groups. At higher speeds, controls and PDs without dyskinesia were
able to effectively de-weight ambiguous visual information.

Conclusion: PDs’ visually guided motor performance degrades with visual jitter and speed
of movement to a greater degree compared to age-matched controls. However, there are
fundamental differences in PDs with and without dyskinesia: subjects without dyskinesia
are generally slow, and less responsive to dynamic changes in motor task requirements,
but in PDs with dyskinesia, there was a trade-off between overall performance and inap-
propriate reliance on ambiguous visual feedback. This is likely associated with functional
changes in posterior parietal-ponto—cerebellar pathways.

Keywords: L-DOPA-induced dyskinesias, Parkinson’s disease, dynamical system models, visually guided tracking,
visual uncertainty

to guide visuo-motor coordination tasks, and can even override

Prediction is a fundamental component of motor control. For
instance, when catching a baseball it is necessary to predict where
the ball will be at a given instant and how much force its impact
will generate in order to prepare the hand for the catch. Central
to motor prediction is the forward model, which enables predic-
tion of the sensory effects of movement (1). Substantial evidence
indicates that humans use forward models to predict the sensory
consequences of their own actions (1-6), as well as to predict
the dynamics of objects in the external environment (4, 7-11).
Furthermore, forward models of object dynamics are necessary

observed kinematic feedback (12, 13).

Predictive forward modeling becomes even more imperative
as the reliability of visual feedback is compromised, for exam-
ple in dim lighting, or disease states such as Parkinson’s disease
(PD) where the visual system may be affected (14). Normally,
human subjects account for the degree of sensory uncertainty
during motor performance by de-weighting their reliance on sen-
sory feedback when it is ambiguous (1, 6, 15-20), and instead
more heavily rely on predictive forward models (6, 18, 20). How-
ever, when subjects are unable to use predictive motor control, the
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motor response no longer anticipates sensory feedback but rather
reacts to it in an uncoordinated manner (21-24).

Motor performance in PD, at least in the early stages of the
disease, is greatly improved by pharmacotherapy, and L-DOPA
remains the gold standard of treatment in PD (25). However,
L-DOPA-induced dyskinesias (LIDs) — excessive choreoathetoid
involuntary movements — are a relatively common side effect of L-
DOPA of which peak-dose LIDs are the most common type (26).
Though LID pathophysiology remains unclear, behavioral stud-
ies suggest that rather than being a purely motor phenomenon,
LIDs may be associated with deficits in sensorimotor control (27—
29). For example, dyskinetic subjects have demonstrated increased
variation in tracking velocity during a visually guided tracking
task that was significantly reduced when visual feedback was with-
drawn, suggesting an exaggerated motor response to sensory input
(27). As dyskinetic subjects are often unaware of their involuntary
movements (30), and have been shown to underestimate the dis-
tance their limb has moved (28), a component of sensorimotor
deficits associated with LIDs may be attributed to impaired pre-
dictive motor control. For instance, a mismatch between predicted
movement and actual movement may drive dyskinetic subjects to
compensate for the sensory discrepancy with excessive movement.
Deficits in predictive motor control are typically seen in diseases
of the cerebellum (31-36), yet such deficits have also been demon-
strated in PD (37, 38). There is evidence to support cerebellar
involvement in LIDs (39), and altered activity and plasticity in the
prefrontal cortex in dyskinetic subjects (40, 41) may contribute to
altered sensorimotor control in LIDs.

If inadequate predictive motor control is an underlying fea-
ture of dyskinetic subjects’ motor performance, then a heightened
reliance on sensory feedback should be especially prominent in
conditions where healthy subjects rely more heavily on predictive
forward models, such as when confronted with ambiguous visual
feedback (6). Accordingly, we hypothesized that dyskinetic subjects
would demonstrate an impaired ability to de-weight ambiguous
visual feedback during a visually guided tracking task. We have
purposely chosen a motor adaptation task, whereby subjects had to
adapt to changing sensory information. We have recently demon-
strated that overall, PD subjects are susceptible to sensory uncer-
tainty during visually-guided tracking (42), but in that study we
did not dichotomize dyskinetic and non-dyskinetic subjects. We
have since recruited additional PD subjects while employing the
same tracking task to assess the reliance on uncertain visual feed-
back of dyskinetic and non-dyskinetic PD (NDPD) subjects. As
previous work has demonstrated linear dynamical system (LDS)
models to be a sensitive marker of motor performance in PD (42,
43), here we use LDS models in addition to quantifying tracking
error to assess tracking performance. By extracting the decay rate
parameter from the LDS models during ambiguous tracking, we
quantified subjects’ relative reliance on uncertain visual feedback.

MATERIALS AND METHODS

SUBJECTS

The Ethics Board of the University of British Columbia approved
the study and all subjects gave written, informed consent. We
recruited 19 patients with probable PD according to diagnostic
criteria (44) and 10 age-matched control subjects without active

neurological disorders. Exclusion criteria included known PD with
dementia. PD subjects were Hoehn and Yahr stage 1-3 (45), and
9 subjects were dyskinetic PD (DPD) subjects and 10 were NDPD
subjects. We did not screen subjects for the presence of depression
or anxiety, however we excluded PD subjects with dementia and
all subjects were cognitively able to follow the instructions and
complete the tasks. Subject characteristics are shown in Table 1.
All patients had overnight withdrawal of medications before the
study for at least 12h for L-DOPA and 18 h for dopamine ago-
nists. We calculated the converted L-DOPA daily dosage as 100 mg
L-DOPA = 125 mg of controlled-release L-DOPA, which was then
added to the equivalents of dopamine agonists to give the L-DOPA
equivalent daily dosage (LEDD), where 100 mg of L-DOPA = 1 mg
of pramipexole, 6 mg of ropinirole, 10 mg of bromocriptine, 75 mg
of L-DOPA plus entacapone. The presence of peak-dose LIDs
was assessed up to 1.5h after the L-DOPA challenge, where sub-
jects received the equivalent of their morning L-DOPA dose given
in the immediate release form. Peak-dose LIDs were defined by
the presence of involuntary choreiform movements in any of
the head/neck, trunk, and upper limbs of variable duration and
in some cases were accompanied by dystonia. LID severity was
assessed according to the Goetz Dyskinesia Rating Scale (46), and
all DPD subjects had mild LID that were of minimal severity and
did not interfere with voluntary motor acts (Goetz score=1).
Disease severity was assessed according to the Unified Parkinson’s
Disease Rating Scale (UPDRS) motor score in the off medication
state.

STUDY PARADIGM

The large-amplitude tracking task used here has been previously
described (42). Briefly, a Lissajous figure was presented on a screen
measuring 1.62m X 1.22m with a red circular target (12 cm in
diameter) in the center of the screen. Subjects stood approximately
55cm in front of the screen, and tracked the moving target with
their index finger, requiring movement about the wrist, elbow,
and shoulder joints. We tested subjects in the standing position in
order to facilitate larger amplitude movements more representa-
tive of everyday life that are often precluded in imaging studies.
Additionally, evidence suggests LIDs may be of greater amplitude
in the standing compared to the sitting position (47). In the base-
line trials the target smoothly followed the Lissajous path, either
at a slow tracking speed (average speed of 56.2 cm/s) or a fast
tracking speed (average speed of 78.3 cm/s). In subsequent visu-
ally ambiguous conditions, the target jittered about the path while
maintaining the path’s overall trajectory. In the ambiguous track-
ing conditions, subjects were instructed to attempt not to chase the
jitter, but rather to attempt to track the desired target’s position,
which maintained the overall Lissajous trajectory. Four levels of
visual ambiguity were tested (0, 0.03, 0.05, 0.07) — representing the
jitter root mean square (RMS) amplitude with respect to screen
height (0, 0.0191, 0.0318, and 0.0445°), at two speeds, giving a
total of eight conditions. The jitter was obtained by first starting
with random Gaussian noise sampled at the frame rate of 60 Hz.
Because we did not want excessive discontinuities in the visual pat-
tern caused by high-frequencies, we then low-passed the random
series at 20 Hz. Each condition was tested in three different tri-
als, where a trial consisted of 30s of tracking, a 12 s rest, followed
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Table 1 | Subjects’ characteristics.

Subject Age Disease Motor exam Converted Other Parkinson’s Type of LID chorea (C) L-DOPA equivalent

duration UPDRS daily L-DOPA medications dystonia (D) daily dose (mg)
dosage (mg)

DPD

D1 65 22 65 650 Rop, amant C,D 750

D2 64 7 42 880 Entac, amant C 1173.3

D3 68 13 51 660 Entac C 880

D4 65 15 57 720 Entac C,D 960

D5 66 5 45 1020 None C 1020

D6 64 4 22 1280 Pram C 1580

D7 51 7 37 800 Bromo C,D 1000

D8 55 13 40 640 Pram, amant C,D 665

D9 75 8 47 600 None C 600

DPD (mean+ SD) 63.7+7 10.44+5.8 45114123 805.56+223.33 958.7 +296.27

NDPD

ND1 63 5 8 320 Pram None 620

ND2 68 4 19 400 None None 400

ND3 64 9 69 860 None None 860

ND4 59 9 14 740 None None 740

ND5 45 4 1 780 None None 780

ND6 65 9 51 640 Entac, pram None 1003.3

ND7 63 10 54 800 Pram None 1000

ND8 66 7 22 640 Rop None 673.3

ND9 62 5 31 400 None None 400

ND10 59 12 47 400 Pram None 775

NDPD (mean+SD) 614+6.4 74428 32.6+21.2 598 +200.3 725.24+211.3

Control (mean+SD) 61.6+79

p Value 0.75 0.16 0.14 0.047 0.062

Rop, ropinirole; pram, pramipexole, amant, amantadine,; bromo, bromocriptine; entac, entacapone.

by 30s of tracking. The order of the trials began with the slow
non-ambiguous condition followed by the fast non-ambiguous
condition. The order of the remaining six ambiguous conditions
was randomly selected. This same trial order of all eight tracking
conditions was then repeated for the second and third trials. The
trial order was the same for every subject. Subject DPD 9 was an
exception and completed two trials of each condition due to com-
plaints of fatigue. PD subjects performed this motor task in the
morning when in the “off” medication state, and after a break for
lunch subsequently repeated the task in the “on” medication state
that same day.

QUANTIFICATION OF MANUAL TRACKING

We used a Polhemus Fastrak (Polhemus, Colchester, VT, USA)
six-degrees-of-freedom electromagnetic tracking system to record
subject tracking. A stylus sensor was held in the palm of the sub-
jects’ dominant hand and secured with tape. The tip of the stylus
was aligned with the tip of the index finger in order to record
subjects’ index finger position. A time series for displacement was
recorded in the x, y, and z directions, and data was recorded at
10Hz. We performed a robust linear regression analysis on the
x and y sensor data during non-ambiguous tracking to deter-
mine the optimum affine transformation to map the sensor data
coordinates to the Lissajous figure coordinates. We subsequently

applied the same transformation to the ambiguous conditions on
a subject-by-subject basis.

QUANTIFICATION OF TRACKING PERFORMANCE

Root mean square tracking error was calculated by subtracting the
processed x and y sensor data of the index finger from the x and
y target position along the baseline track, squaring the result for
each time point, taking the mean for the squared values for each
trial, and computing the square root of the result.

Analysis of motor performance using LDS models is being
increasingly utilized in sensorimotor studies (16, 48-51) and has
been previously used to rigorously characterize tracking perfor-
mance in PD (42, 43). We computed LDS models of subjects’
tracking using system identification techniques (52) and extracted
the decay rate parameter, which describes how quickly tracking
performance returns to equilibrium after a perturbation. Intu-
itively, a higher decay rate can be considered akin to the tighter
suspension of a sports car: tighter turning on a good road may be
desirable, but when an uneven gravel (noisy) road is encountered,
the ability to smooth out the bumps (i.e., de-weight the noise) is
diminished. Thus during ambiguous tracking, higher decay rates
can intuitively be interpreted as a greater response to ambiguous
visual feedback (see Figure S1 in Supplementary Material). The
natural logarithm of the decay rates were used to make the results
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FIGURE 1 | Training effect. All groups demonstrated a significant decrease
in RMS error between trial 1 and trial 2 except for the DPD ON group

(where the decrease was not significant), and the RMS error subsequently
stabilized for all groups between trials 2 and 3. We therefore omitted trial 1
data in all subsequent calculations. Error bars represent the standard error.

more Gaussian distributed and this was subsequently used in all
statistical analyses.

STATISTICAL ANALYSES

MatLab (The MathWorks Inc., MA, USA) was used for all sta-
tistical analyses. In order to control for a training effect between
tracking trials, we first performed paired t-tests on the pooled
RMS error of all groups (DPD and NDPD off and on medication
and control) between trial sets 1 and 2 and trial sets 2 and 3. We
observed a training effect between trial set 1 and 2 that stabilized
between trial set 2 and 3 (Figure 1), and trial 1 data were therefore
omitted from all subsequent data analysis to ensure we were not
examining motor learning in our visually guided tracking task but
rather the effect of visual uncertainty after learning had occurred
and stabilized.

We used mixed-model analysis of variance (ANOVA) to assess
different effects on both overall RMS error as well as decay rate.
In the first instance, we examined the effect of ambiguity, tracking
speed, and drug status (i.e., ON or OFF L-DOPA), PD group (i.e.,
DPD or NDPD), and subject number as factors in the ANOVA.
Since the same PD subjects were assessed before and after L-DOPA,
ambiguity, tracking speed, and drug status were considered within
subject factors and subject number was nested within the PD group
factor.

To compare the PD subjects with Normal subjects, we also used
a mixed-model analysis of variance (ANOVA), where ambiguity,
tracking speed, group (i.e., N, DPD ON or OFF L.-DOPA, or NDPD
ON or OFF L-DOPA) and subject number were used as factors in
the ANOVA. As before, ambiguity and tracking speed were consid-
ered within subject factors and subject number was nested within
the group factor. We then repeated the above two ANOVA analyses
with log(decay rate) instead of RMS error.

In order to examine the relationship between UPDRS and
the effect of ambiguity on tracking performance, we calculated

FP(t+1)

F)_—
. TDf.....

FCw
s
D(t, Cursor

|| )

w i

Lissajous ﬁéth

FIGURE 2 | The decomposition of the finger movement vector into
different constituent vectors. The blue arrow represents the finger
velocity [f:(t)], the green arrow the cursor velocity [E(t)], the red arrow the
desired velocity [5(1‘)], the green dotted arrow from the finger position to
the cursor [ﬁC(r)], and the red dotted arrow represents the vector from the
finger to the desired point [FD(1)].

Spearman’s rank correlation coefficients between UPDRS and the
difference in RMS error between the non-ambiguous and maxi-
mum ambiguous tracking conditions for each PD group, as well as
between UPDRS and decay rate in each of the ambiguous tracking
conditions. In order to better visualize the results of the ANOVA, a
robust multivariate regression analysis was also performed, using
RMS error or log(decay rate) as the dependent variable, and speed
and ambiguity as the independent variables. Regression coeffi-
cients were obtained to indicate the portion of dependent variable
explained by speed and ambiguity amplitude. Quality of LDS
models’ was assessed by the Akaike information criterion (AIC)
with a model quality score based on a trade-off between matching
the data well and penalizing the use of an excessive number of
model parameters. Significance for all comparisons was declared
at p < 0.05. We estimated the stability of the regression coeffi-
cients and the group-wise RMS and log(decay rate) values by
leave-one-out validation.

In order to further evaluate what features in visual input influ-
enced finger movement, we decomposed finger velocity into its
projection along different vectors. As shown in Figure 2, we looked
at Finger velocity f?(t) [i.e., the vector from FP(t) to FP(t +1)],
depicted as a Blue arrow; the cursor movement on the screen C (1):
green arrow, the desired velocity along the Lissajous path, D(t); the
path from finger point to cursor point, F_():(t) green dotted arrow;
and FD(t) the path from the finger to the desired point: red dotted
arrow. We used the “robustfit” function of MatLab to estimate the
coefficients of a multivariate linear regression equation:

Fy (1) FCe (1) FDx(1) Ci(1) Dx(D) 8
E, (1) FC, (1) FD,(1) C,(1) D,(1) Bl
F@| =Fot|FG:@) FD:2) G Di@|]g°| +¢
F, (2) FC,(2) FD,() G Dy@|\g)

We then compared DPD subjects before medication and after
medication (i.e., D-pre vs. D-post), NDPD before and after med-
ication (ND-pre vs. ND-post), as well as the difference in finger
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Table 2 | Mixed-model analysis of variance (ANOVA) table to assess different effects on overall RMS error in PD subjects.

RMS: dyskinetic vs. non-dyskinetic PD

Source Sum sq. df Mean sq. F Prob > F
Ambiguity 1764.544 1 1764.544 246.2379 156 x 10~
Speed 125.1352 1 125.1352 76.27172 2.9x 10"
-DOPA 10.50281 1 10.50281 2.544744 0.12

PD group 2.378259 1 2.378259 0.841198 0.37
Subject (PD group) 48.0629 17 2.827229 0.588631 0.87
Ambiguity x speed 18.34189 1 18.34189 19.12748 1.8 x 10705
Ambiguity x L-DOPA 28.59159 1 28.59159 29.81618 1.2 x 10797
Ambiguity x PD group 39.13004 1 39.13004 5.460503 0.03
Ambiguity x subject (PD group) 121.8222 17 7166014 7472938 1.6 x 10714
Speed x L-DOPA 3.5044 1 3.5044 3.654495 0.057
Speed x PD group 0.791581 1 0.791581 0.257766 0.62
Speed x subject (PD group) 52.20574 17 3.070926 3.202455 3.7 x 1079
-DOPA x PD group 0.15373 1 0.15373 0.014268 0.90
-DOPA x subject (PD group) 183.1669 17 10.77452 11.236 6.7 x 10722
Error 215.7589 225 0.958929

Total 4069.522 303

Root mean square error was taken as the dependent variable and the effect of ambiguity, tracking speed, and drug status (i.e., ON or OFF L-DOPA), PD group (i.e.,
DPD or NDPD), and subject number were used as factors in the ANOVA. Subject number was nested within the PD group factor, since the same PD subjects
were assessed before and after L-DOPA. RMS, root mean square; Sum sq., sum of squares, df, degrees of freedom,; Mean sq., mean squares; F, F statistic, Prob,

probability.

Table 3 | Mixed-model analysis of variance (ANOVA) table to assess different effects on overall RMS error in all subjects.

RMS: all subjects

Source Sum sq. df Mean sq. F Prob > F
Ambiguity 1975.723 1 1975.723 451.6872 1.9 x 10724
Speed 152.2342 1 152.2342 149.8938 1.0 x 10-28
Group 21.47974 4 5.369934 3.660012 0.01
Subject (group) 63.08918 43 1.46719 1.445266 0.058
Ambiguity x speed 18.13801 1 18.13801 25.40773 9.1 %1077
Ambiguity x group 99.69423 4 24.92356 5.69799 9.0x 1074
Ambiguity x subject (group) 188.0861 43 4.374096 6.127235 1.1 x 10720
Speed x group 10.30256 4 2.57564 1.562198 0.20
Speed x subject (group) 70.89532 43 1.648728 2.309539 3.7x10°°
Error 170.6168 239 0.713878

Total 4707.803 383

Root mean square error was the dependent variable and ambiguity, tracking speed, group (i.e., N, DPD ON or OFF .-DOPA, or NDPD ON or OFF .-DOPA), and subject
number were used as factors in the ANOVA, with subject number nested within the group factor. RMS, root mean square; Sum sq., sum of squares, df, degrees of

freedom; Mean sq., mean squares; F, F statistic; Prob, probability.

movement trajectories with and without noise for all groups of
patients.

RESULTS

Subjects’ characteristics are shown in Table 1. There were no sig-
nificant differences between age, UPDRS, disease duration, and
LEDD (p > 0.05), though converted daily L-DOPA dosage was
significantly higher for the DPD group. Analysis of RMS error
between trials revealed that there was a significant decrease in the

pooled RMS error between trial set 1 and trial set 2 (p < 0.00001)
that stabilized between trial sets 2 and 3 (p =0.7). The individual
groups’ RMS error by trial is shown in Figure 1.

The results of the mixed-model ANOVA tests on RMS error
are shown in Tables 2 and 3. When comparing DPD and NDPD
subjects, ambiguity and tracking speed were significant indepen-
dent factors on RMS error, as well as the interaction terms between
ambiguity and tracking speed, PD group and drug status. When
normal subjects were included in the analysis (Table 3), ambiguity,
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Table 4 | Mixed-model analysis of variance (ANOVA) table to assess different effects on overall log(decay rate) in PD subjects.

Log(decay rate): dyskinetic vs. non-dyskinetic PD

Source Sum sq. df Mean sq. F Prob > F
Ambiguity 8.197592 1 8.197592 109.56405 0

Speed 0.483603 1 0.483603 6.462162 0.01
-DOPA 0.14046 1 0.14046 1.876896 0.17

PD group 0.062757 1 0.062757 0.365946 0.56
Subject (PD group) 18.32016 17 1.077656 14.40021 0
Ambiguity x speed 0.084005 1 0.084005 1.122517 0.29
Ambiguity x .-DOPA 0.107382 1 0.107382 1.434896 0.23
Ambiguity x PD group 0.422255 1 0.422255 5.642388 0.01
Speed x .-DOPA 0.052067 1 0.052067 0.695753 0.40
1-DOPA x PD group 1.581883 1 1.581883 21.13796 75x 1078
Error 15.04207 201 0.074836

Total 61.64793 227

The factors used were identical to that of Table 2, only log(decay rate) was used as opposed to overall RMS error as the dependent variable. Sum sq., sum of squares;

df, degrees of freedom, Mean sq., mean squares; F, F statistic; Prob, probability.

Table 5 | Mixed-model analysis of variance (ANOVA) table to assess different effects on overall log(decay rate) in all subjects.

Log(decay rate): all subjects

Source Sum sq. df Mean sq. F Prob > F
Ambiguity 168.2415 1 168.2415 652.8348 0

Speed 0.644047 0.644047 4.313921 0.03
Group 2.767405 4 0.691851 3.262799 0.02
Subject (group) 9.117819 43 0.212042 1.420009 0.05
Ambiguity x speed 1.165972 1 1.165972 6.882016 9.2x107°
Ambiguity x group 5.921167 4 1.480292 5.74404 8.5x10~4
Ambiguity x subject (group) 11.08149 43 0.257709 1.521099 0.027
Speed x group 0.573569 4 0.143392 1.339341 0.270
Speed x subject (group) 4.603654 43 0.107062 0.631919 0.964
Error 40.4921 239 0.169423

Total 275.5562 383

The factors used were identical to that of Table 3, only log(decay rate) was used as opposed to overall RMS error as the dependent variable. Sum sq., sum of squares;

df, degrees of freedom, Mean sq., mean squares; F, F statistic; Prob, probability.

tracking speed, and group were all significant factors, as well as the
interaction terms between ambiguity, speed, group, and subject.
Similarly, when determining the effects on log(decay rate), ambi-
guity and speed were significant when comparing DPD and NDPD
(Table4), as well as the interaction between L-DOPA and PD group
(Table 4). When control subjects were included in the analysis, sig-
nificances were seen in the main effects of ambiguity, speed, and
group, as well as the interaction effects of ambiguity and speed
and group (Table 5).

The differences in RMS error between non-ambiguous and
maximum ambiguous tracking conditions were not significantly
correlated with UPDRS scores at either tracking speed for either
dyskinetic subjects or for non-dyskinetic subjects and p > 0.05.

The overall effect of increasing ambiguity and speed on over-
all tracking performance, and the L-DOPA effect, is illustrated in
Figure 3. As expected, there were increases in RMS error with both

speed and visual ambiguity. DPD subjects had the highest error,
which was partially ameliorated by L-DOPA. In NDPD subjects,
after medication, the tracking error approached that of control
subjects.

The effect of visual ambiguity on the log of decay rate is shown
in Figure 4. At slow speeds and higher levels of ambiguity, NDPD
subjects had lower log(decay rates) than controls (left panel). How-
ever, at higher tracking speeds the NDPD subjects had similar or
higher log(decay rates) as controls. In contrast, DPD subjects had
higher values for log(decay rate) at high ambiguity levels at both
speeds, a situation not ameliorated by medication.

The regression analysis illustrates the relative contribution of
increasing ambiguity and speed to RMS error (Figure 5) and
log(decay rate) (Figure S1 in Supplementary Material) by group.
The speed and ambiguity regression coefficients captured by the
model were highly significant for all groups (p < 10-5), and the
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FIGURE 3 | Root mean square error as a function of visual ambiguity and tracking speed. Differences in RMS error in the low tracking speed condition (left
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FIGURE 4 | Log(decay rate) as a function of visual ambiguity and tracking speed. Differences in RMS error in the low tracking speed condition (left panel)
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FIGURE 5 | Regression analysis - RMS. The relative contribution of
increasing target ambiguity and speed to RMS error is demonstrated. The
design matrix for the regression included tracking speed, ambiguity
columns, as well as nuisance covariates corresponding to individual subject
and overall mean. The units can be considered arbitrary. The vertical and
horizontal radii of the ellipses represent the standard error of the regression
coefficients as estimated by leave-one-out validation. The arrows are from
the same PD subjects OFF medication to ON medication, and thus show
the effects of L-DOPA medication.

between group differences in both speed and ambiguity regres-
sion coefficients were also highly significant (p < 10-5). Figure 5
demonstrates that increasing tracking speed and ambiguity con-
tributed to the RMS error of DPD OFF subjects significantly more
than for all other groups. Additionally, the susceptibility to speed
and visual ambiguity is not normalized with medication for DPD
ON subjects, but is roughly normalized for NDPD ON subjects.
Figure S1 in Supplementary Material suggests that log(decay rate)
is significantly affected by visual ambiguity in PD, but especially so
for DPD subjects. L-DOPA had less of an effect on the sensitivity
of log(decay rate) to tracking speed in DPD compared to NDPD
subjects.

The Akaike’s final prediction error (FPE) and AIC used to assess
the LDS models from ambiguous tracking conditions revealed
robust tracking models. The means and standard deviations of
the estimated LDS models’ FPE and AIC scores were <3.1 +2.0
and <1.8 £ 0.4 respectively, for all groups across all conditions,
which is indicative of high model quality/fit. Furthermore, there
were few outliers in the FPE and AIC values indicating validity of
the modeling framework across subject groups.

In order to get an intuitive interpretation of the significantly
different decay rates, we interrogated typical models from each
group (i.e., models with eigenvalues close to the mean for each
group) with one-dimensional sinusoidal inputs and additive noise
similar to the experiment to determine the predicted tracking per-
formance. Ideal tracking performance would occur in systems that
ignore the noisy input and faithfully maintain sinusoidal tracking.
Consistent with the RMS error results, the sinusoidal tracking
improved with post-medication models in both dyskinetic and

non-dyskinetic subjects. However, consistent with the statistical
results, the dyskinetic model had an impaired ability to ignore the
noisy visual cue, and was excessively reliant on noisy ambiguous
visual feedback (Figure 6).

We observed the significant differences in the decomposition of
the finger tracking data, depending upon whether or not jitter was
present (Figure S2 in Supplementary Material). For only the DPD

(D-pre and D-post) group, we found that contribution of ﬁ))(t) -
the vector from finger position to the desired position — increased
(p=0.036 and p=0.026), while the contribution of 13(1‘) — the
desired trajectory — decreased when jitter was present (p = 0.002
and p =0.005).

DISCUSSION
We examined the ability of 9 dyskinetic and 10 NDPD subjects, as
well as that of 10 age-matched control subjects, to de-weight uncer-
tain sensory feedback and instead rely more heavily on predictive
motor control during visually guided tracking. The relative contri-
butions of increasing target ambiguity and speed (examined inde-
pendently) to the RMS tracking error were the greatest for DPD
subjects off medication (Figure 3). As expected, L-DOPA medica-
tion improved overall tracking performance for both PD groups,
as evidenced by reduced RMS error with medication (Figure 3).
Dyskinetic subjects’ gross motor performance was worse in the
Parkinsonian state than in the “on” medication state despite the
presence of LIDs. This is consistent with the presence of mild
LIDs experienced by DPD subjects that did not interfere with
the completion of motor tasks, and the increased movement in
the on-state compared to the Parkinsonian state that enabled
improved overall motor performance. However in dyskinetic sub-
jects, improved overall tracking performance came at a price: they
were also more responsive to and reliant on non-informative visual
cueing (Figure 6, right lower panel). We interpret our results
in the context of established performance trade-offs in control
theory, in which controllers that produce exceptionally fast, high-
performance tracking under ideal circumstances are also extremely
poor at disturbance rejection (that is, they experience high sensi-
tivity to external or un-modeled noise processes). In a biological
context, this is indicative of a system that relies more heavily on
ambiguous sensory feedback and less on predictive motor control.
This interpretation is further supported by the decomposition of
the finger velocity E(t). For DPD group only (i.e., D-pre and D-
post), the contribution of the desired trajectory D(1), to finger
velocity, E(t), was significantly reduced during jitter cases, imply-
ing that finger movement velocity was significantly degraded by
jitter in these subjects. Interestingly, FD(¢), i.e., where their finger
was to where it should have been, significantly increased in the
DPD group only, possibly reflecting an compensatory corrective
motor movement after the realization that they had been misled
by the jitter. The trends we observed in the LDS are consistent
with the trends we observed through the regression analysis. The
LDS model separates the contribution of the output due to the
desired trajectory from the contribution of the output due to the
additive jitter. The decreased reliance on D(t) in DPD subjects
is consistent with the increased decay rate in the LDS — that is,
the subjects are following the noise more than they were in the
no-noise case.
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FIGURE 6 | Linear dynamical system model simulation results. Left panel:
tracking input is a combination of a smooth sinusoidal reference trajectory
and bandpass filtered white noise. Right panel: subjects modeled tracking
output in a smooth non-ambiguous tracking condition (upper box) and in a
“noisy” ambiguous tracking condition (lower box). In the upper box, the
modeled tracking output of a representative subject from each group is

shown. The subjects’ output in non-ambiguous conditions is similar across
groups. In the lower box, the effect of “noisy” ambiguous input on modeled
output of a dyskinetic and a non-dyskinetic subject is shown. The increased
decay rate of dyskinetic subjects on medication leads them to attempt to
track the noise more significantly. The noisy visual signal is reduced to 15% of
the actual magnitude for visualization purposes.

It is important to note that the LDS models utilized here are
deterministic. The numerical algorithm used to identify the LDS
model, in fact, minimizes the residual between the actual output
and the predicted output, in essence capturing as much informa-
tion as possible from the input—output relationship and leaving
only white noise. What would we see if the only differences between
DPD and NDPD were that the DPD subjects had the same track-
ing performance but superimposed dyskinesias that were truly
random fluctuating movements? The parameters of the models
would be the same, but the residuals of the model, which reflect the
part of the movement not accurately captured by the deterministic
model, would be much higher in the DPD case. Yet we observed the
opposite: the model residuals were not significantly higher in the
DPD subjects (as reflected by the lack of significant differences in
their model scores) and the parameters of the model were appre-
ciably different. In fact, this raises an important issue, that a key
interpretation of our findings is that LIDs may not be “random” at
all as is normally assumed, but a deterministic response to various
endogenous and exogenous stimuli that is normally appropriately
de-weighted. This may explain why increasing sensitivity to stim-
uli such as that seen in anxiety (53), or increased vigilance due to
cognitive or motor load (54) may increase dyskinesias.

Normally, forward models are used to predict sensory feedback,
and the predicted feedback is subsequently compared to actual
feedback when it becomes available after an inherent delay (55,
56). The difference between the actual and predicted sensory feed-
back is known as the sensory discrepancy or error, which is then
used to update the forward model and in turn improve motor
performance (1, 56). In fact, the concept of forward modeling
has been extended from predicting the sensory consequences of
movement to predicting the external environment (4, 7-13). For
example, evidence indicates that human subjects utilize forward
models of visual cues (11), of target motion during interception
tasks (12, 13), and of the physical laws of gravitational accelera-
tion (4, 9, 15). We quantified RMS tracking error as the difference
between the subjects’ index finger position and the target position
along the smooth Lissajous path at any given time point. During
the non-ambiguous conditions of our tracking task, the sensory
discrepancy is likely minimal as the predicted sensory feedback
relating the subjects’ index finger position and the target position
would be congruent, which is supported by the lack of differences
in RMS tracking error between the groups in the baseline condi-
tions (Figure 3). However, in the ambiguous tracking conditions
the sensory discrepancy would be large due to the ambiguous
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jitter of the target. Human subjects have been shown to reliably
predict the mean perturbation delivered from a variable distribu-
tion in reaching tasks (50, 57), and to do so according to Bayesian
inference (17).

Though we did not explicitly test the use of Bayesian statis-
tics in this study, the strategy of more heavily weighting the mean
jitter amplitude and de-weighting the instantaneous uncertain jit-
tering position of the target in order to predict the desired tracking
position, corresponds to the optimal motor response in our task
that minimizes RMS tracking error.

As expected, in our study, normal controls had the lowest overall
tracking error of all groups (Figure 3). However, Figure 4 provides
interesting insight into how this is achieved. During slow tracking
and in high ambiguous situations, NDPD subjects had even lower
decay rates than controls, suggesting that they were robust to the
ambiguity — so much so that they excessively de-weighted the (still
partially meaningful) visual information. However, in the high
speed tracking condition, it becomes more critical to de-weight
the visual information and the originally sluggish approach of the
NDPD becomes the appropriate response — this is why NDPD
patients ON medication and controls had essentially the same
decay rates. These observations are consistent with other studies
demonstrating that NDPD subjects do not overly respond to visual
feedback (58), and that healthy human subjects internally account
for sensory uncertainty and de-weight uncertain feedback dur-
ing motor performance (1, 18, 20). In contrast, in both slow and
fast tracking conditions, the DPD subjects demonstrated exces-
sively high decay rates (Figure 4), implying faster dynamics, even
though this resulted in excessive overall tracking error (Figure 2).

Thus, the inability of DPD subjects to de-weight ambiguous
visual data that we observed may be based on excessive sensi-
tivity to discrepancies between a (accurate) forward model and
sensory feedback and/or an impaired forward model. The effect
of L-DOPA medication may provide insight on this. In addition
to reducing overall tracking error (Figure 3), L-DOPA medica-
tion made overall tracking error less susceptible to tracking speed
and visual ambiguity (Figure 5), but had minimal effect on the
log(decay rate)’s sensitivity to tracking speed and visual ambi-
guity (Figure S1 in Supplementary Material). If we assume that
decay rate is related to corrective sub-movements and hence
responses to discrepancy between models, this would imply that
L-DOPA largely improves forward model accuracy (and hence
reduced RMS error’s sensitivity to visual ambiguity and speed)
while having minimal effect on the dynamics of the response
to the errors between the forward model and sensory estimates
(Figure 5).

A possible functional neuroanatomical correlate of the inability
of DPD subjects to de-weight ambiguous visual feedback demon-
strated in the present study is inadequate predictive cerebellar
forward modeling. There is growing evidence of functional cere-
bellar changes occurring in PD (59-64) and in DPD (39) that
supports this possibility. Furthermore, the cerebellum is known to
have an integral role in predictive motor control, and predictive
deficits that lead subjects to excessively respond to feedback are
typically seen in cerebellar disease (21, 24, 31-34). Extensive evi-
dence supports the use of forward models in human subjects (2-6),
and neuroimaging, electrophysiology, and transcranial magnetic

stimulation (TMS) studies provide strong evidence for the role
of the cerebellum in forward modeling (31, 65-75). Interestingly,
evidence from neuroimaging studies demonstrates significantly
increased cerebellar activity in conditions of mismatch between
predicted and actual feedback (66), and the degree of mismatch
imposed by temporal delays has been correlated with cerebellar
activity (76). Further evidence indicates that the cerebellar climb-
ing fiber-Purkinje cell synapse may signal the error between the
predicted and actual sensory feedback (71, 72, 77-80).

In addition to the cerebellum, the posterior parietal cortex
(PPQC) is believed to have an important role in predictive motor
control (65). The role of the PPC in making on-line corrections (a
process that requires forward models) during movement has been
demonstrated in patients with lesions to this area and through
the use of TMS (81, 82). TMS applied to the PPC of healthy
human subjects prevented them from making fast on-line cor-
rective movements to a target perturbation in a reaching task
when vision of their arm was occluded, and they instead con-
tinued to reach to the initial target (81). As DPD subjects in our
study were found to be overly responsive to the ambiguous visual
feedback (as opposed to unresponsive PPC subjects), this may
argue against altered PPC function explaining our results. More-
over, PPC stimulation has been related to motor awareness (83),
and interestingly DPD patients can be unaware of their involun-
tary movements (30). Nonetheless it is possible that altered PPC
activity contributed to the impaired predictive motor control of
dyskinetic subjects, and as the PPC and cerebellum have recip-
rocal neuroanatomical connections (84, 85), it is likely that these
two structures work together in using forward models to guide
motor performance. Given that frontal “executive” dysfunction is
well described in PD (86), it is tempting to speculate whether or
not impaired frontal lobe dysfunction may contribute to the our
observation of impaired forward models in PD. While this may
explain, at least in part, the differences between PD subjects as a
whole and controls, we do not believe that it could explain the
differences between NDPD and DPD subjects we observed.

There is increasing evidence that although dyskinesias are
present when DPD subjects are on medications, changes in motor
function persist off medication (42). For example, Figure 3
demonstrates that DPD subjects OFF medication were signifi-
cantly worse in overall tracking compared to NDPD subjects OFF
medication. Animal models of PD suggest that unnatural pulsatile
stimulation of dopaminergic receptors, occurring with intermit-
tent dosing of L-DOPA, may induce plastic changes that contribute
to the development of LIDs (87, 88). Interestingly, younger patients
are more prone to developing LIDs (89), and this may be related
to a greater degree of plasticity occurring in the younger brain.
Additionally, neurochemical changes related to LIDs (90) are not
limited to the basal ganglia. Nimura and colleagues (91) demon-
strated that the binding potential of the cerebellar sigma receptors
was positively correlated with LID scores but not with disease
severity of PD patients undergoing pallidotomies; while Koch and
colleagues (39) have demonstrated altered cerebellar plasticity in
DPD subjects using TMS. Furthermore, we have found behav-
ioral differences that differentiate dyskinetic from non-dyskinetic
subjects in the off medication state that may be related to altered
cerebellar functioning (42). Thus, the dyskinetic brain may exhibit
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altered cerebellar plasticity that manifests functionally as inade-
quate predictive motor control. Direct neuroanatomical pathways
connecting the basal ganglia and the cerebellum have been found
in primates (92,93), providing a direct route for the administration
of L-DOPA to interact with altered cerebellar structures.

There are a number of potential limitations to our study. First,
there was a trend toward greater disease severity of dyskinetic
than NDPD subjects, though the difference was non-significant
(Table 1). Nonetheless, in order to fully address this, we exam-
ined the relationship between UPDRS and the increase in RMS
between the non-ambiguous and maximum ambiguous track-
ing conditions, and no significant correlation for either DPD or
NPDP subjects was found. Thus, the worsening of motor perfor-
mance with increasing visual ambiguity was not associated with
disease severity. Furthermore, UPDRS was not significantly corre-
lated with decay rate for either PD groups, except for in the slow
tracking condition (ambiguity level = 0.03), which was the only
ambiguous tracking condition that lacked significant differences
in mean decay rate between groups. Second, in addition to testing
while on medication, we also tested PD subjects in the practically
defined off medication state with 12 h of L-DOPA withdrawal and
18 h for dopamine agonists, and subjects were symptomatic upon
study commencement. We note that this method of examining the
practically defined off medication state in PD is universally uti-
lized (94, 95), though we acknowledge that this may not reflect a
truly depleted dopaminergic state. Furthermore, non-motor com-
plications can occur with the off medication state (96), as well
as pain that can be experienced by DPD patients (97), and such
non-motor complications were not accounted for in this study.
However, none of the subjects complained of pain and none of the
subjects experienced non-motor complications requiring them to
stop the study. Third, dyskinetic subjects can experience postural
instability while on medication and experiencing LIDs (98), and
we did not quantify postural instability between groups. However
none of the subjects from either PD group complained of pos-
tural problems, and the lack of difference in overall accuracy in
the baseline tracking condition of our task indicates that PD sub-
jects were able to perform the task while standing equally well as
healthy control subjects, and suggests any potential differences in
postural instability did not significantly affect motor performance.
Fourth, we did not examine potential differences in visual acuity
between dyskinetic, non-dyskinetic, and control subjects. How-
ever, once again a lack of difference in RMS error in the baseline
non-ambiguous conditions of the task suggests that any differ-
ences in visual acuity were not great enough to impact baseline
motor performance. Fifth, it is theoretically possible that L-DOPA
affected DPD and NDPD subjects with respect to eye movements.
However, we note that (99) we found no changes in smooth pur-
suit gain during dose-related on—off fluctuations, so believe that
this was not a factor here.

In conclusion, we demonstrate that DPD subjects are signifi-
cantly more susceptible to visually ambiguous sensory input dur-
ing a visually guided tracking task, and that the improvement in
overall tracking performance with L-DOPA medication comes ata
price for DPD subjects: an increased reliance on ambiguous visual
feedback. The results indicate inadequate weighting of predictive
motor control in DPD, which may be a significant contributor

to pathophysiology of LIDs. We discuss possible cerebellar dys-
function in DPD as a neuroanatomical substrate of inadequate
weighting of predictive motor control.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/Journal/10.3389/fneur.2014.00008/
abstract

Figure S1 | Regression analysis — log(decay rate). The regression was the
same as for Figure 4, only the dependent variable used in the regression was
log(decay rate).

Figure S2 | Regression weights of the vector decomposition in Figure 2,
comparing the situations with and without “jitter.”
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INTRODUCTION

Dopamine replacement therapy in the form of levodopa results in a significant proportion
of patients with Parkinson's disease developing debilitating dyskinesia. This significantly
complicates further treatment and negatively impacts patient quality of life. A greater under-
standing of the neurobiological mechanisms underlying levodopa-induced dyskinesia (LID)
is therefore crucial to develop new treatments to prevent or mitigate LID. Such investiga-
tions in humans are largely confined to assessment of neurochemical and cerebrovascular
blood flow changes using positron emission tomography and functional magnetic reso-
nance imaging. However, recent evidence suggests that LID is associated with specific
morphological changes in the frontal cortex and midbrain, detectable by structural MRI and
voxel-based morphometry. Current human neuroimaging methods however lack sufficient
resolution to reveal the biological mechanism driving these morphological changes at the
cellular level. In contrast, there is a wealth of literature from well-established rodent mod-
els of LID documenting detailed post-mortem cellular and molecular measurements. The
combination therefore of advanced neuroimaging methods and rodent LID models offers
an exciting opportunity to bridge these currently disparate areas of research. To highlight
this opportunity, in this mini-review, we provide an overview of the current clinical evidence
for morphological changes in the brain associated with LID and identify potential cellular
mechanisms as suggested from human and animal studies. We then suggest a framework
for combining small animal MRI imaging with rodent models of LID, which may provide
important mechanistic insights into the neurobiology of LID.

Keywords: levodopa, magnetic resonance imaging, T, relaxation, voxel-based morphometry, plasticity, prefrontal
cortex

debilitating dyskinesias (5). This phenomenon, termed levodopa-

Parkinson’s disease (PD) is a multi-system neurodegenerative dis-
order that affects 1 in 100 people aged over 60 in the United
Kingdom. The disease is characterized pathologically by the pro-
gressive degeneration of nigrostriatal dopamine (DA) containing
neurons in the substantia nigra (1) and the accumulation of phos-
phorylated a-synuclein in Lewy bodies, ascending from the brain
stem to the higher area association cortices as the disease pro-
gresses (2). The subsequent depletion of DA in the caudate and
putamen of PD patients manifests itself as the classical triad of PD
motor symptoms, akinesia, resting tremor, and rigidity/postural
instability.

Some 44 years since its first use in the clinic (3), the first-
line treatment for many PD patients to alleviate their motor
symptoms remains pharmacological DA replacement with the
DA precursor levodopa (L-DOPA) (4). Although most patients
respond positively to L-DOPA treatment, after ~4—6years of L-
DOPA therapy, a significant proportion of patients (~40%) exhibit
a decline in the therapeutic efficacy of L-DOPA and develop

induced dyskinesia (LID), is characterized by involuntary dystonic
and/or choreic movements of the trunk, limbs, and face, most
commonly when the plasma concentration of DA is high (“peak
dose” dyskinesia) (5). The expression of LID severely limits the
long-term clinical utility of L-DOPA in this sub-set of PD patients
and thus significantly impacts on patient quality of life. As such,
strategies to mitigate or prevent LID onset are the subject of intense
research efforts to address this serious unmet medical need. In the
clinic, these efforts are currently centered on modifying the timing,
formulation, and mode of administration for L.-DOPA. In partic-
ular, emphasis is placed on delaying L-DOPA treatment where
possible by use of direct-acting DA receptor agonists (6) and if
not possible, using continuous intestinal L-DOPA infusion rather
than intermittent L-DOPA injections (7). Both approaches have
met with some success in reducing the incidence and severity of
LID. At the pre-clinical level, significant effort is being directed
toward understanding the role of other neurotransmitter systems
in LID, particularly the role of glutamate and serotonin, as well
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as the underlying molecular signaling pathways involved (8-10).
Despite these efforts, the neural mechanisms underlying LID in PD
remain obscure and the underlying neural correlates are not well
understood. This presents a significant barrier to development of
novel treatments (11).

In this article, we therefore examine current clinical evidence
that suggests neuroanatomical changes in the brain are associ-
ated with LID, and the caveats associated with this. Second, we
identify potential post-mortem cellular mechanisms as suggested
from human and animal studies, which may explain these abnor-
malities. Thirdly, we outline the framework for combining small
animal imaging with rodent models of LID, which may provide
important mechanistic insights into the neurobiology of LID.

NEURAL CORRELATES OF LEVODOPA-INDUCED DYSKINESIA:
functional MRI STUDIES

Research efforts to unravel the neural correlates of LID in the clinic
and in relevant animal models of LID are critical to address the
gaps in our knowledge of LID pathogenesis (12, 13). A fruitful
and translational strategy that can bridge clinical and pre-clinical
studies to achieve this is the application of neuroimaging tools
to both human patients and relevant animal models. In particu-
lar, the latter can provide a mechanistic framework to underpin
neuroimaging observations in patients.

To date, such investigations have typically focused on the use
of functional magnetic resonance imaging (fMRI) and positron
emission tomography (PET). These studies have identified changes
in brain network activity, metabolism and molecular changes
related to LID onset and severity, as described elsewhere (14-17).
In brief, it is clear from these studies that LID is associated with
bi-directionally altered neuronal firing patterns between the basal
ganglia and the neocortex, the net result of which is dis-inhibition
of thalamo-cortical neurons, leading to over-activation of frontal
cortical areas, particularly in the motor, pre-motor, and prefrontal
cortices. These data have been confirmed in PD patients with LID
using PET (14, 18), transcranial magnetic stimulation [TMS; Ref.
(19)], task-based and resting state fMRI (17, 20, 21).

NEUROANATOMICAL CORRELATES OF LEVODOPA-INDUCED
DYSKINESIA: STRUCTURAL MRI STUDIES

Functional magnetic resonance imaging studies have revealed sev-
eral important insights into LID pathophysiology. However, it is
also true that human neuroimaging studies consistently demon-
strate a linear relationship between the functional activity of the
brain, assessed by fMRI and the shape, volume, or thickness of
brain gray matter (22—-24). These findings hold true for rodents as
well (25, 26). This structure—function relationship is most likely
driven by neuroanatomical remodeling at the cellular, synaptic
(neuronal dendrite), or vascular level as a consequence of altered
brain functional or metabolic activity (23, 27, 28). In other words,
changes in brain function usually lead to or are concurrent with
changes in the structure of the brain. Taking this into considera-
tion, it is perhaps surprising that the use of structural MRI (sMRI)
to probe whether there are neuroanatomical differences between
patients with LID and those who are not dyskinetic has not been
widely investigated.

In a recent study, the first of its kind to address this issue,
Cerasa et al. (29) utilized optimized voxel-based morphometry
(VBM) to analyze T;-weighted MR images from PD patients
with LID (n = 36), non-dyskinetic PD patients (n = 36), and age-
and sex-matched controls (n=32). Compared to healthy con-
trols, both dyskinetic and non-dyskinetic PD patients showed
no significant differences in gray matter volume (GMV), some-
what consistent with other VBM findings in PD patients of a
similar age and disease duration, although the sample size was
small (29). However, when comparing dyskinetic versus non-
dyskinetic PD patients directly, a significant increase in GMV was
observed in the bilateral inferior frontal gyrus of the dyskinetic
patients (29). This increase was negatively correlated to age at
onset, such that the greatest increases in inferior frontal gyrus
GMYV were in LID expressing PD patients with younger age of
onset (29). These data suggest a hypothesis that aberrant striato-
frontal and/or thalamo-cortical neural plasticity associated with
LID consequently leads to morphological remodeling of the pre-
frontal cortex (29), findings which have sparked an interesting
debate (30, 31).

The normalization and smoothing processes inherent to the
VBM pipeline may however lead to reduced sensitivity in assess-
ing cortical pathology, since individual sulci and gyri cannot be
accurately anatomically resolved (32, 33). As such, VBM therefore
provides a mixed measure of gray matter reflecting two compo-
nents, cortical surface area and cortical thickness. A direct measure
of cortical thickness therefore represents a topographical measure-
ment that might provide a more sensitive indicator of the integrity
of the cytoarchitecture in the cortex (32, 33).

To address this, Cerasa et al. (34) used surface-based investiga-
tion of cortical thickness in PD patients with LID (n = 29), without
LID (n=30), and age- and sex-matched controls (n = 24). This
analysis revealed a pronounced increase in the thickness of the
right inferior frontal sulcus in the dyskinetic, as compared to non-
dyskinetic patients (34). These data support their original VBM
findings (29) and delineate with greater precision the anatom-
ical abnormalities characterizing dyskinetic PD patients (34). A
third study combining VBM and cortical thickness measurements
in PD patients with LID (# = 33) or without LID (n = 33), strat-
ified by their PD age-of-onset (< or >50 years of age), compared
to age- and sex-matched healthy controls (n=40) reveals fur-
ther insights (35). Independent of the age of PD onset, dyskinetic
patients were characterized by increased GMV and thickness in the
inferior frontal cortex (35). Interestingly, early-onset PD patients
with dyskinesia also demonstrated increased GMYV in the substan-
tia nigra and the red nucleus when compared to non-dyskinetic
patients (35). In contrast, late-onset PD patients with dyskine-
sia were characterized by GMV increases in the supplementary
motor area (SMA) only (35). Taken together, these data support
the previous observations of anatomical abnormalities associated
more generally with LID in the prefrontal cortex. Moreover, they
demonstrate that different spatial patterns of brain abnormali-
ties occur in patients with LID according to their age of PD
onset. In particular, nigral pathology may be important in early-
onset patients and in contrast, cortical pathology in late-onset
patients (35).
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LEVODOPA, GRAY MATTER, AND MAGNETIC RESONANCE
IMAGING SIGNAL

When interpreting VBM results, it is important to eliminate arti-
ficial causes for differences between processed images that do not
originate from genuine biological differences. In particular, MR
image contrast between tissue classes on T} -weighted MR images
is inversely proportional to the T relaxation time. Cerebrospinal
fluid (CSF) is dark, reflecting a long T ; whereas the much shorter
T; of white matter renders it bright; and gray matter is inter-
mediate between these. When the brain is segmented into these
different tissue classes for volumetric analysis, VBM (and other
automated techniques, including cortical thickness) utilizes voxel
signal intensity profile (36). Each voxel has its own distinct inten-
sity profile and there is substantial overlap in the voxel intensity
histograms linked to gray and white matter. This renders precise
tissue class segmentation difficult, particularly in the presence of
partial volume effects, wherein a single voxel contains a mixture
of tissue types (37). This is particularly common when a voxel
spans distinct tissues, in cortical sulci (38). Such voxels are usually
excluded or allocated to a particular tissue type on a probabilis-
tic basis. As such, this segmentation process has the potential to
go awry in the presence of unrecognized changes in voxel inten-
sity profiles, leading to spurious volumetric findings (37). In other
words, a reported volume change might in fact be an artifact of
the signal acquisition and image analysis process (37).

This has recently been advanced as a biophysical explanation
for the effects of lithium, a mood stabilizer, to apparently increase
GMYV (37). Whilst this notion is debated (39-41) and has yet to be
explored in detail, it is certainly important and warrants attention
(40, 41).

Interestingly, L-DOPA is associated with shortening of T; (and
T,) relaxation time in vitro, although this may be influenced by
the presence of iron (42). This raises the possibility that changes
in T} in the human brain after .-DOPA administration may lead
to an adjustment in the number of voxels that are attributed to
gray matter. These would then be detected by VBM analysis as an
apparent increase in GMV. Consistent with this hypothesis, VBM
analysis reports an increase in voxels attributed to gray matter
in the substantia nigra, ventral tegmental area, and subthalamic
nucleus following acute L-DOPA administration in healthy volun-
teers (43). Unfortunately, this study did not include quantitative T
parametric mapping to assess the impact of L-DOPA on T in vivo.

These findings following a single administration of L-DOPA to
healthy people may lead to the suggestion differences in anatom-
ical MRI data acquired from dyskinetic and non-dyskinetic PD
patients (29, 34, 35), are driven by simple changes in signal inten-
sity (grounded in increases in proton T;), which may be misin-
terpreted as a volume increase in the gray matter. Importantly,
therefore, the gray matter volume increases reported in dyskinetic
PD patients were detected only in dyskinetic patients compared
to non-dyskinetic patients. All of these patients were receiving
L-DOPA therapy at the time of scanning, with no significant
difference in the duration of L-DOPA treatment (29, 34, 35).

Taken together, this does not support a general influence of
L-DOPA on the MRI signal driving the observed results, since
such an effect would be predicted to be present in both L-DOPA
treated patient groups. The fact that the anatomical abnormalities

are only present in the dyskinetic group strongly suggests these
are inherently linked to the pathogenesis of LID. We note however
that Lewis and colleagues report an accumulation of iron in the red
nucleus of patients with L-DOPA-induced dyskinesia (44). Iron is
paramagnetic and causes a reduction in both T, and T relaxation
time in brain regions where brain iron is deposited in the form
of ferritin and hemosiderin (45). As such, whilst there is no evi-
dence currently to suggest that neuroanatomical brain changes in
dyskinetic PD patients are the result of an MR image artifact, quan-
titative T; and T, mapping may be recommended for future MRI
studies in dyskinetic and non-dyskinetic patients. This would help
to more accurately probe the exact origins of MRI signal changes
in these groups. Alternatively, controlled animal studies may be
important as MRI volume changes can be verified post-mortem, as
we have shown previously (28, 39, 46, 47), and discussed later in
this article.

WHAT IS THE MECHANISM UNDERLYING
NEUROANATOMICAL CHANGE IN GRAY MATTER
FOLLOWING CHRONIC L-DOPA TREATMENT?
Assuming that dyskinesia following L-DOPA treatment is asso-
ciated with physical neuroanatomical changes in the brain, the
next obvious issue is the identification of the underlying biolog-
ical mechanism. However, neuroimaging measures are difficult
to relate unambiguously to underlying biology (23). In partic-
ular, human neuroimaging studies cannot establish if the mor-
phological abnormalities in the prefrontal cortex of dyskinetic
PD patients are a cause or consequence of dyskinesia, following
chronic L-DOPA treatment (29). One very plausible hypothesis
is that these morphological changes reflect heightened activity
within the neuronal circuitry implicated in LID pathogenesis (29).
In other words, the detected pattern of brain abnormalities reflects
altered neurobiological mechanisms central to the pathogenesis of
LID. This hypothesis is supported by observations in hyperkinetic
movement disorders such as dystonia. Indeed, dystonia is associ-
ated with exaggerated increases in GMV of specific brain regions
involved in somatosensory processing, such as the basal ganglia,
prefrontal cortex, and somatosensory cortex (35, 48). Further-
more, it is suggested that L-DOPA, when applied in a pulsatile
and non-physiological manner may perturb the normal physio-
logical mechanisms that mediate motor control (49). This process
may lead to aberrant increases in synaptic plasticity, remodeling
of neuronal synapses, and changes in the functional connectivity
signature of brain activity within circuits responsible for motor
control. At the cellular level, this is likely to manifest as increases
in the size of neuronal dendritic arbors (50, 51). This phenome-
non termed, “L-DOPA-maladaptive plasticity” may be critical to
LID pathogenesis (29). Interestingly, this has also been suggested
as an explanation for the incidence of tardive dyskinesia following
chronic treatment with first generation antipsychotic drugs (52).
Evidence from recent studies using electroencephalography
(EEG) and fMRI support this hypothesis. These reveal that brain
activity and functional connectivity, defined as spontaneous, tem-
porally coupled blood oxygen level dependent (BOLD) oscil-
lations, is decreased in PD patients within the motor circuit
in the cortex that receives dopaminergic innervation including
the frontal, somatosensory, motor, and SMA (20, 21, 53-55).
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Furthermore, these studies confirm that acute and chronic
L-DOPA treatment restores this lost connectivity with motor net-
works and increases neural activity in these brain regions (20,
21, 53-55). In an acute setting, this may explain the therapeu-
tic effects of L-DOPA. However, with chronic treatment and the
continued degeneration of the dopaminergic system, this could
result in L-DOPA maladaptive plasticity leading to changes in
neural arborization, and subsequently the observed neuroanatom-
ical increases in the cortex of dyskinetic PD patients. Alternatively,
such neuroanatomical enlargements could equally reflect a struc-
tural long-term consequence of the altered neural plasticity in
these specific regions.

In reality however, MR phenomena are likely to be driven by
several cellular processes; acting potentially in parallel in multiple
cell types within the brain (23). Neuronal changes in gray mat-
ter as a cause or consequence of chronic L-DOPA treatment may
include neurogenesis, synaptogenesis, and changes in neuronal
morphology as discussed above. However, extra-neuronal changes
may equally be responsible and these could include increases in
glial cell size, morphology, number and additionally, angiogene-
sis. Indeed, the vasculature accounts for about 5% of gray matter
(56). Glial cells (astrocytes, microglia, and oligodendrocytes) are
believed to outnumber neurons by ~6 to 1, with varying ratios in
different brain regions. Any of these cellular changes may influence
MRI signals. Importantly, variations in neuronal, glial, and synap-
tic density may affect modalities sensitive to the proportion of
cellular material versus extracellular space in a voxel, such as pro-
ton density imaging or relaxometry. Such features would therefore
influence commonly used methods to assess gray matter change
including VBM and cortical thickness that rely on image intensity
boundaries in T} -weighted images (54).

Addressing this issue is problematic. In patients, one fruit-
ful approach may be to conduct multi-modal neuroimaging in
dyskinetic and non-dyskinetic PD patients to study the interrela-
tionships between brain function, metabolism, and structure. This
could include, but is not limited to, collection of resting state fMRI,
sMRI and quantitative T} mapping in the same session. Similarly,
angiogenesis could be detected by techniques such as contrast-
enhanced imaging of blood volume or perfusion imaging of
cerebral blood flow (CBF). Recent advances in simultaneous PET—
MR, the feasibility of which has been demonstrated in rodents
(57) and humans (58, 59) make this even more tractable and could
provide unparalleled insights into the pathophysiology of LID.

Ultimately, post-mortem histological studies are required in
order to make direct links between imaging measures and under-
lying mechanisms. For example, recent studies in our laboratory
have established that neuroanatomical changes, including a reduc-
tion in the volume of the anterior cingulate cortex due to chronic
antipsychotic drug treatment are not due to the loss of neurons or
astrocytes (28). Similarly, in a very elegant study, mice subjected
to different forms of maze training displayed volume increases in
either the hippocampus (spatial maze) or striatum (cued maze),
reflecting the distinct brain systems involved in these tasks (27).
These MRI-derived measures of growth correlated with growth
associated protein-43 (GAP-43) staining post-mortem, a marker
for axonal growth cones, but not measures of neuronal size or
number (27). These data suggest the observed MRI volume change

reflected remodeling of neuronal processes, rather than neuroge-
nesis (27). These data highlight the need to study relevant animal
models to help unravel the neuroanatomical correlates of LID
observed on MRI in patients.

ANIMAL MODELS OF LID

Levodopa-induced dyskinesia can be modeled pre-clinically by
recapitulating the conditions required for its development in
humans, namely degeneration of the nigrostriatal tract fol-
lowed by chronic exposure to L-DOPA. The primary dopamin-
ergic cell loss models used for evaluation of dyskinesia are the
6-hydroxydopamine (6-OHDA) lesioned hemi-parkinsonian rat
and the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated non-human primate (NHP). Repeated exposure of these
denervated animals over several weeks to daily treatment with
L-DOPA combined with a peripheral DOPA decarboxylase
inhibitor such as benserazide or carbidopa, leads to development
of abnormal involuntary movements (AIMs), which is consid-
ered an experimental proxy for human LID (13, 60-62). This can
be scored according to a variety of ratings scales (63, 64). In the
6-OHDA-lesioned rat, AIMs manifest unilaterally as axial (twist-
ing of the head, neck, and trunk), limb (repetitive or dystonic
movements involving the forepaw and/or limb), and orolingual
(vacuous chewing, tongue protrusion) phenomena on the side of
the body contralateral to the lesion (60). In MPTP-treated NHPs,
LID is bilaterally expressed and manifests as choreic and dystonic
movements of the limbs, especially the lower limbs, and flicking
of the fingers, trunk dystonias, and repetitive tongue protrusion
(65). The MPTP-NHP model more accurately reflects the human
expression of dyskinesia, but ethical and practical considerations
mean that the 6-OHDA-lesioned rat model is a very valuable tool
for pre-clinical research. Importantly, the mechanisms underly-
ing the development of LID and AIMs appear to be common to
both (13). Extensive research in both rat and NHP LID models,
including studies to assess the potential of new anti-dyskinetic
drug strategies, has identified a plethora of candidate mechanisms
in specific brain regions, which may underlie the pathogenesis of
LID (5, 66). Both striatal and extra-striatal systems are implicated,
as described in brief below.

STRIATAL MECHANISMS UNDERLYING LID

The role of DA in the striatum is to alter the response of medium
spiny neurons (MSNs) in both the direct and indirect pathways
to excitatory input from the corticostriatal pathway. The classi-
cal model of LID suggests the presence of high concentrations of
exogenous DA (derived from L-DOPA) causes hyperactivation of
the direct pathway (striatonigral) MSNs, which increases thala-
mocortical feedback and produces exaggerated motor function.
Dyskinesia is therefore believed to primarily involve chronic over-
activation of striatonigral MSNs (67, 68) and there is a wealth of
evidence for a particular role of dopamine D1 receptors (D1R) in
the development of LID in both patients and pre-clinical mod-
els (69-72). In reality the mechanisms involved are likely to be
considerably more complex (73) and a role for the indirect path-
way cannot be ruled out, especially as both DIR and dopamine
D2 receptor (D2R) agonists can provoke dyskinesia in primed
monkeys (74).
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The striatonigral GABAergic projection is a point of conver-
gence for, and is therefore modulated by, multiple neurotransmit-
ter systems that may be pathologically altered in dyskinetic PD
patients. The major input to the BG involves release of glutamate
from corticostriatal neurones, and together with DA and the mod-
ulatory activity of other neurotransmitters such as serotonin (5-
HT), this determines the activity of the output nuclei: the globus
pallidus internus (GPi) and substantia nigra pars reticulata (SNr).
There is evidence from animal models that this corticostriatal glu-
tamate release is increased in LID (75, 76), alongside alterations
in expression (69, 77-80), phosphorylation (81-83), and distribu-
tion (84, 85) of glutamate receptors, including NR1/NR2B NMDA
receptors and metabotropic glutamate receptor 5 (mGlus), that
facilitate increased signaling across this synapse. Morphological
alterations indicative of increased glutamatergic transmission are
also present (86). This is borne out in human LID, where abnor-
mal glutamatergic transmission has been described in the caudate,
putamen, and motor cortex (87), alongside increased putaminal
expression of NR1/NR2B NMDA receptors (88) and mGlus recep-
tors (80). Activation of extrasynaptic NR2B-containing NMDA
receptors has particularly been implicated in the development of
LID (84).

The effect of this abnormal glutamatergic transmission may
be compounded by the consequences of dysregulated release of
DA from serotonergic terminals within the striatum (89), lead-
ing to abnormal activation of DA receptors. These receptors are
expressed on striatonigral MSNs as well as in cortical dopamin-
ergic systems, which have also been implicated in the pathophys-
iology of dyskinesia (90). There are some reports of altered D1R
expression or trafficking in LID (70, 91), but evidence suggests that
the key mechanism in dyskinesia is increased functional sensitivity
of these receptors (92, 93).

Whatever the exact mechanism behind increased DIR sig-
naling, stimulation of these receptors causes activation of the
cyclic AMP (cAMP)/protein kinase A (PKA)/DARPP-32 (DA- and
cAMP-regulated phosphoprotein, 32 kDa)/protein phosphatase 1
(PP-1) pathway and the mitogen activated protein kinase (MAPK)
pathway, which culminates in phosphorylation of extracellular
signal related kinase (ERK1/2) (94). This results in DNA modifi-
cations (95, 96) and increased expression of transcription factors,
especially AFosB/FosB (97), which are indicative of long-term
cellular adaptations.

Both NMDA and mGlus receptors are known to closely inter-
act with DIR (81, 98) and with each other (99, 100), activat-
ing common downstream mediators such as PKA and ERK1/2
(101, 102). Therefore, the increased expression of these recep-
tors alongside enhanced D1R signaling will co-operate to augment
striatonigral signaling in LID. In addition, activation of DIR, in
combination with enhanced activation of NMDA receptors by glu-
tamate, leads to long-term potentiation-like phenomena. This may
explain the lack of depotentiation seen in the dyskinetic versus
non-dyskinetic denervated striatum (103), leading to an exag-
gerated response to normally irrelevant stimuli. The pathological
overactivation of the direct pathway leads to GABA bursting in
the SNr and GPi (71), thus disinhibiting thalamocortical feed-
back and leading to the hyperkinetic movements characteristic
of LID.

Striatal glutamatergic and dopaminergic transmission can
be modulated by several other neurotransmitters. For example,
increased serotonergic innervation of the striatum, along with
altered expression of several receptor subtypes (104, 105), has been
demonstrated in animal and human LID (106, 107). Importantly,
activation of serotonin 5-HT' 5 receptors has been shown to reduce
corticostriatal glutamate release (108, 109), and also negatively reg-
ulates release of DA as a false neurotransmitter from serotonergic
terminals (110). Similarly the endocannabinoid system may play a
role in LID as activation of CB; receptors has been shown to nega-
tively regulate corticostriatal glutamate release (111, 112) and also
reduce D1R-mediated responses (113—115). Consequently, mol-
ecules such as serotonin receptor 5-HT 4 and 5-HT1p agonists
(116-120) and endocannabinoid receptor agonists (121-124) have
shown anti-dyskinetic efficacy.

EXTRA-STRIATAL MECHANISMS OF LID

As well as striatal alterations, there is also evidence from pharma-
cological studies suggesting that modulation of neurotransmission
elsewhere in the BG and in areas of the cortex may also contribute
to LID. Systemically active drugs could therefore produce anti-
dyskinetic effects through actions at more than one key synapse.
For example, antagonists of mGlus, which are currently in clinical
trials as anti-dyskinetic agents (125, 126), may exert their effects
not only in the striatum but also in the subthalamic nucleus (127).
Targeting of 5-HT 4 receptors in the subthalamic nucleus (128)
or primary motor cortex (129) also attenuates dyskinesia, as does
activation of 5-HTp receptors (130, 131), which are not only
present in the striatum but also on GABAergic MSNs terminat-
ing in the SNr, where their activation can inhibit GABA release
(132). As well as the striatal actions already mentioned, another
potential mechanism to explain the efficacy of CB; agonists is
potentiation of striatopallidal signaling via inhibition of GABA
reuptake (121), which would help to rebalance a hyperactivation
of striatonigral signaling. Opioid signaling, which is known to
be altered in LID (133—-135), can modulate transmitter release at
several synapses within the BG, for example inhibition of stri-
atopallidal GABA release (136), and inhibition of glutamate and
GABA release into the SNr (137). Targeting several opioid receptor
subtypes has shown anti-dyskinetic efficacy (138—141), but their
role is complex and the effects of opioid-targeted approaches may
be dose-dependent (137).

FUTURE DIRECTIONS: A TRANSLATIONAL ROAD MAP TO
BRIDGE ANIMAL MECHANISTIC STUDIES WITH BRAIN
STRUCTURAL IMAGING TO IDENTIFY THE MORPHOLOGICAL
CORRELATES OF LID

These maladaptive plastic changes described above in the striatum
and extra-striatal regions may well underlie the morphological
changes associated with LID described in humans. Combining
well-validated rat and potentially, NHP, models of LID with
advanced non-invasive animal MR imaging methods therefore
offers an exciting opportunity to integrate currently disparate
areas of research and help explain the MR imaging phenomena
observed in dyskinetic patients (31) (Figure 1). This approach
is advantageous for three reasons. First, rodents and primates
allow one to assess the precise effects of drug treatment (in this
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FIGURE 1 | A translational methodological framework for the combination of rodent models of LID (or these could be non-human primates) with
multi-modal imaging, behavior and post-mortem cellular, or molecular analysis to elucidate the mechanisms underlying imaging phenomena
associated with levodopa dyskinesia observed in human Parkinson’s disease patients.

case, L-DOPA) on brain structure and function, disentangled
from potential confounding factors present in patient samples.
The proof-of-concept for this approach has been recently demon-
strated in our laboratory in characterizing the impact of chronic
antipsychotic drug treatment on rat brain morphometry (28, 39,
142). Second, the use of MRI/PET (clinically comparable technol-
ogy) permits the collection of parallel data read-outs in rodents,
primates, and humans, maximizing the possibility for translation
of basic findings to the clinic. Thirdly, and most importantly, as
we have seen in the preceding section, in animals one can mea-
sure neurochemical, biochemical, cellular, and molecular aspects
of brain structure and function in ways that are impossible in
human subjects. Thus neuroimaging and neuropathology may be
bridged to identify the biological mechanisms underlying MRI
phenomena.

A number of elegant functional imaging studies using small
animal micro-PET technology have begun to address this. Stud-
ies using PET in 6-OHDA lesioned rats chronically treated
with L-DOPA and displaying severe AIMs (the rodent LID
phenotype) display regional increases in CBF (measured using
[14C]-iodoantipyrine uptake), increases in regional cerebral glu-
cose utilization (rCGU; measured using [14C]-2-deoxyglucose
uptake) and DA release (measured using displacement of [11C]-
raclopride binding potential), consistent with similar findings
in PD patients (143-145). To date however, no studies have
assessed the impact of L-DOPA treatment on brain morphometry
or relaxation time in either rodent or primates, using advanced
structural MR imaging methods. This approach offers a unique

opportunity to answer a number of outstanding questions in
the emerging field of neuroanatomical alterations linked to L-
DOPA and LID pathogenesis. Multi-modal imaging approaches,
to study the interrelationships between brain anatomy [sMRI,
Diffusion Tensor Imaging (DTI)] metabolism [2-dexoyglucose,
'H-magnetic resonance spectroscopy (MRS)] and fMRI may be
of particular relevance. These imaging findings may then serve
as a “roadmap” to guide follow-up, region-specific post-mortem
investigation of the candidate mechanisms already identified in
these models, to help explain the imaging phenomena. Excitingly,
such studies are now underway in our laboratory.

Combining experimental models of LID with clinically compa-
rable technology may also be particularly important for the assess-
ment of novel anti-dyskinetic drugs, such as antagonists of mGlus.
Indeed, as previously stated, the use of clinically comparable tech-
nology (MRI) to conduct parallel assessments in experimental
animals and humans is likely to accelerate translation of basic
findings to the clinic. Neuroimaging tools may therefore play a
critical role in future studies evaluating not only target engage-
ment, but also drug efficacy in models of LID, as evidenced by
recent studies using PET (143, 144, 146). No studies as yet have
employed MRI methods, but the potential for application of this
technology is apparent.

CONCLUSION

Recent human sMRI studies in PD patients with dyskinesia have
suggested the presence of neuroanatomical changes in specific
brain regions, particularly the frontal cortex, which may have
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relevance to the pathogenesis of dyskinesia. It is currently unclear
from these studies whether these abnormalities are the cause, or
consequence of dyskinesia. Furthermore, it is unclear if these
reflect genuine neuroanatomical changes in shape, thickness, or
volume of gray matter, or whether these can be explained by a
biophysical hypothesis relating to L-DOPA, as recently described
for the effects of lithium. Accepting this caveat and presuming
these changes to be genuine structural differences in gray mat-
ter, the biological mechanism underlying these changes remain
unknown, but may be rooted in maladaptive neuronal plastic-
ity, leading to remodeling of synapses and dendrites on neurons
and glia alike in the dyskinetic brain. However, a plethora of data
for candidate mechanisms underlying the pathophysiology of LID
exists from well-validated rodent and NHP pre-clinical models of
LID, which display excellent construct, face, and predictive validity
to human LID. The combination of these models with advanced,
multi-modal small animal MR imaging technology therefore offers
a unique opportunity to validate the presence of neuroanatom-
ical changes associated with LID. Furthermore, this will be an
important step to bridge neuroimaging and neuropathology to
link candidate mechanisms derived from animal models with neu-
roimaging phenomena in dyskinetic PD patients. Ultimately, this
will accelerate our understanding of LID pathogenesis and aid the
discovery and evaluation of novel anti-dyskinetic drug treatments.

REFERENCES

. Fearnley JM, Lees AJ. Ageing and Parkinson’s disease: substantia nigra regional
selectivity. Brain (1991) 114(Pt 5):2283-301. doi:10.1093/brain/114.5.2283

. Braak H, Del Tredici K, Rub U, De Vos RA, Jansen Steur EN, Braak E. Stag-
ing of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging
(2003) 24:197-211. doi:10.1016/S0197-4580(02)00065-9

. Yahr MD, Duvoisin RC, Schear MJ, Barrett RE, Hoehn MM. Treatment of

parkinsonism with levodopa. Arch Neurol (1969) 21:343-54. doi:10.1001/

archneur.1969.00480160015001

Schapira AH, Emre M, Jenner P, Poewe W. Levodopa in the treatment of

Parkinson’s disease. Eur J Neurol (2009) 16:982-9. doi:10.1111/j.1468-1331.

2009.02697.x

. Iravani MM, Jenner P. Mechanisms underlying the onset and expression

of levodopa-induced dyskinesia and their pharmacological manipulation. J

Neural Transm (2011) 118:1661-90. doi:10.1007/s00702-011-0698-2

Olanow CW, Stocchi F. Why delaying levodopa is a good treatment strategy

in early Parkinson’s disease. Eur J Neurol (2000) 7(Suppl 1):3-8. doi:10.1046/j.

1468-1331.2000.00032.x

Olanow CW, Obeso JA, Stocchi E. Continuous dopamine-receptor treatment of

Parkinson’s disease: scientific rationale and clinical implications. Lancet Neurol

(2006) 5:677-87. doi:10.1016/S1474-4422(06)70521-X

. Fasano S, Bezard E, D’Antoni A, Francardo V, Indrigo M, Qin L, et al. Inhibi-

tion of Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1) signaling in the

striatum reverts motor symptoms associated with L-dopa-induced dyskinesia.

Proc Natl Acad Sci U S A (2010) 107:21824-9. doi:10.1073/pnas.1012071107

Duty S. Targeting glutamate receptors to tackle the pathogenesis, clinical symp-

toms and levodopa-induced dyskinesia associated with Parkinson’s disease.

CNS Drugs (2012) 26:1017-32. doi:10.1007/s40263-012-0016-z

10. Navailles S, Lagiere M, Contini A, De Deurwaerdere P. Multisite intracerebral
microdialysis to study the mechanism of L-DOPA induced dopamine and sero-
tonin release in the parkinsonian brain. ACS Chem Neurosci (2013) 4:680-92.
doi:10.1021/cn400046e

. Jenner P. Preventing and controlling dyskinesia in Parkinson’s disease — a view
of current knowledge and future opportunities. Mov Disord (2008) 23(Suppl
3):8585-98. doi:10.1002/mds.22022

12. Brotchie JM, Lee ], Venderova K. Levodopa-induced dyskinesia in Parkinson’s

disease. ] Neural Transm (2005) 112:359-91. doi:10.1007/s00702-004-0251-7

—

|58}

W

ks

w

>

N

o

o

—
—

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Duty S, Jenner P. Animal models of Parkinson’s disease: a source of novel treat-
ments and clues to the cause of the disease. Br ] Pharmacol (2011) 164:1357-91.
doi:10.1111/j.1476-5381.2011.01426.x

Brooks DJ, Piccini P, Turjanski N, Samuel M. Neuroimaging of dyskinesia. Ann
Neurol (2000) 47:S154-8; discussion S158—159.

Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE. A five-year
study of the incidence of dyskinesia in patients with early Parkinson’s disease
who were treated with ropinirole or levodopa. 056 Study Group. N Engl ] Med
(2000) 342:1484-91. doi:10.1056/NEJM200005183422004

Kuriakose R, Stoessl AJ. Imaging the nigrostriatal system to monitor dis-
ease progression and treatment-induced complications. Prog Brain Res (2010)
184:177-92. doi:10.1016/S0079-6123(10)84009-9

Cerasa A, Pugliese P, Messina D, Morelli M, Gioia MC, Salsone M, et al. Pre-
frontal alterations in Parkinson’s disease with levodopa-induced dyskinesia
during fMRI motor task. Mov Disord (2012) 27:364-71. doi:10.1002/mds.
24017

Rascol O, Sabatini U, Brefel C, Fabre N, Rai S, Senard JM, et al. Cortical
motor overactivation in parkinsonian patients with L-dopa-induced peak-dose
dyskinesia. Brain (1998) 121(Pt 3):527-33. doi:10.1093/brain/121.3.527

Koch G, Brusa L, Caltagirone C, Peppe A, Oliveri M, Stanzione P, etal.
'TMS of supplementary motor area modulates therapy-induced dyskine-
sias in Parkinson disease. Neurology (2005) 65:623-5. doi:10.1212/01.wnl.
0000172861.36430.95

Cole DM, Beckmann CE Oei NY, Both S, Van Gerven JM, Rombouts SA. Differ-
ential and distributed effects of dopamine neuromodulations on resting-state
network connectivity. Neuroimage (2013) 78:59-67. doi:10.1016/j.neuroimage.
2013.04.034

Esposito F, Tessitore A, Giordano A, De Micco R, Paccone A, Conforti R,
etal. Rhythm-specific modulation of the sensorimotor network in drug-
naive patients with Parkinson’s disease by levodopa. Brain (2013) 136:710-25.
doi:10.1093/brain/awt007

Takeuchi H, Sekiguchi A, Taki Y, Yokoyama S, Yomogida Y, Komuro N, et al.
Training of working memory impacts structural connectivity. ] Neurosci (2010)
30:3297-303. doi:10.1523/J]NEUROSCI.4611-09.2010

Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white: neu-
roimaging changes in brain structure during learning. Nat Neurosci (2012)
15:528-36. d0i:10.1038/nn.3045

Fauvel B, Groussard M, Chetelat G, Fouquet M, Landeau B, Eustache F, et al.
Morphological brain plasticity induced by musical expertise is accompanied by
modulation of functional connectivity at rest. Neuroimage (2014) 90:179-88.
doi:10.1016/j.neuroimage.2013.12.065

Biedermann S, Fuss ], Zheng L, Sartorius A, Falfan-Melgoza C, Demirakca T,
etal. In vivo voxel based morphometry: detection of increased hippocampal
volume and decreased glutamate levels in exercising mice. Neuroimage (2012)
61:1206—12. doi:10.1016/j.neuroimage.2012.04.010

Dodero L, Damiano M, Galbusera A, Bifone A, Tsaftsaris SA, Scattoni ML,
et al. Neuroimaging evidence of major morpho-anatomical and functional
abnormalities in the BTBR T+TF/] mouse model of autism. PLoS One (2013)
8:€76655. doi:10.1371/journal.pone.0076655

Lerch JP, Yiu AP, Martinez-Canabal A, Pekar T, Bohbot VD, Frankland PW,
et al. Maze training in mice induces MRI-detectable brain shape changes spe-
cific to the type of learning. Neuroimage (2011) 54:2086—-95. doi:10.1016/j.
neuroimage.2010.09.086

Vernon AC, Crum WR, Lerch JP, Chege W, Natesan S, Modo M, etal.
Reduced cortical volume and elevated astrocyte density in rats chronically
treated with antipsychotic drugs-linking magnetic resonance imaging findings
to cellular pathology. Biol Psychiatry (2014) 75:982-90. doi:10.1016/j.biopsych.
2013.09.012

Cerasa A, Messina D, Pugliese P, Morelli M, Lanza P, Salsone M, et al. Increased
prefrontal volume in PD with levodopa-induced dyskinesias: a voxel-based
morphometry study. Mov Disord (2011) 26:807—12. doi:10.1002/mds.23660
Aron AR, Obeso J. Is executive control used to compensate for involuntary
movements in levodopa-induced dyskinesia? Mov Disord (2012) 27:339-40.
doi:10.1002/mds.24936

Vernon AC, Modo M. Do levodopa treatments modify the morphology of the
parkinsonian brain? Mov Disord (2012) 27:166-7. do0i:10.1002/mds.24018
Lerch JP, Pruessner JC, Zijdenbos A, Hampel H, Teipel SJ, Evans AC.
Focal decline of cortical thickness in Alzheimer’s disease identified by

www.frontiersin.org

June 2014 | Volume 5 | Article 95 | 29


http://dx.doi.org/10.1093/brain/114.5.2283
http://dx.doi.org/10.1016/S0197-4580(02)00065-9
http://dx.doi.org/10.1001/archneur.1969.00480160015001
http://dx.doi.org/10.1001/archneur.1969.00480160015001
http://dx.doi.org/10.1111/j.1468-1331.2009.02697.x
http://dx.doi.org/10.1111/j.1468-1331.2009.02697.x
http://dx.doi.org/10.1007/s00702-011-0698-2
http://dx.doi.org/10.1046/j.1468-1331.2000.00032.x
http://dx.doi.org/10.1046/j.1468-1331.2000.00032.x
http://dx.doi.org/10.1016/S1474-4422(06)70521-X
http://dx.doi.org/10.1073/pnas.1012071107
http://dx.doi.org/10.1007/s40263-012-0016-z
http://dx.doi.org/10.1021/cn400046e
http://dx.doi.org/10.1002/mds.22022
http://dx.doi.org/10.1007/s00702-004-0251-7
http://dx.doi.org/10.1111/j.1476-5381.2011.01426.x
http://dx.doi.org/10.1056/NEJM200005183422004
http://dx.doi.org/10.1016/S0079-6123(10)84009-9
http://dx.doi.org/10.1002/mds.24017
http://dx.doi.org/10.1002/mds.24017
http://dx.doi.org/10.1093/brain/121.3.527
http://dx.doi.org/10.1212/01.wnl.0000172861.36430.95
http://dx.doi.org/10.1212/01.wnl.0000172861.36430.95
http://dx.doi.org/10.1016/j.neuroimage.2013.04.034
http://dx.doi.org/10.1016/j.neuroimage.2013.04.034
http://dx.doi.org/10.1093/brain/awt007
http://dx.doi.org/10.1523/JNEUROSCI.4611-09.2010
http://dx.doi.org/10.1038/nn.3045
http://dx.doi.org/10.1016/j.neuroimage.2013.12.065
http://dx.doi.org/10.1016/j.neuroimage.2012.04.010
http://dx.doi.org/10.1371/journal.pone.0076655
http://dx.doi.org/10.1016/j.neuroimage.2010.09.086
http://dx.doi.org/10.1016/j.neuroimage.2010.09.086
http://dx.doi.org/10.1016/j.biopsych.2013.09.012
http://dx.doi.org/10.1016/j.biopsych.2013.09.012
http://dx.doi.org/10.1002/mds.23660
http://dx.doi.org/10.1002/mds.24936
http://dx.doi.org/10.1002/mds.24018
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

Finlay et al.

Levodopa dyskinesia and brain morphometry

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43

44.

45.

46.

47.

48.

49.

50.

5

—

computational neuroanatomy. Cereb Cortex (2005) 15:995-1001. doi:10.1093/
cercor/bhh200

Jubault T, Gagnon JF, Karama S, Ptito A, Lafontaine AL, Evans AC, et al. Patterns
of cortical thickness and surface area in early Parkinson’s disease. Neuroimage
(2011) 55:462-7. doi:10.1016/j.neuroimage.2010.12.043

Cerasa A, Morelli M, Augimeri A, Salsone M, Novellino F Gioia MC,
etal. Prefrontal thickening in PD with levodopa-induced dyskinesias: new
evidence from cortical thickness measurement. Parkinsonism Relat Disord
(2013) 19:123-5. doi:10.1016/j.parkreldis.2012.06.003

Cerasa A, Salsone M, Morelli M, Pugliese P, Arabia G, Gioia CM, etal.
Age at onset influences neurodegenerative processes underlying PD with
levodopa-induced dyskinesias. Parkinsonism Relat Disord (2013) 19:883-8.
doi:10.1016/j.parkreldis.2013.05.015

Ashburner J, Friston KJ. Voxel-based morphometry — the methods. Neuroimage
(2000) 11:805-21. doi:10.1006/nimg.2000.0582

Cousins DA, Aribisala B, Nicol Ferrier I, Blamire AM. Lithium, gray mat-
ter, and magnetic resonance imaging signal. Biol Psychiatry (2013) 73:652—7.
doi:10.1016/j.biopsych.2012.09.029

Rueda A, Acosta O, Couprie M, Bourgeat P, Fripp J, Dowson N, et al. Topology-
corrected segmentation and local intensity estimates for improved partial
volume classification of brain cortex in MRI. J Neurosci Methods (2010)
188:305-15. doi:10.1016/j.jneumeth.2010.02.020

Vernon AC, Natesan S, Crum WR, Cooper JD, Modo M, Williams SC, et al.
Contrasting effects of haloperidol and lithium on rodent brain structure: a
magnetic resonance imaging study with postmortem confirmation. Biol Psy-
chiatry (2012) 71:855-63. doi:10.1016/j.biopsych.2011.12.004

Ferrier NI, Blamire AM, Cousins DA. Reply to: effects of lithium on mag-
netic resonance imaging signal might not preclude increases in brain volume
after chronic lithium treatment. Biol Psychiatry (2013) 74:e41-2. doi:10.1016/
j.biopsych.2013.07.023

. Vernon AC, Hajek T. Effects of lithium on magnetic resonance imaging signal

might not preclude increases in brain volume after chronic lithium treatment.
Biol Psychiatry (2013) 74:e39—-40. doi:10.1016/j.biopsych.2012.12.028

Tosk JM, Holshouser BA, Aloia RC, Hinshaw DB Jr, Hasso AN, Macmurray
JP, et al. Effects of the interaction between ferric iron and L-dopa melanin on
T1 and T2 relaxation times determined by magnetic resonance imaging. Magn
Reson Med (1992) 26:40-5. doi:10.1002/mrm.1910260105

. Salgado-Pineda P, Delaveau P, Falcon C, Blin O. Brain T1 intensity changes

after levodopa administration in healthy subjects: a voxel-based morphometry
study. Br J Clin Pharmacol (2006) 62:546—51. doi:10.1111/j.1365-2125.2006.
02695.x

Lewis MM, Du G, Kidacki M, Patel N, Shaffer ML, Mailman RB, et al. Higher
iron in the red nucleus marks Parkinson’s dyskinesia. Neurobiol Aging (2013)
34:1497-503. doi:10.1016/j.neurobiolaging.2012.10.025

Vymazal ], Brooks RA, Baumgarner C, Tran V, Katz D, Bulte JW, et al. The rela-
tion between brain iron and NMR relaxation times: an in vitro study. Magn
Reson Med (1996) 35:56-61. doi:10.1002/mrm.1910350108

Vernon AC, Johansson SM, Modo MM. Non-invasive evaluation of nigrostri-
atal neuropathology in a proteasome inhibitor rodent model of Parkinson’s
disease. BMC Neurosci (2010) 11:1. doi:10.1186/1471-2202-11-1

Vernon AC, Crum WR, Johansson SM, Modo M. Evolution of extra-nigral dam-
age predicts behavioural deficits in a rat proteasome inhibitor model of Parkin-
son’s disease. PLoS One (2011) 6:€17269. doi:10.1371/journal.pone.0017269
Egger K, Mueller J, Schocke M, Brenneis C, Rinnerthaler M, Seppi K, et al. Voxel
based morphometry reveals specific gray matter changes in primary dystonia.
Mov Disord (2007) 22:1538-42. d0i:10.1002/mds.21619

Olanow CW, Obeso JA. Pulsatile stimulation of dopamine receptors and
levodopa-induced motor complications in Parkinson’s disease: implications
for the early use of COMT inhibitors. Neurology (2000) 55:572—7; discussion
S§78-81.

Linazasoro G. New ideas on the origin of L-dopa-induced dyskinesias: age,
genes and neural plasticity. Trends Pharmacol Sci (2005) 26:391-7. d0i:10.1016/
1.tips.2005.06.007

. Morgante F, Espay AJ, Gunraj C, Lang AE, Chen R. Motor cortex plastic-

ity in Parkinson’s disease and levodopa-induced dyskinesias. Brain (2006)
129:1059-69. doi:10.1093/brain/awl031

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65

66.

67.

68.

69.

70.

71.

Teo JT, Edwards MJ, Bhatia K. Tardive dyskinesia is caused by maladaptive
synaptic plasticity: a hypothesis. Mov Disord (2012) 27:1205-15. doi:10.1002/
mds.25107

Hershey T, Black K], Carl JL, Mcgee-Minnich L, Snyder AZ, Perlmutter JS.
Long term treatment and disease severity change brain responses to lev-
odopa in Parkinson’s disease. ] Neurol Neurosurg Psychiatry (2003) 74:844-51.
doi:10.1136/jnnp.74.7.844

Herz DM, Florin E, Christensen MS, Reck C, Barbe MT, Tscheuschler MK,
etal. Dopamine replacement modulates oscillatory coupling between pre-
motor and motor cortical areas in Parkinson’s disease. Cereb Cortex (2013).
doi:10.1093/cercor/bht140

Herz DM, Siebner HR, Hulme OJ, Florin E, Christensen MS, Timmer-
mann L. Levodopa reinstates connectivity from prefrontal to premotor cortex
during externally paced movement in Parkinson’s disease. Neuroimage (2014)
90:15-23. doi:10.1016/j.neuroimage.2013.11.023

Barbier EL, Lamalle L, Decorps M. Methodology of brain perfusion imaging. J
Magn Reson Imaging (2001) 13:496-520. doi:10.1002/jmri.1073

Judenhofer MS, Wehrl HE, Newport DF, Catana C, Siegel SB, Becker M, et al.
Simultaneous PET-MRI: a new approach for functional and morphological
imaging. Nat Med (2008) 14:459-65. doi:10.1038/nm1700

Schlemmer HP, Pichler BJ, Schmand M, Burbar Z, Michel C, Ladebeck R, et al.
Simultaneous MR/PET imaging of the human brain: feasibility study. Radiol-
ogy (2008) 248:1028-35. doi:10.1148/radiol.2483071927

Wehrl HE Hossain M, Lankes K, Liu CC, Bezrukov I, Martirosian P, et al.
Simultaneous PET-MRI reveals brain function in activated and resting state
on metabolic, hemodynamic and multiple temporal scales. Nat Med (2013)
19:1184-9. doi:10.1038/nm.3290

Cenci MA, Lee CS, Bjorklund A. L-DOPA-induced dyskinesia in the rat is
associated with striatal overexpression of prodynorphin- and glutamic acid
decarboxylase mRNA. Eur ] Neurosci (1998) 10:2694-706. doi:10.1046/j.1460-
9568.1998.00285.x

Cenci MA. Transcription factors involved in the pathogenesis of L-DOPA-
induced dyskinesia in a rat model of Parkinson’s disease. Amino Acids (2002)
23:105-9. doi:10.1007/500726-001-0116-4

Lane E, Dunnett S. Animal models of Parkinson’s disease and L-dopa induced
dyskinesia: how close are we to the clinic? Psychopharmacology (Berl) (2008)
199:303-12. doi:10.1007/500213-007-0931-8

Fox SH, Johnston TH, Li Q, Brotchie J, Bezard E. A critique of available scales
and presentation of the Non-Human Primate Dyskinesia Rating Scale. Mov
Disord (2012) 27:1373-8. doi:10.1002/mds.25133

Breger LS, Dunnett SB, Lane EL. Comparison of rating scales used to evaluate
L-DOPA-induced dyskinesia in the 6-OHDA lesioned rat. Neurobiol Dis (2013)
50:142-50. doi:10.1016/j.nbd.2012.10.013

. Clarke CE, Sambrook MA, Mitchell IJ, Crossman AR. Levodopa-induced

dyskinesia and response fluctuations in primates rendered parkinsonian with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). J Neurol Sci (1987)
78:273-80. doi:10.1016/0022-510X(87)90041-4

Calabresi P, Di Filippo M, Ghiglieri V, Tambasco N, Picconi B. Levodopa-
induced dyskinesias in patients with Parkinson’s disease: filling the bench-
to-bedside gap. Lancet Neurol (2010) 9:1106—17. doi:10.1016/S1474-4422(10)
70218-0

Brotchie JM. Nondopaminergic mechanisms in levodopa-induced dyskinesia.
Mov Disord (2005) 20:919-31. doi:10.1002/mds.20612

Santini E, Valjent E, Fisone G. Parkinson’s disease: levodopa-induced dyski-
nesia and signal transduction. FEBS J (2008) 275:1392-9. doi:10.1111/j.1742-
4658.2008.06296.x

Konradi C, Westin JE, Carta M, Eaton ME, Kuter K, Dekundy A, et al. Tran-
scriptome analysis in a rat model of L-DOPA-induced dyskinesia. Neurobiol
Dis (2004) 17:219-36. do0i:10.1016/j.nbd.2004.07.005

Guigoni C, Doudnikoff E, Li Q, Bloch B, Bezard E. Altered D(1) dopamine
receptor trafficking in parkinsonian and dyskinetic non-human primates. Neu-
robiol Dis (2007) 26:452—63. doi:10.1016/j.nbd.2007.02.001

Mela F, Marti M, Bido S, Cenci MA, Morari M. In vivo evidence for a differential
contribution of striatal and nigral D1 and D2 receptors to L-DOPA induced
dyskinesia and the accompanying surge of nigral amino acid levels. Neurobiol
Dis (2012) 45:573-82. d0i:10.1016/j.nbd.2011.09.015

Frontiers in Neurology | Movement Disorders

June 2014 | Volume 5 | Article 95 | 30


http://dx.doi.org/10.1093/cercor/bhh200
http://dx.doi.org/10.1093/cercor/bhh200
http://dx.doi.org/10.1016/j.neuroimage.2010.12.043
http://dx.doi.org/10.1016/j.parkreldis.2012.06.003
http://dx.doi.org/10.1016/j.parkreldis.2013.05.015
http://dx.doi.org/10.1006/nimg.2000.0582
http://dx.doi.org/10.1016/j.biopsych.2012.09.029
http://dx.doi.org/10.1016/j.jneumeth.2010.02.020
http://dx.doi.org/10.1016/j.biopsych.2011.12.004
http://dx.doi.org/10.1016/j.biopsych.2013.07.023
http://dx.doi.org/10.1016/j.biopsych.2013.07.023
http://dx.doi.org/10.1016/j.biopsych.2012.12.028
http://dx.doi.org/10.1002/mrm.1910260105
http://dx.doi.org/10.1111/j.1365-2125.2006.02695.x
http://dx.doi.org/10.1111/j.1365-2125.2006.02695.x
http://dx.doi.org/10.1016/j.neurobiolaging.2012.10.025
http://dx.doi.org/10.1002/mrm.1910350108
http://dx.doi.org/10.1186/1471-2202-11-1
http://dx.doi.org/10.1371/journal.pone.0017269
http://dx.doi.org/10.1002/mds.21619
http://dx.doi.org/10.1016/j.tips.2005.06.007
http://dx.doi.org/10.1016/j.tips.2005.06.007
http://dx.doi.org/10.1093/brain/awl031
http://dx.doi.org/10.1002/mds.25107
http://dx.doi.org/10.1002/mds.25107
http://dx.doi.org/10.1136/jnnp.74.7.844
http://dx.doi.org/10.1093/cercor/bht140
http://dx.doi.org/10.1016/j.neuroimage.2013.11.023
http://dx.doi.org/10.1002/jmri.1073
http://dx.doi.org/10.1038/nm1700
http://dx.doi.org/10.1148/radiol.2483071927
http://dx.doi.org/10.1038/nm.3290
http://dx.doi.org/10.1046/j.1460-9568.1998.00285.x
http://dx.doi.org/10.1046/j.1460-9568.1998.00285.x
http://dx.doi.org/10.1007/s00726-001-0116-4
http://dx.doi.org/10.1007/s00213-007-0931-8
http://dx.doi.org/10.1002/mds.25133
http://dx.doi.org/10.1016/j.nbd.2012.10.013
http://dx.doi.org/10.1016/0022-510X(87)90041-4
http://dx.doi.org/10.1016/S1474-4422(10)70218-0
http://dx.doi.org/10.1016/S1474-4422(10)70218-0
http://dx.doi.org/10.1002/mds.20612
http://dx.doi.org/10.1111/j.1742-4658.2008.06296.x
http://dx.doi.org/10.1111/j.1742-4658.2008.06296.x
http://dx.doi.org/10.1016/j.nbd.2004.07.005
http://dx.doi.org/10.1016/j.nbd.2007.02.001
http://dx.doi.org/10.1016/j.nbd.2011.09.015
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Finlay et al.

Levodopa dyskinesia and brain morphometry

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Fiorentini C, Savoia P, Savoldi D, Barbon A, Missale C. Persistent activation
of the DIR/Shp-2/Erk1/2 pathway in 1-DOPA-induced dyskinesia in the 6-
hydroxy-dopamine rat model of Parkinson’s disease. Neurobiol Dis (2013)
54:339-48. doi:10.1016/j.nbd.2013.01.005

Jenner P. Molecular mechanisms of L-DOPA-induced dyskinesia. Nat Rev Neu-
rosci (2008) 9:665—77. d0i:10.1038/nrn2471

Blanchet P, Bedard PJ, Britton DR, Kebabian JW. Differential effect of selective
D-1 and D-2 dopamine receptor agonists on levodopa-induced dyskinesia in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-exposed monkeys. ] Pharmacol
Exp Ther (1993) 267:275-9.

Robelet S, Melon C, Guillet B, Salin P, Kerkerian-Le Goff L. Chronic L-DOPA
treatment increases extracellular glutamate levels and GLT1 expression in the
basal ganglia in a rat model of Parkinson’s disease. Eur J Neurosci (2004)
20:1255-66. doi:10.1111/j.1460-9568.2004.03591.x

Nevalainen N, Lundblad M, Gerhardt GA, Stromberg I. Striatal glutamate
release in L-DOPA-induced dyskinetic animals. PLoS One (2013) 8:€55706.
doi:10.1371/journal.pone.0055706

Hallett PJ, Dunah AW, Ravenscroft P, Zhou S, Bezard E, Crossman AR,
et al. Alterations of striatal NMDA receptor subunits associated with the devel-
opment of dyskinesia in the MPTP-lesioned primate model of Parkinson’s dis-
ease. Neuropharmacology (2005) 48:503-16. doi:10.1016/j.neuropharm.2004.
11.008

Samadi P, Gregoire L, Morissette M, Calon F, Hadj Tahar A, Dridi M,
et al. mGluR5 metabotropic glutamate receptors and dyskinesias in MPTP
monkeys. Neurobiol Aging (2008) 29:1040-51. doi:10.1016/j.neurobiolaging.
2007.02.005

Ouattara B, Hoyer D, Gregoire L, Morissette M, Gasparini F, Gomez-Mancilla
B, et al. Changes of AMPA receptors in MPTP monkeys with levodopa-induced
dyskinesias. Neuroscience (2010) 167:1160-7. doi:10.1016/j.neuroscience.2010.
03.022

Ouattara B, Gregoire L, Morissette M, Gasparini F, Vranesic I, Bilbe G, et al.
Metabotropic glutamate receptor type 5 in levodopa-induced motor complica-
tions. Neurobiol Aging (2011) 32:1286-95. doi:10.1016/j.neurobiolaging.2009.
07.014

Oh JD, Russell D, Vaughan CL, Chase TN. Enhanced tyrosine phosphoryla-
tion of striatal NMDA receptor subunits: effect of dopaminergic denervation
and L-DOPA administration. Brain Res (1998) 813:150-9. doi:10.1016/S0006-
8993(98)01049-X

Kong M, Ba M, Song L, Liu Z. Comparative effects of acute or chronic
administration of levodopa to 6-OHDA-lesioned rats on the expression
and phosphorylation of N-methyl-D-aspartate receptor NRI1 subunits
in the striatum. Neurochem Res (2009) 34:1513-21. doi:10.1007/s11064-009-
9939-2

Ba M, Kong M, Yu G, Sun X, Liu Z, Wang X. GluR1 phosphorylation and persis-
tent expression of levodopa-induced motor response alterations in the hemi-
parkinsonian rat. Neurochem Res (2011) 36:1135—44. doi:10.1007/s11064-011-
0461-y

Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, et al. A criti-
cal interaction between NR2B and MAGUK in L-DOPA induced dyskinesia. |
Neurosci (2006) 26:2914-22. doi:10.1523/JNEUROSCI.5326-05.2006
Silverdale MA, Kobylecki C, Hallett PJ, Li Q, Dunah AW, Ravenscroft P, et al.
Synaptic recruitment of AMPA glutamate receptor subunits in levodopa-
induced dyskinesia in the MPTP-lesioned nonhuman primate. Synapse (2010)
64:177-80. doi:10.1002/syn.20739

Nishijima H, Arai A, Kimura T, Mori F, Yamada J, Migita K, et al. Drebrin
immunoreactivity in the striatum of a rat model of levodopa-induced dyski-
nesia. Neuropathology (2013) 33:391—6. doi:10.1111/neup.12009

Ahmed I, Bose SK, Pavese N, Ramlackhansingh A, Turkheimer E, Hotton G,
etal. Glutamate NMDA receptor dysregulation in Parkinson’s disease with
dyskinesias. Brain (2011) 134:979-86. doi:10.1093/brain/awr028

Calon F, Rajput AH, Hornykiewicz O, Bedard PJ, Di Paolo T. Levodopa-induced
motor complications are associated with alterations of glutamate receptors in
Parkinson’s disease. Neurobiol Dis (2003) 14:404-16. doi:10.1016/j.nbd.2003.
07.003

Santiago M, Matarredona ER, Machado A, Cano J. Influence of serotoniner-
gic drugs on in vivo dopamine extracellular output in rat striatum. J Neu-
rosci Res (1998) 52:591-8. doi:10.1002/(SICI)1097-4547(19980601)52:5<591:
:AID-JNR11L>3.0.CO;2-5

90.

91.

92.

93.

94.

95.

96.

97

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Halje P, Tamte M, Richter U, Mohammed M, Cenci MA, Petersson P.
Levodopa-induced dyskinesia is strongly associated with resonant cortical
oscillations. ] Neurosci (2012) 32:16541-51. doi:10.1523/J]NEUROSCI.3047-
12.2012

Hurley MJ, Mash DC, Jenner P. Dopamine D1 receptor expression in human
basal ganglia and changes in Parkinson’s disease. Mol Brain Res (2001)
87:271-9. doi:10.1016/S0169-328X(01)00022-5

Aubert I, Guigoni C, Hakansson K, Li Q, Dovero S, Barthe N, et al. Increased
D1 dopamine receptor signaling in levodopa-induced dyskinesia. Ann Neurol
(2005) 57:17-26. doi:10.1002/ana.20296

Bezard E, Gross CE, Qin L, Gurevich VV, Benovic JL, Gurevich EV. L-DOPA
reverses the MPTP-induced elevation of the arrestin2 and GRK6 expression and
enhanced ERK activation in monkey brain. Neurobiol Dis (2005) 18:323-35.
doi:10.1016/j.nbd.2004.10.005

Neve KA, Seamans JK, Trantham-Davidson H. Dopamine receptor signaling. |
Recept Signal Transduct Res (2004) 24:165-205.

Nicholas AP, Lubin FD, Hallett PJ, Vattem P, Ravenscroft P, Bezard E, et al.
Striatal histone modifications in models of levodopa-induced dyskinesia. J
Neurochem (2008) 106:486—94. doi:10.1111/j.1471-4159.2008.05417.x

Santini E, Alcacer C, Cacciatore S, Heiman M, Herve D, Greengard P, et al. L-
DOPA activates ERK signaling and phosphorylates histone H3 in the striaton-
igral medium spiny neurons of hemiparkinsonian mice. J Neurochem (2009)
108:621-33. doi:10.1111/j.1471-4159.2008.05831.x

. Andersson M, Konradi C, Cenci MA. cAMP response element-binding protein

is required for dopamine-dependent gene expression in the intact but not the
dopamine-denervated striatum. J Neurosci (2001) 21:9930—43.

Oh JD, Vaughan CL, Chase TN. Effect of dopamine denervation and dopamine
agonist administration on serine phosphorylation of striatal NMDA receptor
subunits. Brain Res (1999) 821:433—42. doi:10.1016/S0006-8993(99)01121-X
Conn PJ, Battaglia G, Marino MJ, Nicoletti F. Metabotropic glutamate recep-
tors in the basal ganglia motor circuit. Nat Rev Neurosci (2005) 6:787-98.
doi:10.1038/nrn1763

Fiorentini C, Busi C, Spano P, Missale C. Role of receptor heterodimers in the
development of L-dopa-induced dyskinesias in the 6-hydroxydopamine rat
model of Parkinson’s disease. Parkinsonism Relat Disord (2008) 14:5159-64.
doi:10.1016/j.parkreldis.2008.04.022

Tang F-M, Sun Y-E Wang R, Ding Y-M, Zhang G-Y, Jin G-Z. Dopamine-
glutamate interaction in rat striatal slices: changes of CCDPK II, PKA and
LDH activity by receptor-mediated mechanisms. Acta Pharmacol Sin (2000)
21:145-50.

Voulalas PJ, Holtzclaw L, Wolstenholme J, Russell JT, Hyman SE. Metabotropic
glutamate receptors and dopamine receptors cooperate to enhance extracel-
lular signal-regulated kinase phosphorylation in striatal neurons. J Neurosci
(2005) 25:3763-73. doi:10.1523/J]NEUROSCI.4574-04.2005

Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P, Fisone G, et al.
Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia.
Nat Neurosci (2003) 6:501-6. do0i:10.1038/nn1040

Riahi G, Morissette M, Levesque D, Rouillard C, Samadi P, Parent M, et al.
Effect of chronic I-DOPA treatment on 5-HT(1A) receptors in parkinsonian
monkey brain. Neurochem Int (2012) 61:1160-71. doi:10.1016/j.neuint.2012.
08.009

Riahi G, Morissette M, Samadi P, Parent M, Di Paolo T. Basal ganglia sero-
tonin 1B receptors in parkinsonian monkeys with L-DOPA-induced dyskinesia.
Biochem Pharmacol (2013) 86:970-8. doi:10.1016/j.bcp.2013.08.005

Rylander D, Parent M, O’Sullivan SS, Dovero S, Lees AJ, Bezard E, et al. Mal-
adaptive plasticity of serotonin axon terminals in levodopa-induced dyskinesia.
Ann Neurol (2010) 68:619-28. doi:10.1002/ana.22097

Zeng BY, Iravani MM, Jackson MJ, Rose S, Parent A, Jenner P. Morphological
changes in serotoninergic neurites in the striatum and globus pallidus in lev-
odopa primed MPTP treated common marmosets with dyskinesia. Neurobiol
Dis (2010) 40:599-607. doi:10.1016/j.nbd.2010.08.004

Antonelli T, Fuxe K, Tomasini MC, Bartoszyk GD, Seyfried CA, Tanganelli S,
et al. Effects of sarizotan on the corticostriatal glutamate pathways. Synapse
(2005) 58:193-9. doi:10.1002/syn.20195

Dupre KB, Ostock CY, Eskow Jaunarajs KL, Button T, Savage LM, Wolf W, et al.
Local modulation of striatal glutamate efflux by serotonin 1A receptor stim-
ulation in dyskinetic, hemiparkinsonian rats. Exp Neurol (2011) 229:288-99.
doi:10.1016/j.expneurol.2011.02.012

www.frontiersin.org

June 2014 | Volume 5 | Article 95 | 31


http://dx.doi.org/10.1016/j.nbd.2013.01.005
http://dx.doi.org/10.1038/nrn2471
http://dx.doi.org/10.1111/j.1460-9568.2004.03591.x
http://dx.doi.org/10.1371/journal.pone.0055706
http://dx.doi.org/10.1016/j.neuropharm.2004.11.008
http://dx.doi.org/10.1016/j.neuropharm.2004.11.008
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1016/j.neuroscience.2010.03.022
http://dx.doi.org/10.1016/j.neuroscience.2010.03.022
http://dx.doi.org/10.1016/j.neurobiolaging.2009.07.014
http://dx.doi.org/10.1016/j.neurobiolaging.2009.07.014
http://dx.doi.org/10.1016/S0006-8993(98)01049-X
http://dx.doi.org/10.1016/S0006-8993(98)01049-X
http://dx.doi.org/10.1007/s11064-009-9939-2
http://dx.doi.org/10.1007/s11064-009-9939-2
http://dx.doi.org/10.1007/s11064-011-0461-y
http://dx.doi.org/10.1007/s11064-011-0461-y
http://dx.doi.org/10.1523/JNEUROSCI.5326-05.2006
http://dx.doi.org/10.1002/syn.20739
http://dx.doi.org/10.1111/neup.12009
http://dx.doi.org/10.1093/brain/awr028
http://dx.doi.org/10.1016/j.nbd.2003.07.003
http://dx.doi.org/10.1016/j.nbd.2003.07.003
http://dx.doi.org/10.1002/(SICI)1097-4547(19980601)52:5<591::AID-JNR11L>3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1097-4547(19980601)52:5<591::AID-JNR11L>3.0.CO;2-5
http://dx.doi.org/10.1523/JNEUROSCI.3047-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.3047-12.2012
http://dx.doi.org/10.1016/S0169-328X(01)00022-5
http://dx.doi.org/10.1002/ana.20296
http://dx.doi.org/10.1016/j.nbd.2004.10.005
http://dx.doi.org/10.1111/j.1471-4159.2008.05417.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05831.x
http://dx.doi.org/10.1016/S0006-8993(99)01121-X
http://dx.doi.org/10.1038/nrn1763
http://dx.doi.org/10.1016/j.parkreldis.2008.04.022
http://dx.doi.org/10.1523/JNEUROSCI.4574-04.2005
http://dx.doi.org/10.1038/nn1040
http://dx.doi.org/10.1016/j.neuint.2012.08.009
http://dx.doi.org/10.1016/j.neuint.2012.08.009
http://dx.doi.org/10.1016/j.bcp.2013.08.005
http://dx.doi.org/10.1002/ana.22097
http://dx.doi.org/10.1016/j.nbd.2010.08.004
http://dx.doi.org/10.1002/syn.20195
http://dx.doi.org/10.1016/j.expneurol.2011.02.012
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

Finlay et al.

Levodopa dyskinesia and brain morphometry

110.

11

—

112.

113.

114.

115.

116.

117.

118.

119.

120.

12

—

122.

123.

124.

125.

126.

127.

128.

Carta M, Carlsson T, Kirik D, Bjorklund A. Dopamine released from 5-HT ter-
minals is the cause of L-DOPA-induced dyskinesia in parkinsonian rats. Brain
(2007) 130:1819-33. doi:10.1093/brain/awm082

. Gubellini P, Picconi B, Bari M, Battista N, Calabresi P, Centonze D, et al. Exper-

imental parkinsonism alters endocannabinoid degradation: implications for
striatal glutamatergic transmission. J Neurosci (2002) 22:6900-7.

Kofalvi A, Rodrigues RJ, Ledent C, Mackie K, Vizi ES, Cunha RA, et al. Involve-
ment of cannabinoid receptors in the regulation of neurotransmitter release in
the rodent striatum: a combined immunochemical and pharmacological analy-
sis. J Neurosci (2005) 25:2874-84. doi:10.1523/JNEUROSCI.4232-04.2005
Meschler JP, Howlett AC. Signal transduction interactions between CBI
cannabinoid and dopamine receptors in the rat and monkey striatum. Neu-
ropharmacology (2001) 40:918-26. doi:10.1016/S0028-3908(01)00012-0
Martin AB, Fernandez-Espejo E, Ferrer B, Gorriti MA, Bilbao A, Navarro
M, etal. Expression and function of CBI receptor in the rat striatum:
localization and effects on D1 and D2 dopamine receptor-mediated motor
behaviors. Neuropsychopharmacology (2008) 33:1667-79. doi:10.1038/sj.npp.
1301558

Martinez A, Macheda T, Morgese MG, Trabace L, Giuffrida A. The cannabi-
noid agonist WIN55212-2 decreases L-DOPA-induced PKA activation and
dyskinetic behavior in 6-OHDA-treated rats. Neurosci Res (2012) 72:236-42.
doi:10.1016/j.neures.2011.12.006

Bonifati V, Fabrizio E, Cipriani R, Vanacore N, Meco G. Buspirone in levodopa-
induced dyskinesias. Clin Neuropharmacol (1994) 17:73-82. doi:10.1097/
00002826-199402000-00008

Bibbiani F, Oh JD, Chase TN. Serotonin 5-HT1A agonist improves motor
complications in rodent and primate parkinsonian models. Neurology (2001)
57:1829-34. doi:10.1212/WNL.57.10.1829

Iravani MM, Tayarani-Binazir K, Chu WB, Jackson M]J, Jenner P. In 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated primates, the selective 5-
hydroxytryptamine 1a agonist (R)-(+)-8-OHDPAT inhibits levodopa-induced
dyskinesia but only with increased motor disability. ] Pharmacol Exp Ther
(2006) 319:1225-34. doi:10.1124/jpet.106.110429

Munoz A, Li Q, Gardoni F, Marcello E, Qin C, Carlsson T, et al. Combined
5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPA-induced
dyskinesia. Brain (2008) 131:3380-94. doi:10.1093/brain/awn235

Bezard E, Tronci E, Pioli EY, Li Q, Porras G, Bjorklund A, et al. Study of the anti-
dyskinetic effect of eltoprazine in animal models of levodopa-induced dyski-
nesia. Mov Disord (2013) 28:1088—96. d0i:10.1002/mds.25366

. Sieradzan KA, Fox SH, Hill M, Dick JPR, Crossman AR, Brotchie JM. Cannabi-

noids reduce levodopa-induced dyskinesia in Parkinson’s disease: a pilot study.
Neurology (2001) 57:2108-11. doi:10.1212/WNL.57.11.2108

Fox SH, Henry B, Hill M, Crossman A, Brotchie J. Stimulation of cannabinoid
receptors reduces levodopa-induced dyskinesia in the MPTP-lesioned non-
human primate model of Parkinson’s disease. Mov Disord (2002) 17:1180-7.
doi:10.1002/mds.10289

Morgese MG, Cassano T, Cuomo V, Giuffrida A. Anti-dyskinetic effects
of cannabinoids in a rat model of Parkinson’s disease: role of CB(1) and
TRPV1 receptors. Exp Neurol (2007) 208:110-9. doi:10.1016/j.expneurol.2007.
07.021

Walsh S, Gorman AM, Finn DP, Dowd E. The effects of cannabinoid drugs
on abnormal involuntary movements in dyskinetic and non-dyskinetic 6-
hydroxydopamine lesioned rats. Brain Res (2010) 1363:40-8. doi:10.1016/j.
brainres.2010.09.086

Berg D, Godau J, Trenkwalder C, Eggert K, Csoti I, Storch A, et al. AFQ056
treatment of levodopa-induced dyskinesias: results of 2 randomized controlled
trials. Mov Disord (2011) 26:1243-50. doi:10.1002/mds.23616

Kumar R, Hauser RA, Mostillo J, Dronamraju N, Graf A, Merschhemke M,
et al. Mavoglurant (AFQ056) in combination with increased levodopa dosages
in Parkinson’s disease patients. Int ] Neurosci (2013). doi:10.3109/00207454.
2013.841685

Maranis S, Stamatis D, Tsironis C, Konitsiotis S. Investigation of the anti-
dyskinetic site of action of metabotropic and ionotropic glutamate receptor
antagonists. Intracerebral infusions in 6-hydroxydopamine-lesioned rats with
levodopa-induced dyskinesia. Eur ] Pharmacol (2012) 683:71-7. doi:10.1016/
j.ejphar.2012.02.036

Marin C, Aguilar E, Rodriguez-Oroz MC, Bartoszyk GD, Obeso JA.
Local administration of sarizotan into the subthalamic nucleus attenuates

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

levodopa-induced dyskinesias in 6-OHDA-lesioned rats. Psychopharmacology
(2009) 204:241-50. doi:10.1007/s00213-008-1452-9

Ostock CY, Dupre KB, Jaunarajs KL, Walters H, George J, Krolewski D, et al.
Role of the primary motor cortex in L-DOPA-induced dyskinesia and its modu-
lation by 5-HT1A receptor stimulation. Neuropharmacology (2011) 61:753-60.
doi:10.1016/j.neuropharm.2011.05.021

Zhang X, Andren PE, Greengard P, Svenningsson P. Evidence for a role of the
5-HT1B receptor and its adaptor protein, p11, in L-DOPA treatment of an
animal model of Parkinsonism. Proc Natl Acad Sci USA (2008) 105:2163-8.
doi:10.1073/pnas.0711839105

Jaunarajs KL, Dupre KB, Steiniger A, Klioueva A, Moore A, Kelly C, et al. Sero-
tonin 1B receptor stimulation reduces D1 receptor agonist-induced dyskinesia.
Neuroreport (2009) 20:1265-9. doi:10.1097/WNR.0b013e3283300fd7
Stanford IM, Lacey MG. Differential actions of serotonin, mediated by 5-HT13
and 5-HT,c receptors, on GABA-mediated synaptic input to rat substantia
nigra pars reticulata neurons in vitro. ] Neurosci (1996) 16:7566—73.
Johansson PA, Andersson M, Andersson KE, Cenci MA. Alterations in corti-
cal and basal ganglia levels of opioid receptor binding in a rat model of 1-
DOPA-induced dyskinesia. Neurobiol Dis (2001) 8:220-39. doi:10.1006/nbdi.
2000.0372

Chen L, Togasaki DM, Langston JW, Di Monte DA, Quik M. Enhanced striatal
opioid receptor-mediated G-protein activation in L-DOPA-treated dyskinetic
monkeys. Neuroscience (2005) 132:409-20. doi:10.1016/j.neuroscience.2004.
10.026

Aubert I, Guigoni C, Li Q, Dovero S, Bioulac BH, Gross CE, etal.
Enhanced preproenkephalin-B-derived opioid transmission in striatum and
subthalamic nucleus converges upon globus pallidus internalis in L-3,4-
dihydroxyphenylalanine-induced dyskinesia. Biol Psychiatry (2007) 61:836—44.
doi:10.1016/j.biopsych.2006.06.038

Ogura M, Kita H. Dynorphin exerts both postsynaptic and presynaptic effects
in the globus pallidus of the rat. ] Neurophysiol (2000) 83:3366—76.

Mabrouk OS, Marti M, Salvadori S, Morari M. The novel delta opioid recep-
tor agonist UFP-512 dually modulates motor activity in hemiparkinsonian
rats via control of the nigro-thalamic pathway. Neuroscience (2009) 164:360-9.
doi:10.1016/j.neuroscience.2009.08.058

Henry B, Fox SH, Crossman AR, Brotchie JM. Mu- and delta-opioid receptor
antagonists reduce levodopa-induced dyskinesia in the MPTP-lesioned primate
model of Parkinson’s disease. Exp Neurol (2001) 171:139-46. doi:10.1006/exnr.
2001.7727

Cox H, Togasaki DM, Chen L, Langston JW, Di Monte DA, Quik M. The selec-
tive kappa-opioid receptor agonist U50,488 reduces L-dopa-induced dyskine-
sias but worsens parkinsonism in MPTP-treated primates. Exp Neurol (2007)
205:101-7. doi:10.1016/j.expneurol.2007.01.024

Ikeda K, Yoshikawa S, Kurokawa T, Yuzawa N, Nakao K, Mochizuki H. TRK-
820, a selective kappa opioid receptor agonist, could effectively ameliorate L-
DOPA-induced dyskinesia symptoms in a rat model of Parkinson’s disease. Eur
] Pharmacol (2009) 620:42—8. doi:10.1016/j.ejphar.2009.08.013

Koprich JB, Fox SH, Johnston TH, Goodman A, Le Bourdonnec B, Dolle
RE, etal. The selective mu-opioid receptor antagonist ADL5510 reduces
levodopa-induced dyskinesia without affecting antiparkinsonian action in
MPTP-lesioned macaque model of Parkinson’s disease. Mov Disord (2011)
26:1225-33. doi:10.1002/mds.23631

Vernon AC, Natesan S, Modo M, Kapur S. Effect of chronic antipsychotic
treatment on brain structure: a serial magnetic resonance imaging study with
ex vivo and postmortem confirmation. Biol Psychiatry (2011) 69:936—44.
doi:10.1016/j.biopsych.2010.11.010

Lettfuss NY, Fischer K, Sossi V, Pichler BJ, Von Ameln-Mayerhofer A. Imag-
ing DA release in a rat model of L-DOPA-induced dyskinesias: a longitudinal
in vivo PET investigation of the antidyskinetic effect of MDMA. Neuroimage
(2012) 63:423-33. doi:10.1016/j.neuroimage.2012.06.051

Nahimi A, Holtzermann M, Landau AM, Simonsen M, Jakobsen S, Alstrup
AK, et al. Serotonergic modulation of receptor occupancy in rats treated with
L-DOPA after unilateral 6-OHDA lesioning. ] Neurochem (2012) 120:806-17.
doi:10.1111/j.1471-4159.2011.07598.x

Ohlin KE, Sebastianutto I, Adkins CE, Lundblad C, Lockman PR, Cenci MA.
Impact of L-DOPA treatment on regional cerebral blood flow and metabolism
in the basal ganglia in a rat model of Parkinson’s disease. Neuroimage (2012)
61:228-39. doi:10.1016/j.neuroimage.2012.02.066

Frontiers in Neurology | Movement Disorders

June 2014 | Volume 5 | Article 95 | 32


http://dx.doi.org/10.1093/brain/awm082
http://dx.doi.org/10.1523/JNEUROSCI.4232-04.2005
http://dx.doi.org/10.1016/S0028-3908(01)00012-0
http://dx.doi.org/10.1038/sj.npp.1301558
http://dx.doi.org/10.1038/sj.npp.1301558
http://dx.doi.org/10.1016/j.neures.2011.12.006
http://dx.doi.org/10.1097/00002826-199402000-00008
http://dx.doi.org/10.1097/00002826-199402000-00008
http://dx.doi.org/10.1212/WNL.57.10.1829
http://dx.doi.org/10.1124/jpet.106.110429
http://dx.doi.org/10.1093/brain/awn235
http://dx.doi.org/10.1002/mds.25366
http://dx.doi.org/10.1212/WNL.57.11.2108
http://dx.doi.org/10.1002/mds.10289
http://dx.doi.org/10.1016/j.expneurol.2007.07.021
http://dx.doi.org/10.1016/j.expneurol.2007.07.021
http://dx.doi.org/10.1016/j.brainres.2010.09.086
http://dx.doi.org/10.1016/j.brainres.2010.09.086
http://dx.doi.org/10.1002/mds.23616
http://dx.doi.org/10.3109/00207454.2013.841685
http://dx.doi.org/10.3109/00207454.2013.841685
http://dx.doi.org/10.1016/j.ejphar.2012.02.036
http://dx.doi.org/10.1016/j.ejphar.2012.02.036
http://dx.doi.org/10.1007/s00213-008-1452-9
http://dx.doi.org/10.1016/j.neuropharm.2011.05.021
http://dx.doi.org/10.1073/pnas.0711839105
http://dx.doi.org/10.1097/WNR.0b013e3283300fd7
http://dx.doi.org/10.1006/nbdi.2000.0372
http://dx.doi.org/10.1006/nbdi.2000.0372
http://dx.doi.org/10.1016/j.neuroscience.2004.10.026
http://dx.doi.org/10.1016/j.neuroscience.2004.10.026
http://dx.doi.org/10.1016/j.biopsych.2006.06.038
http://dx.doi.org/10.1016/j.neuroscience.2009.08.058
http://dx.doi.org/10.1006/exnr.2001.7727
http://dx.doi.org/10.1006/exnr.2001.7727
http://dx.doi.org/10.1016/j.expneurol.2007.01.024
http://dx.doi.org/10.1016/j.ejphar.2009.08.013
http://dx.doi.org/10.1002/mds.23631
http://dx.doi.org/10.1016/j.biopsych.2010.11.010
http://dx.doi.org/10.1016/j.neuroimage.2012.06.051
http://dx.doi.org/10.1111/j.1471-4159.2011.07598.x
http://dx.doi.org/10.1016/j.neuroimage.2012.02.066
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Finlay et al.

Levodopa dyskinesia and brain morphometry

146. Dobrossy MD, Braun F, Klein S, Garcia J, Langen KJ, Weber WA,
etal. [18F]desmethoxyfallypride as a novel PET radiotracer for quantitative
in vivo dopamine D2/D3 receptor imaging in rat models of neurodegenera-
tive diseases. Nucl Med Biol (2012) 39:1077-80. doi:10.1016/j.nucmedbio.2012.
04.003

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 01 May 2014; paper pending published: 15 May 2014; accepted: 29 May 2014;
published online: 12 June 2014.

Citation: Finlay CJ, Duty S and Vernon AC (2014) Brain morphometry and the
neurobiology of levodopa-induced dyskinesias: current knowledge and future poten-
tial for translational pre-clinical neuroimaging studies. Front. Neurol. 5:95. doi:
10.3389/fneur.2014.00095

This article was submitted to Movement Disorders, a section of the journal Frontiers in
Neurology.

Copyright © 2014 Finlay, Duty and Vernon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

June 2014 | Volume 5 | Article 95 | 33


http://dx.doi.org/10.1016/j.nucmedbio.2012.04.003
http://dx.doi.org/10.1016/j.nucmedbio.2012.04.003
http://dx.doi.org/10.3389/fneur.2014.00095
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

fromtiers in
NEUROLOGY

PERSPECTIVE ARTICLE
published: 09 April 2014
doi: 10.3389/fneur.2014.00049

Maladaptive plasticity in levodopa-induced dyskinesias
and tardive dyskinesias: old and new insights on the
effects of dopamine receptor pharmacology

Antonio Cerasa’*, Alfonso Fasano?, Francesca Morgante®, Giacomo Koch* and Aldo Quattrone™®

! Institute of Molecular Bioimaging and Physiology, National Research Council, Catanzaro, Italy

2 Movement Disorders Center, Division of Neurology, Toronto Western Hospital, University Health Network, University of Toronto, Toronto, ON, Canada
3 Dipartimento di Neuroscienze, Scienze Psichiatriche e Anestesiologiche, Universita di Messina, Messina, Italy

4 Laboratorio di Neurologia Clinica e Comportamentale, Fondazione Santa Lucia IRCCS, Rome, Italy

% Institute of Neurology, University “Magna Graecia.' Catanzaro, Italy

Edited by:
Marina Tijssen, Academic Medical
Centre, Netherlands

Reviewed by:

Miguel Coelho, University of Lisbon,
Portugal

Federico Micheli, University of
Buenos Aires, Argentina

*Correspondence:

Antonio Cerasa, Neuroimaging
Research Unit, Institute of Bioimaging
and Molecular Physiology, National
Research Council, Viale Europa,
Germaneto, Catanzaro, Italy

e-mail: a.cerasa@unicz.it

Maladaptive plasticity can be defined as behavioral loss or even development of disease
symptoms resulting from aberrant plasticity changes in the human brain. Hyperkinetic
movement disorders, in the neurological or psychiatric realms, have been associated with
maladaptive neural plasticity that can be expressed by functional changes such as an
increase in transmitter release, receptor regulation, and synaptic plasticity or anatomical
modifications such as axonal regeneration, sprouting, synaptogenesis, and neurogenesis.
Recent evidence from human and animal models provided support to the hypothesis that
these phenomena likely depend on altered dopamine turnover induced by long-term drug
treatment. However, it is still unclear how and where these altered mechanisms of corti-
cal plasticity may be localized. This study provides an up-to-date overview of these issues
together with some reflections on future studies in the field, particularly focusing on two
specific disorders (levodopa-induced dyskinesias in Parkinson's disease patients and tar
dive dyskinesias in schizophrenic patients) where the modern neuroimaging approaches
have recently provided new fundamental insights.

Keywords: levodopa-induced dyskinesias, tardive dyskinesias, hyperkinetic movement disorders, inferior frontal

cortex, dopaminergic treatment

INTRODUCTION

Plasticity refers to the ability of the nervous system to change the
effectiveness of transmission in neural circuits. This can involve
changes at several levels (neuronal, synaptic, protein, or genomic
structure) and modulates both the structure and function of neu-
ronal networks. Several human and animal studies demonstrated
that exercise and/or behavioral enrichment can increase neuronal
survival and resistance to brain insult, promote brain vasculariza-
tion, stimulate neurogenesis, and enhance learning [for review, see
Ref. (1)].

Although neural plasticity is generally viewed as an adaptive
process, there is considerable evidence that plasticity can also
be maladaptive [for review, see Ref. (2)]. For instance, sensory
deprivation, chronic stress, and excessive exercise would reduce
variability and impair adaptability. In particular, chronic stress
is associated with a loss of neurons and synapses. Furthermore,
stress may increase activity in certain brain regions, such as the
amygdala and the mesolimbic dopaminergic system, leading to
hypertrophy of these structures (3). Again, Byl et al. (4) showed
that monkeys that were over-trained to make a particular highly
specific hand movement sometimes developed difficulties in mov-
ing their hands in a similar manner to focal hand dystonia. The
somatosensory cortex of these animals was less organized than that
of healthy monkeys, with larger receptive fields and overlapping
representations of the individual digits. A change in the pattern

of connectivity in the sensory and motor cortices was thought
to lead to inappropriate associations between inputs and outputs
of the motor areas and cause errors in selecting muscles used in
voluntary movement.

However, maladaptive neural plasticity may be triggered not
only by exercise and/or behavioral deprivation, but also by other
factors, such as chronic drug therapy. In the last few years, several
influential authors (5-7) proposed that some hyperkinetic move-
ment disorders [levodopa-induced dyskinesias (LIDs), primary
dystonia, Huntington’s disease, and tardive dyskinesias (TDs)] are
caused by maladaptive synaptic plasticity. The scope of this study
is to summarize evidence on the role of dopaminergic replacement
in inducing maladaptive neural changes in these hyperkinetic dis-
orders, delineating the presence of shared neural mechanisms.
Particular attention will be paid to recent evidence coming from
molecular and neuroimaging studies that allow in vivo evaluation
of neural plasticity.

PARKINSON'S DISEASE WITH LEVODOPA-INDUCED
DYSKINESIAS

The classical clinical picture of Parkinson’s disease (PD) consists
of motor deficits, such as akinesia, rigidity, tremor, and postural
dysfunction. These motor symptoms are greatly improved by
treatments with dopamine (DA) replacement therapy or DA ago-
nists, but after 4—6 years, the therapeutic window becomes narrow
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and patients start to experience very disabling motor symptoms,
such as motor fluctuations and LIDs. LIDs in PD has been thought
to originate from an imbalance between “direct” and “indirect”
pathways regulating neural activity in the striato-frontal network
(8, 9). The neurons of the direct pathway project to the globus
pallidus pars interna (GPi) and onward to the thalamus. The neu-
rons comprise the indirect pathway project to the globus pallidus
pars externa (GPe), where they synapse with more GABAergic
projection neurons. In turn, these neurons project to the sub-
thalamic nuclei (STN) and form synapses with the glutamatergic
neurons that provide output to the GPi and the substantia nigra
pars reticulata (SNr). The essential pathophysiological character-
istic of the LIDs state is the presence of under-activity of the
indirect pathway and overactivity of the direct pathway. In the
last few years, this model has been reinforced and modified to
extend knowledge about the interplay between striatal nuclei and
the frontal cortex. Indeed, LIDs have also been demonstrated
to be associated with a sequence of events that includes pre-
synaptic (i.e., increased synaptic level of DA) and post-synaptic
modifications (i.e., downstream changes in proteins and genes),
and abnormalities in non-DA transmitter systems (9). Overall,
all these events combine to produce alterations in the firing pat-
terns and the coherence between the basal ganglia and the cor-
tex, leading to excessive disinhibition of thalamocortical neurons
and overactivation of frontal areas, with specific involvement of
motor, premotor, and prefrontal cortices (10, 11). The presence of
altered cortical excitability in the motor and prefrontal cortex has
also been demonstrated by electrophysiological studies employ-
ing transcranial magnetic stimulation (TMS) in patients with PD
(12, 13). Moreover, as repetitive TMS applied over the supple-
mentary motor area (SMA), the primary motor cortex (M1) was
able to induce a transient reduction of LIDs severity (14, 15).
Despite the traditional striato-thalamo-cortical pathways, in the
last few years, advances in the neurophysiological field provide
alternative scenarios highlighting the involvement of other circuits
involved in the pathophysiological mechanisms of LIDs. In par-
ticular, reduction of peak-dose dyskinesia for up to 4 weeks was
described following repeated sessions of continuous theta burst
stimulation (cTBS) delivered bilaterally to the lateral cerebellum
(16). This later finding would seem to support the hypothesis that
alterations in cerebellar sensory processing function, occurring
secondary to abnormal basal ganglia signals reaching it, may be
an important element contributing to the maladaptive sensori-
motor plasticity of motor cortex and the emergence of abnormal
involuntary movements (17).

TARDIVE DYSKINESIAS IN PSYCHIATRIC DISORDERS

Chronic blockage of DA receptors by anti-psychotic drugs in
patients with psychiatric disorders has been known to produce
another well-known hyperkinetic movement disorder named TDs.
Originally, the term TDs referred to abnormal movements pro-
duced by long-term DA receptor antagonist therapy, mainly
characterized by rapid, repetitive, stereotypic movements affect-
ing mainly the oral, buccal, and lingual areas, and less move-
ments affecting the limb and the trunk; however, other phe-
nomenologies have been described in TDs, such as dystonia and
akathisia (18). More than half of TDs cases may persist, even after

conventional antipyschotics are switched to atypical ones (19), or
anti-psychotics are discontinued (20). The most popular patho-
physiological model for TD is based on DA receptor hypersensitiv-
ity triggered by anti-psychotic drugs (7, 21, 22). According to this
theory, chronic use of DA antagonists, particularly at high levels
of antagonism (i.e., haloperidol), results in gradual hypersensiti-
zation of DA receptors. Indeed, chronic administration of neu-
roleptics might cause adaptive changes in DA receptors, causing
an increase in the number of D2 receptors (23). D2 receptors being
expressed on indirect pathway medium-spiny neurons and being
inhibitory, the consequence of D2 hypersensitivity might deter-
mine disinhibition of the GPi and the subthalamic nucleus (7).
Support for hypersensitivity of DA receptors in TDs mainly comes
from rodent models (24). Moreover, further support comes from
clinical observations that increasing anti-psychotic dosage tem-
porarily suppresses TD (25) whereas withdrawing anti-psychotics
or administering DA agonists exacerbates dyskinetic symptoms
in the short term (21). However, although chronic anti-psychotic
use is associated with D2 hypersensitivity, the evidence support-
ing a direct role on TDs generation are not consistent; indeed, DA
receptors binding in PET studies was not correlated with sever-
ity of dyskinesias and post-mortem studies did not disclose any
difference in number of D2 receptors between patients with and
without TDs (26).

SHARED MALADAPTIVE NEURAL PLASTICITY IN LIDs AND
TDs PATIENTS
Although LIDs and TDs are underlined by drugs acting on the DA
receptor in an opposite way and associated with different diseases,
there is evidence for shared neurodegenerative mechanisms, likely
depending on aberrant neural plasticity in the prefrontal cortex.
The development of LIDs has been attributed in cell studies
to dysfunctional cortico-striatal plasticity triggered by the com-
bined effects of DA denervation and chronic pharmacological DA
replacement (27) and has also been demonstrated in vivo in PD
patients with LIDs (12, 13). Chronic non-physiologic stimulation
of DA receptors on striatal neurons (23) can induce modifica-
tions in NMDA receptors firing and thus the development of
aberrant motor patterns leading to motor complications. This
has provided the rationale for the use of NMDA receptor antag-
onists such as amantadine for treating PD patients with LIDs
(28). Despite the recent evidence on the efficacious effects of
amantadine in ameliorating LIDs [improved motor symptoms in
60-70% of patients; (29)), the restoring of deficient DA with its
precursor L-3,4-dihydroxyphenylalanine (levodopa) is again the
most effective treatment for PD. In the last decades, concern has
been raised that levodopa could have toxic effects on the brain
of patients with PD (30). Although some in vitro studies support
this hypothesis (31), this concern remains uncertain in human
studies (32). Recent evidence coming from neuroimaging stud-
ies has provided new impetus to unravel the potential effects of
levodopa on brain morphometry. Indeed, our group has recently
demonstrated that specific morphological alterations are associ-
ated with the development of LIDs in PD patients (33). Using
unbiased voxel-based morphometry to compare gray matter vol-
ume in dyskinetic and non-dyskinetic patients, closely matched
for age, duration of medication and age of onset, we observed
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significant increases of gray matter volume within the inferior
frontal cortex (IFC), the degree of which increased with the sever-
ity of motor fluctuations. The IFC is an associative area specifically
involved, together with motor and premotor cortices, basal gan-
glia and STN, in the regulation of motor inhibition (34). The
presence of “increased” gray matter volume was in accordance
with other neuroimaging studies investigating the neurobiologi-
cal effects of levodopa treatment in healthy individuals. Indeed,
Salgado-Pineda et al. (35) demonstrated an increased gray matter
volume in healthy controls 1 week after levodopa administration.
All this evidence suggested that levodopa applied in a pulsatile
and non-physiological manner can perturb the normal physiolog-
ical mechanisms that mediate motor control and eventually result
in the remodeling of neuronal contacts and pathways, producing
long-lasting changes and aberrant neural plasticity (i.e., increased
neuronal arborization). The presence of altered anatomy of the
IFC has been confirmed using different populations (36) and neu-
roimaging metrics [i.e., cortical thickness; Ref. (37)] and has raised
an interesting scientific debate on the potential effects of levodopa
on brain morphometry (38, 39). In particular, the main notion
proposed by Vernon and Modo (38) concerned the key role that
animal models of PD would play in providing new insight about
the hypothesis proposed above. Indeed, although several models of
basal ganglia dysfunctions have been proposed to understand the
pathophysiological mechanisms underlying motor manifestations
in patients with PD (8), these changes cannot completely explain
the overall motor symptoms of LIDs in patients. Indeed, a large
body of in vitro and in vivo studies in animal models of parkin-
sonism have suggested an alternative “glutamatergic” hypothesis
for LIDs. Several authors demonstrated that the glutamatergic
cortico-striatal projection to medium-spiny neurons might play an
important role in the priming and development of LIDs, by induc-
tion of abnormal synaptic plasticity at the cortico-striatal level
(40—42). The alteration of glutamatergic transmission as causative
of LIDs has also been demonstrated in vivo by Ahmed et al. (43),
who described abnormalities in glutamate transmission in stri-
atal and frontal regions in dyskinetic compared to non-dyskinetic
patients with PD. Despite the plethora of studies supporting the
glutamatergic contribution to LIDs, there is also a vast consen-
sus that dysfunctions of the serotonergic system are implicated
in the development of LIDs and other complications of levodopa
therapy. Indeed, serotonin neurons have the ability to synthesize,
store, and release DA, formed from exogenous levodopa, but due
to the lack of any autoregulatory feedback control, the DA released
from serotonin terminals generally show excessive swings in the
patients in response to repetitive, intermittent levodopa treatment
(44). Such dysregulated release of levodopa-derived DA is likely
to be the main trigger of dyskinesia in levodopa-primed animals
(44),and may also play a role in PD patients undergoing long-term
levodopa therapy (45, 46). Using animal models, Rylander et al.
(47) provided the first evidence that levodopa treatment induces
sprouting of serotonin axon terminals, with an increased incidence
of synaptic contacts and a larger activity-dependent potentiation
of DA release in the DA-denervated striatum. This latter finding
is of great interest since our reported morphological abnormali-
ties in patients with LIDs (33, 36) highlighted the role of the IFC,

a region strongly innervated and regulated by the serotonergic
system (48, 49).

Interestingly, similar evidence, highlighting the presence of
neural abnormalities in the IFC driven by chronic DA therapy, has
also been provided in the psychiatric realm. In particular, chronic
psychotropic treatment might cause either adaptive changes in DA
receptors (increase in the number of D2 receptors and supersen-
sitivity of D1 receptors) (50) or determine structural remodeling
of the brain. Post-mortem studies investigating brains of schiz-
ophrenic patients with long duration of anti-psychotic exposure
(i.e., haloperidol) showed significant structural abnormalities (51—
54), with evidence for slight shrinkage (5%) of the brain in terms of
weight, length, and cortical volume and for enlarged (15%) ventri-
cles. Animal studies have confirmed this evidence, demonstrating
that chronic (8 weeks) exposure to both haloperidol and olanzap-
ine resulted in significant decreases in whole-brain volume (6-8%)
driven mainly by a decrease in frontal cerebral cortex volume
(8-12%) (55). Finally, a recent in vivo neuroimaging study inves-
tigating the neuroanatomical differences between schizophrenic
patients with TDs with respect to patients without TDs (closely
matched for age at onset of illness, duration of illness, or anti-
psychotic chlorpromazine equivalent dose) demonstrated, for the
first time, the presence of volumetric abnormalities in the same
prefrontal region described in patients with LIDs: the IFC. The
merit of this work (56) was to provide evidence on the presence of
maladaptive neural rearrangements in the IFC driven by chronic
psychotropic treatment.

CONCLUSION

Although all these findings are pieces of a very difficult puzzle
to assemble, what clearly emerged is that all these disorders have
been associated with altered DA turnover induced by long-term
drug treatment that might ultimately induce maladaptive synaptic
plasticity. We believe that further advances in the understanding of
the maladaptive mechanisms of synaptic plasticity in other hyper-
kinetic movement disorders (Tourette syndrome, dystonia, and
Huntington’s disease) will lead in the next few years to defining the
exact biological impact of chronic DA therapy on the neurological
and psychiatric brain, which might ultimately stimulate develop-
ment for new treatments. For instance, in a recent neuroimaging
study, Ganos et al. (57) described the presence of gray matter
abnormalities of the IFC in patients affected by Tics in Gilles de la
Tourette syndrome. So far, evidence emerging from recent molecu-
lar and neuroimaging studies would seem to suggest an intriguing
hypothesis that some important hyperkinetic movement disor-
ders might share similar pathophysiological mechanisms (7). In
particular, part of these shared mechanisms would seem to be
localized outside the classical motor pathway (cerebellum-striato-
thalamic-motor network), involving a critical region (IFC) taking
part in the hyperdirect pathway, a neural circuit playing a critical
role in motor control (58), which might become a new potential
therapeutic target for future studies (59).
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Primary dystonia (pD) is a movement disorder characterized by sustained or intermittent
muscle contractions causing abnormal, often repetitive, movements, postures, or both.
Gilles de la Tourette syndrome (GTS) is a childhood-onset neuropsychiatric developmen-
tal disorder characterized by motor and phonic tics, which could progress to behavioral
changes. GTS and obsessive—compulsive disorders are often seen in comorbidity, also sug-
gesting that a possible overlap in the pathophysiological bases of these two conditions.
PET techniques are of considerable value in detecting functional and molecular abnor
malities in vivo, according to the adopted radioligands. For example, PET is the unique
technigue that allows in vivo investigation of neurotransmitter systems, providing evidence
of changes in GTS or pD. For example, presynaptic and post-synaptic dopaminergic studies
with PET have shown alterations compatible with dysfunction or loss of Dy-receptors bear
ing neurons, increased synaptic dopamine levels, or both. Measures of cerebral glucose
metabolism with "8F-fluorodeoxyglucose PET ("8F-FDG PET) are very sensitive in show-
ing brain functional alterations as well. "8~FDG PET data have shown metabolic changes
within the cortico-striato-pallido-thalamo-cortical and cerebello-thalamo-cortical networks,
revealing possible involvement of brain circuits not limited to basal ganglia in pD and GTS.
The aim of this work is to overview PET consistent neuroimaging literature on pD and GTS
that has provided functional and molecular knowledge of the underlying neural dysfunc-
tion. Furthermore, we suggest potential applications of these techniques in monitoring
treatments.

Keywords: PET, primary dystonia, Tourette syndrome, movement disorders, neuroimaging, statistical parametric

mapping, treatment monitoring

INTRODUCTION

The dystonias are a heterogeneous group of hyperkinetic move-
ment disorders characterized by disabling spasms of the body
due to sustained or intermittent muscle contractions causing
abnormal, often repetitive, movements, postures, or both (1).

There has been a rationalization of the classification of dystonia
and a greater understanding of the causes of dystonic movements
from the study of genetics, neurophysiology, and functional imag-
ing in the most prevalent form of dystonia syndrome, primary
dystonia (pD) (2). Three basic parallel approaches are used to
classify pD: age of onset (early or late), distribution of affected
body parts (focal, segmental, or multifocal), and cause (presence
or absence of genetic factors) (2).

Gilles de la Tourette syndrome (GTS) is a childhood-onset
complex neurobehavioral disorder defined by motor and phonic
tics, which can be often complicated by comorbid conditions that
could progress to behavioral changes (3, 4). GTS and obsessive—
compulsive disorders (OCD) indeed are often seen in comorbidity,
also suggesting that a possible overlap in the pathophysiological
bases of these two conditions. The exact etiology of GTS remains
unknown, but the impairment of cortico-striatal-thalamo-cortical
(CSTC) network seems to be the primary site of underlying
damage.

PET molecular and functional neuroimaging techniques have
been used to investigate the neural basis of movement disorders,
as well as to identify potential cerebral targets for medical and
surgical therapies. These techniques have provided evidence for
specific alterations of both glucose metabolism and neurotrans-
mitter systems in movement disorders, also useful for differential
diagnosis (5). A very intriguing and promising application of '#F-
fluorodeoxyglucose PET (¥F-FDG PET or perfusion 1>0-H,0) is
the monitoring of the brain stimulation treatments in movement
disorders (i.e., deep brain stimulation — DBS), together with the
related assessment of the functional metabolic post-stimulation
changes. Also, statistical parametric mapping (SPM) procedures
allow robust voxel-based single-subject analysis (6) useful for
treatment monitoring. The chance to run voxel-based single-
subject analyses is of particular interest, given the low number
of patients usually undergoing surgical stimulation treatments. To
date, multiple reports have used similar approaches to define how
stimulation treatments exert their effects in various movement
disorders, like in pD (7, 8), and GTS with PET molecular imaging
(9). Since the clinical manifestations of these movement disorders
may be very heterogeneous and peculiar, PET monitoring could
play a supportive and crucial role in evaluating the effects of the
treatments and the progression of the diseases.
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Functional (fMRI) and structural magnetic resonance imaging
using advanced techniques as diffusion tensor imaging (DTT) have
also been applied to the study of brain functional mechanisms and
macrostructural abnormalities underlying movement disorders.
As for pD, in sporadic cases as well as in genetic mutation carriers,
DTI showed changes in the integrity of white matter fiber tracts
by means of indices like fractional anisotropy or mean diffusivity
(10). Similarly, DTI-based studies in GTS yielded clear evidence
of reduced microstructural integrity of white matter extending
beyond motor pathways. These studies suggest that alterations of
the connecting systems in these diseases, also with evidence for
anatomo-clinical correlations (11, 12).

Advances in PET medical technology imaging have helped to
further clarify the pathophysiology of specific movement disor-
ders, showing the associated metabolic and molecular alterations.
In pD, '8F-FDG PET revealed a consistent pattern of hypermetab-
olism, encompassing basal ganglia, and sensorimotor pathways (5,
13). In GTS, "8F-FDG PET provided evidence for hypermetabo-
lism occurring at sensorimotor cortex level and hypometabolism
in the limbic cortex and striatum (14). In addition, cerebral per-
fusion activation studies in GTS (by means of 150-H,0 and PET)
have also provided functional evidence for activations in the cere-
bellum, insula, thalamus, and putamen during tic release. This
prominent involvement of cerebellum and insula, suggested that
their recruitment in tic initiation and execution (15).

In addition, PET molecular imaging, with specific radiotracers,
such as [!!Clraclopride, alpha-[!!C]methyl-L-tryptophan (}'C-
AMT), Y C-flumazenil, ''C-WIN (DA transporter antagonist),
IIC-MCN (a5-HT»4-R antagonist), and 1C-MDL (a SERotonine
Transporter — SERT — antagonist) have represented a unique tool
for in vivo evaluation of the biochemical mechanisms underlying
motor dysfunctions. Studies of the neurotransmitters pathophys-
iology revealed multiple and complex underlying biochemical
disorders.

All above supports the crucial role of PET investigations in
better identifying the underlying pathophysiological mechanisms
of pD and GTS disorders, showing also a potential application
in treatment monitoring. The main advantage of such tech-
niques is the possibility to in vivo investigate the changes in
brain metabolism and neurotransmission systems before and after
treatment.

This brief overview addresses the functional alterations in the
networks and the interactions with neurotransmission systems in
pD and GTS. It also discusses the innovative use of PET molecular
imaging as a tool for monitoring interventional therapy and its use
as an outcome measure.

PRIMARY DYSTONIA

CLINICAL CHARACTERIZATION

Primary dystonia typically begins in late childhood or adolescence
and it is traditionally attributed to basal ganglia dysfunction (16).
It is of note that no specific pathological lesions of these structures
have been consistently evidenced in post-mortem studies (17). pD
is defined as a movement disorder characterized by sustained or
intermittent muscle contractions causing abnormal, often repeti-
tive, movements, postures, or both (1). Dystonic movements are
typically patterned and twisting, and may be tremulous too. These

movements are often primed or worsened by voluntary actions and
associated with overflowing muscle activation. pD can be classi-
fied along two axes, as defined by Albanese et al. (18): (1) clinical
characteristics including age at onset, body distribution, temporal
pattern, and associated features (additional movement disorders
or neurological features); and (2) etiology and inheritance. The
clinical characteristics fall into several specific dystonia syndromes
that might help in a better diagnosis and strategic treatment. In
regards to genetic forms, DYT1 and DYT6 are the most common
and are inherited as autosomal dominant traits with incomplete
penetrance (19-21).

'8F-FDG PET EVIDENCE

Several *F-FDG PET neuroimaging studies have provided knowl-
edge on the functional anatomy of pD. Lehericy et al. (22,
23), in their comprehensive reviews on neuroimaging of dysto-
nia using fMRI and '8F-FDG PET, highlighted the hyperactivity
of premotor and prefrontal areas and the hypoactivity of pri-
mary sensorimotor areas. Thus, since regions other than the
basal ganglia are involved in dystonic movements, neuroimag-
ing evidence supports the hypothesis of pD as a circuit dis-
order. Coherently, most of the literature converges in support-
ing the involvement of both basal ganglia-thalamo-cortical and
cerebello-thalamo-cortical pathways (19, 23, 24).

More specifically, 3 F-FDG PET has been used in different
dystonic disorders including primary generalized dystonia and
DOPA-responsive dystonia (DRD), as well as in focal dystonic
syndromes such as spasmodic torticollis, writer’s cramp, and ble-
pharospasm (25-27). Common findings concern functional meta-
bolic abnormalities in the basal ganglia and associated outflow
pathways to sensorimotor cortex and to other regions involved
with motor control (5). Hutchinson et al. studied the brain
metabolic pattern in six subjects with essential blepharospasm
compared to normal volunteers. They showed that the clinical
manifestations were associated with abnormal metabolic activity
in the pons and cerebellum, and with additional abnormalities also
in cortical eyelid control regions (27).

Asanuma et al. (10), by studying subjects’ torsion dystonia-
related pattern, showed a relative increase in the metabolic activity
of the posterior putamen, globus pallidus (GP), cerebellum, and
supplementary motor area (SMA).

All these results contribute to consider pD as a neurocircuit dis-
order, involving the cortico-striato-pallido-thalamo-cortical and
cerebello-thalamo-cortical pathways, which are recognized as a
cause of the clinical manifestations (28, 29). An aberrant motor
response is thought to result from abnormal processing at a level of
central sensorimotor integration and as a disturbance of sensory
input at the level of spinal interneuronal circuits (23).

I18F_fluorodeoxyglucose PET imaging applied to manifesting
and clinically non-manifesting gene carriers has offered the pos-
sibility of identifying alterations in circuit functional connectivity
associated with both genotype and penetrance. For example, in
regards to torsion dystonia, some authors hypothesized that its
related metabolic pattern (TDRP, hypermetabolic at putamen, pal-
lidus, SMA, and cerebellum levels) can potentially be used as a
marker in linkage studies to identify potential gene carriers among
family members of pD patients (28). Similarly, in patients with
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pD due to DYT1 mutation, an abnormal metabolic brain net-
works was reported, characterized by hypermetabolism in the basal
ganglia, SMA, and cerebellum (10). Trost et al. have quantified
the metabolic activity of this network in patients carrying differ-
ent pD mutations, in order to investigate whether this functional
abnormality is linked to genotype. Their findings suggest that a
consistent abnormal metabolic topography that is not genotype
specific, being present in carriers of other pD mutations (30).

Recently, Carbon et al. (31) identified that brain regions with
metabolic changes in DYT11 myoclonus-dystonia (DYT11-MD)
showed specific patterns of metabolic abnormalities, involving
connecting pathways between the cortex, basal ganglia, thalamus,
and cerebellum. In addition, they compared metabolic abnormal-
ities in DYT11-MD with those found in other forms of hereditary
dystonia and in post-hypoxic myoclonus. They found significant
DYT11 genotype-specific metabolic increases in the inferior pons
and in the posterior thalamus as well as reductions in the ventro-
medial prefrontal cortex. Significant phenotype-related increases
were also present in the parasagittal cerebellum. This latter abnor-
mality was shared with post-hypoxic myoclonus, but not with
other forms of pD. These findings were consistent with the hypoth-
esis of a sub-cortical myoclonus generator presence in DYT11-MD,
particularly likely to involve the cerebellum (31). This evidence
shows how '3F-FDG PET imaging can help identify different
abnormal metabolic networks in specific variants of movement
disorders such as in the context of pD.

PET NEUROTRANSMISSION STUDIES

Primary dystonia is a very complex disease spectrum, in which
a pathological phenomena elicits a cascade of events encompass-
ing different networks and molecular systems, from dopamine to
GABA (32, 33) and also, as recently shown, acetylcholine (ACh)
(34). In pD, PET and appropriate radiotracers have been used, in
particular, for the assessment of dopaminergic system to investi-
gate whether alterations in striatal receptor binding are showed
by patients. Historically (1997), landmark evidence showed alter-
ations of D,-R binding in putamen in focal dystonias, as measured
by 8E-spiperone (reduced by up to 29%) (35). More recently,
the adoption of ''C-raclopride (a very specific radioligand for
D,-R) yielded consistent results across various studies in dif-
ferent forms of pD. Kiinig et al. (36) evaluated in 14 patients
with DRD, the dopamine D,-R binding by !!C-raclopride PET
in comparison with 16 levodopa-treated Parkinson’s disease (PD)
patients and 26 healthy controls (HCs). The DRD patients showed
increased ''C-raclopride binding in the putamen and caudate
nucleus when compared with both controls and PD patients.
The results were interpreted as reflecting reduced tracer dis-
placement by endogenous dopamine, or as an alteration of the
receptor’s features due to chronic dopamine deficiency. In addi-
tion, the differences in 11C—raclopride binding between DRD and
PD patients in the caudate nucleus, suggest that this structure
may be of pathophysiological relevance in the presentation of the
clinical features of both diseases (36). Coherently, Rinne and co-
workers investigated the integrity of striatal dopaminergic system
in seven patients with DRD using PET with different radiotracers
to evaluate dopamine transporter functioning (DAT ligand ''C-
CFT), D; (1!C-NNC756), and D,-R (! C-raclopride). The results

showed increased striatal dopamine D;-R availability in DRD with
unchanged dopamine D; receptors and DAT ligand binding. The
increased D,-R availability seems to be due to reduced compe-
tition by endogenous dopamine or a compensatory response to
dopamine deficiency, or both (37). ! C-raclopride has been also
recently used to investigate another focal dystonia, namely, writer’s
cramp (38). Berman et al. analyzed striatal D,/Ds3 availability at
rest and during endogenous dopamine release during sequential
finger tapping and speech production tasks in 15 patients with
writer’s cramp and 15 matched HC subjects. This work showed
that patients with writer’s cramp may have divergent patterns of
striatal dopamine release during both a motor task (involving the
dystonic hand) and an unrelated asymptomatic task, like sentence
production (38). On the other hand, ' C-raclopride PET showed
its efficacy also in investigating commonalities and divergences
between different forms of genetic mutation dystonia, like DYT1
and DYT6 (33, 39).

Asanuma et al. (39) studying the DYT1 mutation with '1C-
raclopride, found a 15% reduction of tracer binding in caudate and
putamen in subjects without clinical manifestations. While this
could have been interpreted as a trait feature of DYT1 mutation,
later works with the same radiotracer showed similar reductions
a in DYT6 mutation as well (33). These changes, which may be
present in different degrees in the DYT1 and DYT6 genotypes,
are likely to represent susceptibility factors for the development of
clinical manifestations in mutation carriers (33). It is of note that
a recent study revealed unaltered D; receptor binding (by means
of 1!C-NNC112 PET) in primary focal dystonias when compared
with HCs (40).

This suggests that dopaminergic post-synaptic alteration may
be an early pathological trait of the condition, not sufficient per se
in eliciting the full clinical phenotype (5).

Since preclinical and indirect clinical evidence suggest that
molecular changes also of the GABAergic control system might
represent a key dysfunctional component leading to disinhibi-
tion of the sensorimotor system (41, 42). Garibotto et al. used
11C-flumazenil PET in patients with sporadic and DYT1 muta-
tion pD in order to assess the integrity of the GABAergic system.
The results revealed a reduction in GABA4 receptor expression or
affinity, both in DYT1 carriers and sporadic patients in primary
motor and premotor cortex, primary and secondary somatosen-
sory cortex, and in the motor component of the cingulate gyrus.
Clearly, a deficit in GABAergic function might indeed result in
abnormalities of neuronal inhibition affecting both the motor and
somatosensory systems. In particular, the reduced inhibitory con-
trol in somatosensory cortices might suggest that the GABA system
plays a crucial role in the modulation of the afferent signal to the
somatosensory cortex in pD (43). Noteworthy, a MR spectroscopy
study in patients with pD, revealed a significant decrease in GABA
levels in the sensorimotor cortex and lentiform nuclei contralateral
to the affected side, thus, providing indirect evidence supporting
the relevant role of this system in pD (44).

As claimed by Tanabe and co-workers, even-though anti-
cholinergic medications are effective in DYT1 and other forms
of dystonia, this does not necessarily imply a primary role of ACh
in these disorders. In point of fact, the abnormal cholinergic func-
tioning may result as a secondary effect of the altered dopaminergic
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neurotransmission in the striatum (34) and this imbalance may
have a role in symptom generation, as showed recently in DYT1
animal models (45).

GILLES de la TOURETTE SYNDROME

CLINICAL CHARACTERIZATION

Gilles de la Tourette syndrome is a childhood-onset neuropsychi-
atric developmental disorder characterized by motor and phonic
tics that are defined as involuntary or semivoluntary, sudden,
intermittent, repetitive movements (motor tics), or vocalizations
(phonic tics) (3). Comorbidities are very common, in particular,
OCD and attention deficit hyperactivity disorder (46). It is of note
that the exact etiology of GTS remains unknown. Volumetric MRI
in GTS provided evidence for correlations between tic severities
and volume of specific structures [e.g., caudate, see Ref. (47)] and
also for abnormal gray matter volumes in prefrontal cortex in
children and adults [see Ref. (48, 49), and for review see Ref. (50,
51)]. Functional neuroimaging techniques, such as single-photon
emission computed tomography (SPECT), PET, and fMRI have
provided some evidence for the underlying pathological mecha-
nisms in GTS that enabled new hypotheses on its pathophysiology
to be formulated (50, 51). In particular, these studies suggest that
the involvement of the CSTC network in the pathophysiology of
tics and associated psychopathological manifestationsin GTS (19).

'8F-FDG PET EVIDENCE

8F_fluorodeoxyglucose PET investigations, also through ad hoc
parametric measurements and/or voxel-wise statistical analysis,
have shown that regions other than the basal ganglia circuits may
be involved in GTS [see for example Ref. (14, 52)]. It has been
hypothesized that abnormal connections between basal ganglia,
thalamus, and cortex (within the CSTC circuitry) may be specifi-
cally associated to this condition (53). GTS has been significantly
characterized by (a) lower metabolic rates in caudate nucleus and
thalamus, (b) possible association with hypoactivity in lentiform
nuclei and hippocampal formation, and (c) higher metabolic rates
in the sensorimotor cortices (14, 15, 54, 55).

Pourfar et al. showed resting-state reduced metabolic activity
in the striatum and orbitofrontal cortex, and it was associated with
relative metabolic increases in premotor cortex and in cerebellum
in GTS-related metabolic pattern. Further analysis of the same
cohort, revealed that OCD symptoms in GTS patients were related
with a second metabolic pattern, characterized by (a) reduced
metabolic activity in the anterior cingulate and dorsolateral pre-
frontal cortices and (b) associated increases in primary motor
cortices and precuneus. The authors conclude that the different
clinical manifestations of GTS are associated with the expression
of these two distinct abnormal metabolic brain networks (14).

Correlation analysis between glucose metabolism and clini-
cal evidence contributed in characterizing the system networks
affected in this neuropsychiatric disease, which might be useful in
correct identification of the disorder. '¥F-FDG PET studies have
shown significant correlations between the presence of tics and
hypermetabolism in several brain regions, including the medium
and lateral premotor cortices; the primary motor cortices; the
inferior parietal cortices; as well as the anterior cingulate cor-
tex, putamen, and caudate and Broca’s area (53). These results

support hyperactivity of the systems involved in motor plan-
ning/structuring and in the processing of sensory inputs at the
basis of GTS symptoms. In summary, GTS shows heterogeneity
of cortical and sub-cortical metabolic alterations depending on
different factors not yet completely identified, thus, hindering the
characterization of a specific metabolic pattern. Nonetheless, '*F-
FDG PET at single-subject level represents a useful tool for the
assessment of brain functional deficits, giving the chance to mon-
itor personalized brain target therapy and to assess the efficacy of
treatments.

PET NEUROTRANSMISSION STUDIES

Few PET molecular studies of neurotransmission systems pro-
vided insights on the underlying pathophysiology of GTS. Histor-
ically, GTS has always been linked to a dysregulation of dopamine
neurotransmission system (52, 56), also given the evidence for
reductions of TIC severity in treatments with D,-R antagonists
(57). Coherently, early post-mortem studies also provided evi-
dence for alterations in second messenger system (58) and also
for a possible relation between clinical phenotypes of GTS and
dopamine innervation in the striatum (*H-mazindol showed an
increased density of uptake sites) (59). To date, other neurotrans-
mission systems like serotonin or GABA have been investigated in
GTS (15, 60,61).

Singer et al. tested the presynaptic dopamine release from
the striatum after amphetamine administration in GTS adult
patients using !'C-raclopride PET. Results were consistent with
the possibility that the pathologic mechanisms in GTS relate to an
abnormal regulation of the phasic dopamine response, resulting
in hyper responsive spike-dependent dopaminergic system activa-
tion. Thus, a tonic/phasic imbalance in the DA system may help to
explain the DA pathophysiology associated with GTS that could
be crucial in developing potential pharmacologic treatments (62).
Behen et al. used '!C-AMT PET to assess global and focal brain
abnormalities of tryptophan metabolism and their relationship
to behavioral phenotype in children with GTS and healthy age-
matched controls. Their results show cortical and sub-cortical
abnormalities of tryptophan metabolism in GTS, in particular,
in the dorsolateral prefrontal cortex (DLPFC) and bilateral thal-
amus levels, providing a strong neuroimaging evidence for a role
of serotoninergic mechanisms in the pathophysiology of GTS
(60). Saporta et al. (61), using !'C-AMT PET and DTI investi-
gated both structural white matter abnormalities and serotonin
synthesis in children with GTS. The authors hypothesized that
microstructural alterations and related altered connectivity in
CSTC might have been the primary abnormality in GTS, then
inducing altered neurotransmission. They found an asymmetric
immature microstructure in the caudate nucleus that was associ-
ated with abnormally increased serotonin synthesis. The authors
suggest that the increased serotonin synthesis in the caudate could
be due to cortical disinhibition, in the context of abnormal cortico-
striatal connectivity. On this basis the authors suggest serotonin
system as a possible new therapeutic target in GTS (61). Interest-
ingly, Lerner et al. (63), in the first study of GABA neurotrans-
mission system in GTS patients using !' C-Flumazenil and PET
found a consistent decrease of GABA, receptors in multiple lim-
bic regions such as amygdala, ventral striatum, thalamus, and also
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at the insula level. An increase of these receptors was also present
in the cerebellum, in the bilateral substantia nigra (SN) at peri-
aqueductal gray (PEG) level and in the right posterior cingulate
cortex (63).

In addition, besides the evaluation of isolated systems, insights
on underlying GTS pathophysiology have been provided by stud-
ies on neurotransmitters inter-modulation. Wong et al. (64)
studied both dopaminergic and serotoninergic neurotransmitter
systems at transporter and at receptor density levels, as mea-
sured by, respectively, !' C-raclopride and ' C-WIN (Dopamine
Active Transporter — DAT antagonist) or HC-McN (5-HT»,R
antagonist) and HC-MDL (SERT antagonist). In particular, they
tested whether there was a connection between phasic DA release
(DARgr) induced by administration of amphetamine and lev-
els of 5-HT in patients with GTS plus OCD comorbidity. They
found a strong correlation between DARgy, and low levels of 5-HT,
suggesting that “DARgy, is a primary defect in GTS” (64).

Further investigations in larger patient groups are neces-
sary in order to further elucidate the complex neuromodulation
changes in GTS.

PET NEUROIMAGING AND STIMULATION TREATMENT
MONITORING: EVIDENCE IN pD AND GTS

As anticipated in the introduction, a promising approach is to
use PET techniques (mainly perfusion '>0-H,0 and/or *F-FDG
PET) to monitor therapy efficacy in a variety of conditions and
across different type of medical and surgical treatments. For
example, PET techniques have shown a high value in monitor-
ing the effects of surgical therapies like DBS, which has been
extensively adopted in movement disorders (65). Clinically, recent
studies assessing the efficacy of stimulating treatments as DBS
or repetitive transcranial magnetic stimulation (rTMS) at specific
movement-related regions (such as globus pallidum or premotor
cortices) have demonstrated some positive effects in attenuating
the symptoms (66—69).

PET with perfusion radiotracers for monitoring treatments in
pD and GTS is not routinely used in clinical practice but some
authors, even if with a small cohort of patients, have demon-
strated the feasibility and the potential role of this approach in
specific setting of post-therapy assessment (see Table 1 for dys-
tonia). Kumar and colleagues (70) studied the effects of bilateral
GP DBS, by means of clinical assessment and of '>0-H,O PET,
in a case of medication-refractory generalized dystonia, taking
into account different stimulators settings and induced motor
conditions. The authors found a positive clinical improvement
after 1year of DBS, also during active condition in terms of reac-
tion times and randomness of movements, “due to suppression
of dystonic patterned involuntary movements.” Coherently, PET
investigation showed that bilateral GP DBS, during the action
(moving a joystick), was reducing activity in lentiform nuclei,
motor areas (primary, premotor, SMA), and also in control areas
such anterior cingulate or prefrontal cortices (70). Detante et al.
(7) studied the effects of internal DBS on bilateral GP by assess-
ing regional cerebral blood flow (by means of 150-H,0 and PET)
in a sample of six patients with primary generalized dystonia.
Authors designed two test conditions, namely, OFF (no stimu-
lation) and ON (unilateral DBS GPi stimulation). During OFF

Table 1 | Table showing papers in literature (chronological order)
adopting PET for effects assessment of stimulation treatment in
dystonia.

Reference Dystonia Sample  Stimulation Region Tracer
type
(70) gD Case study DBS bilGP 50-H,0
(7) pgb 6 DBS bilGPi 150-H,0
(72) pfD Case study DBS +epidural GPi+ BEFDG
cortical pMC
stimulation
(71) tD 5 DBS GPi 50-H,0
(8) pfD 7 Epidural preMC  '8RFDG
cortical
stimulation

9D, generalized dystonia; pgD, primary generalized dystonia, pfD, primary focal
dystonia; tD, tardive dystonia.

condition, PET data showed overactivity in DLPFC, medial and
superior frontal gyrus (medFG/supFG), OFC, and thalamus. Dur-
ing ON condition, while stimulation was being administered to
the contralateral side of the most dystonic hand (assessed during
OFF condition), PET data showed a decrease of the overactivity
in the same areas and also in the putamen (7). Finally, Thobois
et al. studied the effects of DBS with °O-H,O PET in GPi in
five patients with tardive dystonia (induced by neuroleptics). Dif-
ferences in brain perfusion induced by GPi stimulation between
motor execution and rest condition confirm that the increased
activity of prefrontal cortex and premotor areas can be modulated
with DBS (71). Besides >O-H,O PET, also '3F-FDG PET has been
used in monitoring stimulation treatments (8, 72), showing a very
high accuracy and reliability.

Notably, the potential of '¥F-FDG PET in detecting regional
glucose metabolism abnormalities can be improved using voxel-
based statistical methods (such as SPM). This parametric approach
has been applied in pD to evaluate, at a voxel-level, brain glu-
cose metabolism changes before and after brain stimulation (8,
72). For example, Lalli et al. (8) have assessed the efficacy and
safety of epidural premotor stimulation in patients with pri-
mary focal dystonia using '®F-FDG PET and SPMS for statistical
voxel-based analysis (VBA). In order to define regional cerebral
metabolism differences, patients were compared to HCs at pre-
surgery and post-surgery conditions. The authors found that the
sensorimotor cortex was specifically involved in focal dystonia,
with hypermetabolism (relatively to HCs) at baseline and a reduc-
tion of hyperactivity after epidural stimulation, suggesting that
a positive effect of brain stimulation (Figure 1). These findings
confirmed the notable role of PET to elucidate the underlying
metabolic mechanisms, together with the chance to track and
monitor treatments progression (8). Some years before, Romito
etal. (72) used, in a case of primary fixed dystonia, 1¥F-FDG PET
and SPM99 to monitor the effects of an epidural motor cortex
stimulation treatment that significantly reduced the severe dys-
tonic symptoms. This patient experienced null benefits during
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FIGURE 1 | Patients with epidural premotor cortical stimulation in primary focal dystonia. Results of SPM8 group analysis showing increased metabolism
in the patient group at (A) pre-surgery and (B) post-surgery conditions compared to normal controls. Modified from Ref. (8).

internal GP (GPi) stimulation, which is commonly effective in
these conditions. Therefore, the authors decided to apply cor-
tical motor areas stimulation that in 6 months, elicited notable
improvements in fixed dystonia and in movements. In this study,
I8E_-FDG PET was then used to characterize the metabolic changes
induced by the different treatments, revealing that GPi stimu-
lation was inducing an increase of glucose metabolism in the
sensorimotor cortex (L > R), SMA, and anterior cingulate gyri
bilaterally. Conversely, motor cortex stimulation was inducing
a reduction of glucose metabolism in the bilateral cerebellum.
Despite the few earlier reports in literature, the author concluded
that motor cortex stimulation may be an effective treatment in
focal dystonia (72).

In the previous paragraphs, we have discussed how PET imag-
ing can be useful in characterizing metabolic and neurotransmis-
sion abnormalities in GTS, suggesting that its potential application
in treatment monitoring in these patients. Notwithstanding, only
few reports are currently available in the literature of therapy
assessment in GTS. Hopefully, future studies will further apply
these techniques, given the urgency of defining effective treatments
and provide appropriate safe care. Besides 1>O-H,0 and'®F-FDG,
PET molecular imaging may be useful too, given all the evidence
of multiple neurotransmitters systems alteration in GTS.

For example, Vernaleken et al. studied, in a case study, the effect
of thalamic DBS in a GTS patient by means of '8F-Fallypride PET
(73). The aim of the authors was to clarify the mechanisms of
DBS-induced modulatory effects on GTS symptoms in vivo. They
found that this stimulation treatment exerted its effects through
the modulation of the dopaminergic neurotransmission system.
Given the success of this pilot study, some years later, the same
group further investigated the dopamine modulation (still with
18F_Fallypride PET) induced by DBS in three GTS patients (9). The
authors, evaluating the results, took into account all the possible
confounding factors (from anesthesia for the long-PET scan dura-
tion to low-subjects number) concluding that DBS may exert its
effects modulating the hyperactive dopamine transmission within
the basal ganglia circuitry (9).

CONCLUSION: SUMMARY AND FUTURE DIRECTIONS

The most applied PET neuroimaging approaches in movement
disorders include functional and molecular imaging using '8F-
FDG PET and neurotransmitter-specific tracers. Several studies
using PET techniques, also through ad hoc parametric measure-
ments or voxel-based statistical analysis (SPM) at both single-
subject and group-level, have shown that regions other than the
basal ganglia circuits are involved in pD and GTS. This can be
used to pinpoint a breakdown of organized trans-synaptic activ-
ity, which might distinguish these disorders. Indeed, in GTS and
pD, the CSTC circuit seems to play an important role in the
generation of tics and dystonia. Nevertheless, the precise local-
ization and mechanisms of these abnormalities remain disputed
and are a topic of active debate and research. Finally, despite some
authors have proposed the possible value of PET investigations for
early and differential diagnosis of movement disorders, further
researches and added knowledge on the distinct pathophysiolog-
ical basis are still necessary. Despite the doubtless value of PET
molecular techniques, it should always be taken into account
that these results might be undermined by confounding vari-
ables, such as age at onset, comorbidities, or ongoing medical
treatments.

PET studies involving larger clinical samples to investigate glu-
cose metabolic changes and integrity of neurotransmitter systems
(e.g., dopamine system with D,-R availability, DAT functioning
and amphetamine-induced DARg; ) and controlling for confound-
ing variables, will surely provide further insights, particularly in
the measurement of the pathophysiological abnormalities. The
more these factors are evaluated and controlled, the greater the
value of the results will be, especially for clinical practice.

In regards to the assessment of therapeutic effects of DBS or
cortical stimulations by PET functional neuroimaging, it appears
very promising and offers a wide variety of applications. PET
techniques can be very useful in correctly identifying potential
targets for medical and surgical therapies. These tools can clearly
help in defining how the stimulations elicit their effects on the
brain functioning, both at treatment site and at whole-brain
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circuitry level. Evaluating therapy-induced changes in metabo-
lism or in neurotransmitters systems can be very challenging and
heavily dependent on raters’ expertise. Semi-quantitative paramet-
ric approaches provide very informative data that is less affected
by inter-individual observer differences. These voxel-based analy-
ses, especially at single-subject level, have shown high accuracy in
monitoring stimulation treatment effects (6, 8, 72). We strongly
claim that the adoption of PET molecular and functional imag-
ing, especially with optimized parametric approaches, is of utmost
importance for monitoring of both medical and surgical therapies
in pD and GTS. Future further studies in this direction are wel-
come, in order to evaluate the potential of this methodology in
clinical practice.
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INTRODUCTION

Parkinson’s disease (PD), the second most common neurode-
generative disease worldwide, is characterized by bradykinesia
and at least one of tremor, rigidity, and postural instability (1).
Although recent advances in neuroimaging have provided new
insights into the pathophysiology of the disease, the diagnosis
of PD remains still clinical, based upon the presence of cardi-
nal motor symptoms (2). Neuroimaging of PD has been histor-
ically dominated by positron emission tomography (PET) and
single-photon emission computed tomography (SPECT) studies
using a variety of dopaminergic radiopharmaceuticals that focus
on striatal measures of nigrostriatal neurons (3). Concurrently,
fluorodeoxyglucose—PET has been used to image abnormal covari-
ance patterns of cortical and subcortical regional metabolism that
correlate with motor and cognitive impairment (4). On the other
hand, conventional brain MRI is currently limited to the differ-
ential diagnosis between idiopathic PD and atypical or secondary
parkinsonism or to prognosticate, and to locate the targets for
functional neurosurgery (5). However, the use of 7-T MRI scan-
ners has recently allowed to detect anatomical changes in nigral
morphology in PD, which may represent, in the near future, a
reliable MRI biomarker of PD diagnosis (6, 7). Nevertheless, in
the last decades, the rapid evolution of advanced MRI techniques
has allowed us to further investigate the progression of nigral and
extra-nigral degeneration with greatly improved spatial resolution
and a minimal invasiveness. Moreover, functional MRI (fMRI)
techniques have offered the possibility to directly measure the
brain’s activity and connectivity in patients with PD both in early
and complicated stage of the disease. Therefore, morphological
and fMRI techniques may shed lights on pathophysiological

The diagnosis of Parkinson’s disease (PD) remains still clinical, nevertheless, in the last
decades, the rapid evolution of advanced MRI technigues has made it possible to detect
structural and, increasingly, functional brain changes in patients with PD. Indeed, functional
MRI (fMRI) technigues have offered the opportunity to directly measure the brain’s activity
and connectivity in patients with PD both in early and complicated stage of the disease.The
aims of the following review are (1) to present an overview of recent fMRI reports inves-
tigating the activity and connectivity of sensorimotor areas in patients with PD using both
task-related and “resting-state” fMRI analysis (2) to elucidate potential pathophysiological
mechanisms underlying dyskinetic motor complications in the advanced stage of PD.

Keywords: Parkinson’s disease, advanced MRI techniques, task-related functional MRI, resting-state functional MRI,
seed approach, independent component analysis, sensorimotor network, dyskinetic motor complications

mechanisms of PD and its disease and treatment-related complica-
tions. The most commonly used method, among fMRI techniques,
is the measurement of blood oxygen level dependent (BOLD) sig-
nal, based on the differences between magnetic characteristics of
oxyhemoglobin (diamagnetic) and deoxyhemoglobin (paramag-
netic). In the brain, neuronal activity increases consistently with
blood flow and oxyhemoglobin and could be hence visualized
by changes in the BOLD contrast. This neuroimaging technique
enables to explore brain function and connectivity with high tem-
poral and spatial resolution (8). More recently, IMRI in the absence
of experimental tasks and behavioral responses, performed with
the patient in a relaxed “resting” state (RS-fMRI), has allowed for
the exploration of brain connectivity between functionally linked
cortical regions (9), the so-called resting-state networks (RSNs).
The most commonly reported RSNs are the default mode network,
the fronto-parietal network, and the sensorimotor network (9),
which is crucial for the execution of voluntary movements and
functionally connects regions within the supplementary motor
area (SMA) and the primary motor cortex (M1) (10, 11). The
aims of the following review are (1) to present an overview of
recent fMRI reports, which have investigated, in patients with PD,
the activity and connectivity of the sensorimotor areas using both
task-related and “resting-state” fMRI analysis, respectively, (2)
to elucidate potential pathophysiological mechanisms underlying
motor complications in the advanced stage of PD.

TASK-RELATED fMRI STUDIES

In the last decades, fMRI studies, employing motor tasks requiring
motor selection and initiation (12—14), have consistently shown
an abnormal activation of different areas of the motor network
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in patients with early and late-stage PD. The integrity of this net-
work is required not only to perform a voluntary movement but
also for readiness for a future motor task. These functional changes
have been correlated both to bradykinesia and to the severity of
the disease (i.e., Hoehn and Yahr stage). Specifically, these studies
have commonly revealed hypoactivation of the SMA, and hyper-
activation of cerebellum and other cortical motor regions, such
as premotor (PMC), primary motor (M1), and parietal cortices
in patients with PD compared to age-related healthy controls. It
is noteworthy that these results have shown striking similarity
with the pattern of altered cerebral metabolic activity observed
with PET in patients with PD (15-18). Levodopa or apomor-
phine administration (12, 19), ventral posterolateral pallidotomy
(20), or deep brain stimulation of the subthalamic nucleus (STN)
(21) can relatively normalize the reduced activation of the SMA,
and decrease the overactivation of other cortical regions. Because
the SMA contributes to the preparation and execution of learned
motor sequences (22-24), its decreased activation may be an
important factor contributing to the lack of readiness and to the
difficulty in initiating voluntary movements in patients with PD.
Moreover, the hyperactivation of cortico-cerebellar regions may
reflect a functional compensation for the defective basal ganglia in
motor control. In other words, patients with PD may need com-
pensatory activity of other motor circuits to overcome their diffi-
culty in performing self-initiated movements (25). The compen-
sation operated by the cerebellum could be achieved through the
cerebello-thalamo-cortical loop or more directly through direct
projections from the cerebellum to the basal ganglia (26, 27). Yu
and colleagues (27) have found a significant negative correlation
between the BOLD response in the putamen and the contralateral
cerebellum, confirming cerebellar compensatory role in patients
with PD. On the other hand, no significant correlation between
the putamen and M1 was found and M1 hyperactivation was pos-
itively correlated only with the severity of upper limb rigidity.
The increased connectivity between the M1 and pre-SMA has not
only a compensatory role but could also reflect primary patho-
physiological changes of PD, as a consequence of the inability to
inhibit contextually inappropriate circuits (21, 28). Although sev-
eral imaging studies on PD have reported similar findings (13, 19,
29), Buhmann and colleagues (19) have observed, in “drug-naive”
patients with PD while performing a simple, auditory-paced ran-
dom finger-opposition task, a reduced activation of M1, which
was partially restored only after levodopa intake. Thus, it is possi-
ble that the strengthened connectivity of the M1 and the related
compensatory functional reorganization may be induced by the
prolonged dopaminergic treatment. Functional reorganization of
M1, indeed, is absent in “drug-naive” patients with PD and hypoac-
tivation of this brain region reflects the decreased input arising
from the subcortical motor loop, which is partially restored by
dopaminergic treatment.

RESTING-STATE fMRI STUDIES

The interpretation of these functional changes may be confounded
by the fact that patients with PD have difficulty with performing
motor tasks. RS-fMRI can overcome this problem by providing
an index of connectivity across the whole brain. For this rea-
son, a number of studies have applied RS-fMRI technique to

investigate sensorimotor network connectivity in patients with PD
(30-37). These reports have commonly demonstrated a disrupted
functional integration in corticostriatal loops. Wu and colleagues
(36), using a regional homogeneity approach, have demonstrated
a decreased functional connectivity in the SMA, left dorsal lat-
eral prefrontal cortex (DLPFC), and putamen and an increased
cerebellar connectivity in patients with PD without dopaminer-
gic medication for at least 12 h (“off-state”). The decreased SMA
and basal ganglia connectivity was negatively correlated with the
unified Parkinson’s disease rating scale (UPDRS) score, whereas
a positive correlation was identified between increased cerebel-
lar connectivity and the UPDRS score. Thus, this suggests that
as the disorder progresses, resting-state neuronal activity in the
SMA and basal ganglia becomes more abnormal and, at the mean
time, the compensatory effect in the cerebellum is more signifi-
cant. Previous fMRI and PET reports (19, 29, 38, 39) have already
highlighted the involvement of DLPFC in patients with PD. The
decreased connectivity of this region is probably related to the
reduction in the attention to action and in performance monitor-
ing typically observed in patients with PD. In another connectivity
study by the same group (37), an increased connectivity in the
right M1 and a decreased connectivity in the left putamen were
confirmed in patients with PD. Moreover, an inferior parietal lob-
ule (iPL) and a PMC disconnection with the pre-SMA were also
detected. Thus, greater PD-related connectivity changes occur in
networks linked to preparation and initiation rather than in those
involved in motor execution. Indeed, iPL and PMC are related
to the integration between motor selection and external informa-
tion and selection of movements into a precise plan, respectively
(22, 40, 41). The increased resting-state connectivity between the
pre-SMA and right M1 confirms the potential compensation for
the described decreased motor network connectivity in PD. In
the first placebo-controlled RS-fMRI study, exploring the intrin-
sic sensorimotor network functional connectivity in “drug-naive”
patients with PD (42), we have demonstrated a decreased regional
connectivity in the SMA in the “off-state,” which was partially
restored only after levodopa administration. Moreover, a region
of interest (ROI) analysis of the sensorimotor network functional
connectivity in the basal ganglia and thalamus revealed that lev-
odopa significantly increased the participation of these subcortical
regions to the sensorimotor network activity. Finally, no statis-
tically significant differences were detected between the groups
in the M1 connectivity, confirming that the compensatory func-
tional reorganization may be related to prolonged dopaminergic
treatment rather than PD per se. Dopaminergic modulation of
resting-state functional connectivity in “drug-naive” patients with
PD has also been evaluated using a correlation analysis with
dopamine levels in the striatum, assessed quantitatively by FP-
CIT PET (43). Choosing four ROIs, posterior cingulate cortex
(PCC), putamen (anterior and posterior), and caudate, the authors
found that the DLPC was the primary dopamine-dependent cor-
tical region that was functionally connected with the anterior and
posterior putamen. Moreover, patterns of dopamine-dependent
positive functional connectivity varied depending on the loca-
tion of the striatal seeds; dopamine-dependent functional con-
nectivity from the caudate predominantly overlaid pericentral
cortical areas, whereas dopamine-dependent structures that were
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functionally connected to the posterior putamen predominantly
involved cerebellar areas. Finally, there were cortical areas where
the cortico-cortical or striato-cortical connectivity were negatively
associated with the dopaminergic status in the posterior puta-
men. Therefore, dopamine deficiency may lead to alterations in
resting-state functional connectivity and reorganization of striato-
cortical functional network in patients with PD. This may be one
of mechanisms underlying impaired sensorimotor integration in
PD. According to Braak staging (44), the pathologic process of PD,
occurring primarily in the brainstem, pursues an ascending course
reaching the neocortex in the final stage; thus, subcortical involve-
ment prevails throughout the course of PD and functional changes
in the basal ganglia lie at the heart of PD. Based on this a number of
seed based RS-fMRI studies (31, 32, 45), using left and right puta-
men, caudate, and amygdala as seeds, have shown a significantly
reduced connectivity within mesolimbic—striatal and corticostri-
atal loops in “drug-naive” PD patients. In these studies, both
anterior and posterior putamen showed a decreased connectivity
pattern with their contralateral putamen and mesolimbic regions,
especially in amygdala, hippocampus, olfactory area, and posterior
rectus, whereas the posterior putamen presented a more promi-
nent decreased pattern extending to sensorimotor cortex. The
caudate connectivity pattern was relatively spared. Functional con-
nectivity analysis of the amygdala also showed coherent reduced
connectivity pattern with the putamen. Moreover, putamen con-
nectivity with amygdala, a limbic region crucial for emotional
processing (45) was significantly correlated with non-motor symp-
tom scale (NMSS) total score and NMSS mood subscale score.
No compensatory increased functional connectivity was found in
this study. Baudrexel and colleagues (30) set out to define the
differences of resting-state STN functional connectivity networks
between patients suffering from early stage PD and healthy con-
trols using this straightforward seed-region approach. STN was
selected as seed region because it is both part of the slow “indirect”
and a fast “hyper-direct” functional cortico-subcortical loop, and
itis currently the most effective target for DBS in patients suffering
from advanced PD (46). The analysis revealed an increased func-
tional connectivity between right and left STN and bilateral M1,
PMC, SMA, and also primary sensory regions in patients with PD,
confirming the well-established results from electrophysiological
recordings, which have demonstrated excessive synchronization
in basal ganglia-cortical circuitries at a vastly different temporal
scale (47-49). This fMRI resting-state study provides an addi-
tional evidence that a pathologic subthalamic—cortical coupling
might be a crucial factor in the pathophysiology of PD (50). These
results are in line with the original model of BG functioning pro-
posed by Alexander and DeLong (51, 52); dopamine depletion,
indeed, causes suppression of the “direct” cortical-BG feedback
loop (cortex—striatum—internal globus pallidum/SNr—thalamus—
cortex) and a release of the “indirect” loop (cortex—striatum—
external globus pallidum—-STN-GPi/SNr—thalamus—cortex) both,
resulting in hyperactivity of the STN. Although RS-fMRI studies
have mainly provided insights into the pathophysiological mecha-
nisms underlying motor and non-motor symptoms of PD, a recent
study (53) has demonstrated that changes in basal ganglia network
(BGN) connectivity could help us to differentiate patients with
PD from healthy controls. Using a BGN template derived from

80 elderly controls, patients with PD showed a reduced functional
connectivity in a wide range of BGN areas (such as putamen,
caudate, anterior thalamus, DLPC, and precuneus). This func-
tional alteration was clearly improved by levodopa administration.
Moreover, average BGN connectivity was able to differentiate
patients with PD from controls with 100% sensitivity and 89.5%
specificity, confirming the potential role of RS-fMRI connectivity
as a biomarker in early PD.

SENSORIMOTOR CONNECTIVITY IN DYSKINETIC PHASE

Long-term levodopa treatment is complicated by the gradual
development of involuntary movements referred to as levodopa-
induced dyskinesias (LID). Recent studies have evidenced a sub-
stantial progress in understanding the cellular and molecular
mechanisms, which underlie dyskinesias (54, 55). Hypersensitivity
of striatal medium spiny neurons to pulsatile dopamine recep-
tor stimulation during task-related corticostriatal activation of
glutamate receptors seem to plays a crucial role to the develop-
ment of these motor complications (56). Neuroimaging studies
of dyskinesias in humans are sparse, because dyskinesias cause
movement artifacts impairing data quality. Cerasa and colleagues
(57), comparing patients with PD with and without LID dur-
ing execution of externally and internally triggered visuomotor
tasks, showed significant SMA hyperactivity and hypoactivity in
the right inferior prefrontal gyrus only in patients with LID. How-
ever, it remains unclear how intake of levodopa modulates neural
activity in patients with dyskinesias. More recently, Herz and col-
leagues (58) performed a task-related fMRI experiment in the time
window between the intake of levodopa and the onset of motor
complication in dyskinetic vs. non-dyskinetic patients with PD,
which were asked to produce a mouse click with the right or left
hand or no action (No-Go). During No-Go trials, patients with
PD, who would later develop dyskinesias, showed an abnormal
gradual increase of activity in the pre-SMA and the bilateral puta-
men during the first 20 min after levodopa intake. This rapidly
emerging hypersensitivity of putamen and pre-SMA in the con-
text of movement suppression (No-Go) and in the pre-dyskinesia
period might reflect an unphysiological facilitation or impaired
inhibition, via striatal D2-type receptors (56), of motor programs,
resulting in aberrant activity in interconnected cortical areas.

CONCLUSION

In conclusion, although the diagnosis of PD remains still clinical,
functional imaging studies can provide great insights into connec-
tivity changes and pathogenic processes in PD. Task-related fMRI
studies have shown an abnormal activation of different areas of
the motor network in patients with early and late-stage PD related
to cardinal clinical features. More recently, RS-fMRI techniques
have been used to investigate sensorimotor network connectivity
in patients with PD confirming a disrupted functional integration
in corticostriatal loops. Therefore, in the near future, the practical
application of these techniques may provide a better understand-
ing of disease- and treatment-related complications and a reliable
MRI biomarker for an early diagnosis of PD.
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INTRODUCTION

The exact mechanisms that generate levodopa-induced dyskinesias (LID) during chronic lev-
odopa therapy for Parkinson's disease (PD) are not yet fully established. The most widely
accepted theories incriminate the non-physiological synthesis, release and reuptake of
dopamine generated by exogenously administered levodopa in the striatum, and the aber
rant plasticity in the cortico-striatal loops. However, normal motor performance requires
the correct recruitment of motor maps. This depends on a high level of synergy within
the primary motor cortex (M1) as well as between M1 and other cortical and subcortical
areas, for which dopamine is necessary. The plastic mechanisms within M1, which are cru-
cial for the maintenance of this synergy, are disrupted both during “OFF" and dyskinetic
states in PD. When tested without levodopa, dyskinetic patients show loss of treatment
benefits on long-term potentiation and long-term depression-like plasticity of the intracor-
tical circuits. When tested with the regular pulsatile levodopa doses, they show further
impairment of the M1 plasticity, such as inability to depotentiate an already facilitated
synapse and paradoxical facilitation in response to afferent input aimed at synaptic inhi-
bition. Dyskinetic patients have also severe impairment of the associative, sensorimotor
plasticity of M1 attributed to deficient cerebellar modulation of sensory afferents to M1.
Here, we review the anatomical and functional studies, including the recently described
bidirectional connections between the cerebellum and the basal ganglia that support a key
role of the cerebellum in the generation of LID. This model stipulates that aberrant neuronal
synchrony in PD with LID may propagate from the subthalamic nucleus to the cerebellum
and "lock” the cerebellar cortex in a hyperactive state. This could affect critical cerebellar
functions such as the dynamic and discrete modulation of M1 plasticity and the matching
of motor commands with sensory information from the environment during motor perfor-
mance. We propose that in dyskinesias, M1 neurons have lost the ability to depotentiate
an activated synapse when exposed to acute pulsatile, non-physiological, dopaminergic
surges and become abnormally receptive to unfiltered, aberrant, and non-salient afferent
inputs from the environment. The motor program selection in response to such non-salient
and behaviorally irrelevant afferent inputs would be abnormal and involuntary. The motor
responses are worsened by the lack of normal subcortico—cortical inputs from cerebellum
and basal ganglia, because of the aberrant plasticity at their own synapses. Artificial cere-
bellar stimulation might help re-establish the cerebellar and basal ganglia control over the
non-salient inputs to the motor areas during synaptic dopaminergic surges.

Keywords: levodopa-induced dyskinesias, dopamine, Parkinson’s disease, plasticity, motor cortex, cerebellum,
basal ganglia

(1), higher levodopa dose (2), genetic etiology of the disease (3—

In spite of being the most efficacious drug for the relief
of motor symptoms of Parkinson’s disease (PD), 1r-3,4-
dihydroxyphenylalanine (also known as levodopa) almost invari-
ably generates disabling involuntary movements. Levodopa-
induced dyskinesias (LID) seldom occur with the first dose of
levodopa, but chronic exposure to the drug results in LID in 20—
30% of PD patients in ~2years and in 80% within 5 years (1).
The risk to develop LID is enhanced by younger age, longer dura-
tions of disease and levodopa treatment, greater disease severity

5) and genetic variability in the dopamine metabolizing enzymes
(6), dopamine receptor and transporter isoforms (7-9), and brain
derived neurotrophic factor (10).

Based on the timing of their appearance in a levodopa cycle,
LID are termed as “peak-dose dyskinesia” or “biphasic dyski-
nesia.” Peak-dose dyskinesias are associated with high plasma
concentrations of levodopa (11) and the maximum reduction in
Parkinsonian signs. Biphasic dyskinesias appear just before the
beginning and the end of the relief period of the Parkinsonian
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signs, disappear in the phase of maximum clinical response, and
occur below a critical, low level of plasma levodopa (12). Peak-dose
dyskinesias are often choreic and seldom pure dystonic move-
ments. Biphasic dyskinesias are stereotyped, repetitive, dystonic
movements that are usually confined to the legs, and may co-
occur with Parkinsonian signs elsewhere in the body. Dystonic
movements can also occur in patients not exposed to levodopa
and their presence correlates with akinesia of PD (13).

The neural mechanisms of LID, those that determine the clin-
ical type of LID (i.e., choreic or dystonic) and those allowing the
co-occurrence of Parkinsonism and biphasic dyskinesias, are still
not fully understood (13-16).

The most accepted models of LID implicate pre- and post-
synaptic changes at the cortico-striatal synapses and alterations
in the activity of dopaminergic and non-dopaminergic (e.g.,
glutamatergic) neurotransmitter systems. The degeneration of
dopaminergic neurons in the substantia nigra pars compacta
(SNc) is associated with a series of changes in the nigro-striatal
synapses such as a loss of tonic release of dopamine, diminished
dopamine storage, and reuptake capacity [for review see Ref. (17)].
Positron emission imaging studies have demonstrated abnormally
high levels of striatal dopamine 1-hour post-medication (18)
and reduced dopamine transporter (DAT) levels (19) in dyski-
netic patients. Brain concentrations of levodopa after peripheral
administration were also found to be higher in dyskinetic rats
than non-dyskinetic rats, though plasma levels were not different
(20), confirming this association. The availability of extracellu-
lar dopamine after exogenous levodopa administration depends
significantly on the serotoninergic neurons, which convert it to
dopamine and provide vesicular storage (21, 22). These neurons,
however, lack the DAT system and pre-synaptic dopamine D2
autoreceptors, which leads to unregulated release and reduced
clearance of dopamine (23). Denervation-dependent D1 receptor
super-sensitivity causing pronounced activation of the D1-bearing
striatal neurons (15) and changes in the dendritic and synaptic
morphology (24) are two other important post-synaptic determi-
nants of LID in animal models. Enhanced D1 receptor pathway
transmission in dyskinetic animal models can lead to hyperphos-
phorylation of key enzymes necessary for neural signaling in the
direct pathway (25). For example, GluR1, a subunit of AMPA
receptors, exhibits high phosphorylation levels of Sergs; and Sergas
in the membranes of medium spiny neurons (MSNs) after lev-
odopa treatment in dyskinetic rats (26). Thus, advanced PD is
a state characterized by the inability to maintain stable, physio-
logical, synaptic and extra-synaptic levels of dopamine, which in
turn favors aberrant pre- and post-synaptic plastic responses in
the striatum.

Here, we review the theories of LID related to striatal and corti-
cal maladaptive plasticity in PD in the light of (1) the recent studies
on motor cortex plasticity in different stages of evolution of PD
(27-31), (2) the current knowledge of the physiology and anatomy
of basal ganglia circuitry, including the reciprocal subcortical con-
nections between the basal ganglia and the cerebellum (32, 33),
and (3) the recent report of the role of cerebellar sensory process-
ing in the bidirectional modulation of primary motor cortex (M1)
plasticity (34) and the disturbance of this function in patients with
LID (30). We propose a model based on the plasticity changes in

PD that considers Parkinsonism, biphasic, and peak-dose dyskine-
sias as clinical manifestations of the abnormal interaction between
M1 and the interlinked subcortical structures including the basal
ganglia and cerebellum, during fluctuations in synaptic dopamine
levels.

BASAL GANGLIA CIRCUITRY

CORTICO-BASAL GANGLIO-THALAMO-CORTICAL LOOP

Based on current understanding, the cortico-basal ganglia—
cortical circuit functions as a complex, integrated network with
multiple feed-back and feed-forward loops (35). The motor cir-
cuitry that projects from motor cortical areas (primary motor
cortex, supplementary cortex, premotor cortex, and parts of the
somatosensory dorsal parietal cortex) has a somatotopic, gluta-
matergic relay with the GABA-ergic MSNs in the dorsolateral
portion of the post-commissural putamen and a small rim of the
head of the caudate (36). The MSNs are connected to the output
nuclei either indirectly, after relay in globus pallidus pars externa
(GPe) and subthalamic nucleus (STN), or directly. The globus
pallidus pars interna (GPi) and the substantia nigra pars reticu-
lata (SNr) are the output nuclei of the basal ganglia and project
to the premotor neurons in the ventral tier of thalamic nuclei
(i.e., ventro-anterior, VA and ventro-lateral, VL), the centrome-
dian (CM)/parafascicular (PF) complex, the pedunculo-pontine
nucleus, the superior colliculus, and the brain stem (37-39). The
VA/VL thalamic nuclei project to the supplementary motor area
(SMA) and, to a lesser extent, to M1 and premotor cortex (38).
In addition to the afferent input from putaminal MSNs and GPe
neurons to STN, a hyper-direct glutamatergic pathway relays input
from M1, SMA proper and pre-SMA, and dorsal and ventral
premotor cortices to the dorsal aspect of STN (40—42). These
hyper-direct glutamatergic cortico-STN connections, along with
the STN-GPe and GPe—GP1i connections, constitute the cortico—
STN-pallidal pathways that bypass the striatum. The STN also
receives glutamatergic projections from the thalamic PF and CM
nuclei (43, 44). There are direct projections from STN to the cor-
tex (45, 46) and to the thalamus (47). There are also dopaminergic
projections from the SNc to STN (48, 49). Thus, dopamine can
be seen to influence all glutamatergic synapses within the basal
ganglia—thalamo-cortical circuit (Figure 1).

RECIPROCAL BASAL GANGLIO-CEREBELLAR CIRCUITRY

A major recent advance has been the identification of topograph-
ically organized, reciprocal links between basal ganglia and the
cerebellum in non-human primates. Retrograde viral transporter
studies in primates showed direct projection from the dentate
nucleus, a major output of cerebellum, to the CM/PF complex
intralaminar nuclei in the thalamus and subsequently to the dor-
solateral putamen (32, 50). This bisynaptic path extends with a
third synapse from putamen to GPe (32). It was recently shown
in primates that the STN projects not only to the GPi, but also
has topographically organized projections to lobule VII B and
Crus II in the cerebellum via the pontine nuclei (51). The iden-
tification of bilateral subcortical communications between basal
ganglia and cerebellum, besides their convergence to partially over-
lapping cortical areas (52-54), makes it imperative to examine the
interaction between the abnormal basal ganglia activity and the
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cerebellar circuits in PD that could contribute to the development
of Parkinsonism or LID.

DOPAMINERGIC SIGNALING IN THE MOTOR CIRCUITS IN
HEALTH

DOPAMINE AND BASAL GANGLIA

Dopaminergic fibers from the SNc innervate the striatum and all
structures in the basal ganglia, including the STN and GPj, as
well as the prefrontal, motor, and sensory cortices (55). Striatal
synaptic and extra-synaptic dopamine levels are maintained at
a constant level (56), independent of SNc neuronal firing, due
to the efficient dopamine reuptake by the DAT system in the
striatum (57) and the auto-inhibition mediated by presynaptic
dopamine D2 receptor stimulation (58). The cortex and thala-
mus send massive glutamatergic input to the GABA-ergic striatal
MSNs (59, 60) and dopamine has a pre-synaptic modulatory effect
on this excitation (61). Post-synaptically, dopamine also stabi-
lizes the firing rate and excitability of striatal neurons, inhibiting
D2-bearing neurons and facilitating D1-bearing striato-pallidal
neurons (62). Dopamine also regulates plasticity of striatal neu-
rons by modulating glutamate-mediated long-term potentiation
(LTP), long-term depression (LTD), and depotentiation (which
is a homeostatic mechanism of reversal of a potentiated synapse
to its pre-potentiated state) at the cortico-striatal synapses (63).
Striatal LTP and LTD are important for motor learning, while
depotentiation is thought to be necessary for removing unneces-
sary motor information (64). The activation of D1 receptors is
necessary for induction of both LTP and depotentiation, while the
co-activation of DI and D2 receptors is required for induction
of LTD. Thus, the midbrain dopaminergic neurons [SNc—ventral
tegmental area (VTA)], through their projections to multiple basal
ganglia nodes that receive glutamatergic inputs, can influence
the local neural transmission as well as the induction of plas-
ticity at these nodes (Figure 1). Dopamine can also indirectly
influence M1 plasticity by regulating the basal ganglia inputs
reaching M1.

DOPAMINE AND PRIMARY MOTOR CORTEX

Neuroanatomical studies have confirmed the presence of direct
dopaminergic innervations from the midbrain to M1 in rats (65,
66), monkeys (67), and human beings (68), as well as the presence
of dopamine D1 and D2 receptors in M1 (69-72). A recent study,
using the more specific DAT immunostaining method in mice,
confirmed direct dopaminergic innervations of deep layers of M1
(73). D2 receptor agonists that increased the firing rate of pyrami-
dal neurons proved the effect of dopamine on M1 neurons. This
effect could be either due to a direct increase of pyramidal neuronal
excitability or due to a reduction of inhibitory interneuronal activ-
ity (74). An important role of dopamine in M1 is to facilitate motor
learning (66, 75) and motor memory encoding (76). In rats, the
impaired LTP and motor skills learning following dopaminergic
deafferentation of M1 could be corrected by local administration
of levodopa within M1 using osmotic mini-pumps (66). However,
denervation of SNc resulted in a total loss of motor skills learning,
far more severe than direct M1 denervation (77). Vitrac et al. (73)
showed that D1 receptors can enhance the associability of the pre-
and post-synaptic activity: by increasing the sensitivity and the

time-window for LTP induction, they serve as “coincidence mod-
ulators” that can determine whether a synapse will undergo LTP in
response to a set of activity patterns. Dopamine is also considered
necessary for the stability of motor representations within M1,
as local injection of D2 receptor blockers results in the collapse
of motor representations and of motor cortex excitability (78).
This may be because both D1 and D2 receptor-mediated mech-
anisms within M1 are necessary for the intracortical horizontal
connections to form LTP (75).

In human beings, studies in which plastic changes in M1 were
artificially induced with non-invasive stimulation techniques (e.g.,
transcranial direct current stimulation, tDCS, and transcranial
magnetic stimulation, TMS) revealed that dopamine has a non-
linear dose-dependent effect on M1 plasticity (79-81), which is
mediated through both D1 and D2 receptor subtypes (82). In
healthy subjects, both low and excessive exogenous dopamine
impair both facilitatory and inhibitory cortical plasticity (80,
83), while medium doses of oral levodopa have more stable
effects and can even enhance performance in motor learning
tasks (76).

DOPAMINE AND CEREBELLUM

Animal studies revealed that there is a small but well-defined
dopaminergic system in the cerebellum, which expresses all types
of dopamine receptors and whose properties are similar to the
striatal dopaminergic system (84). It receives inputs from the SNc¢
and VTA that terminate in the granule and Purkinje cell layers
(85—-88). This system is important for the optimal development
and functioning of both the cerebellum and the basal ganglia. Loss
of nigral neurons in neonatal 6-OHDA-treated rats affects post-
natal cerebellar development (89) and the expression of GABAA
receptor subtype (90). This highlights the dependency of cerebel-
lar development on dopaminergic input, which could be direct or
indirect through the basal ganglia. In addition, both the degener-
ation of Purkinje cells in a knock-out rat model (84) and kainic
acid-induced degeneration of cerebellar cortex with preservation
of deep cerebellar nuclei (91) led to up-regulation of D1 receptors
and DAT in the striatum. This suggests that the cerebellar cortex,
through the deep nuclei and the thalamic relay, down-regulates
the striatal D1 receptors.

Besides the modulation of the striatal dopaminergic system, the
cerebellum also regulates the cortical dopaminergic system, since
electrical stimulation of dentate nucleus can induce dopamine
release within the prefrontal cortex in mice (92). This might
occur either through dentato-tegmental projections or through
dentato-thalamo-cortical projections (93).

In healthy humans, fMRI studies have shown strong connec-
tivity between SNc and cerebellum (94, 95). This connectivity
between SNc and cerebellum is lost in PD but is restored by
levodopa (96). Thus dopamine has both a direct and indirect
influence on the cerebellum.

DOPAMINERGIC SIGNALING IN PARKINSONISM AND
LEVODOPA-INDUCED DYSKINESIA

STRIATAL SIGNALING

According to the current models of basal ganglia in PD, dopamine
depletion causes under-activation of GPe and disinhibition of STN
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B Non-dyskinetic PD
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FIGURE 1 | Schematic representation of the basal ganglia-
thalamo-cortical loop, the cerebello-thalamo-cortical loop and the
interaction between the two in health (A), in non-dyskinetic
Parkinson’s disease, after levodopa withdrawal (OFF) and after regular
dose of levodopa (ON) (B), and in advanced Parkinson’s disease with
levodopa-induced dyskinesia (C). Red arrows represent glutamatergic
projections; blue arrows represent GABA-ergic projections; green arrows
represent dopaminergic projections; dark green arrows in panel B and C
represent the exogenous dopamine from levodopa. The shades of the
blocks represent the activity of the respective network nodes. The STN is
overactive because of cortical glutamatergic over activity during dyskinesias
and from loss of GPe inhibition in OFF. The STN over activity locks cerebellar

cortex in a persistent hyperactive state and interferes with its sensory
processing function. The behavior of the cortico-ponto-cerebellar projections
in non-dyskinetic PD in ON is not reported so far and is predicted by this
model to be close to normal (CB ctx, cerebellar cortex; CM, centromedian
thalamic nucleus; D1/D2, dopamine receptor types of the striatal medium
spiny neurons (MSNs); DN, dentate nucleus; GPe, globus pallidus externus;
GPi, globus pallidus internus; M1, primary motor cortex; PF, parafascicular
nucleus; PMC, premotor cortex; PN, pontine nuclei; SMA, supplementary
motor area; SNc, substantia nigra, pars compacta; SNr, substantia nigra,
pars reticulata; STN, subthalamic nucleus; VL, ventro-lateral thalamic
nucleus; VLPo, ventro-latero-posterior thalamic nucleus, pars oralis; VTA,
ventral tegmental area).
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in the indirect pathway (Figure 1B). STN over-activity in PD could
not only be due to abnormalities of the indirect pathway, but also
to the direct excitatory drive from the motor cortex and thalamus
(97, 98). This could lead to excessive activation of GPi, a dysfunc-
tion favored also by the reduced input from D1 pathway. The net
outcome would be enhanced GABA-ergic inhibition of thalamic
projections to motor areas. It is now considered that not only firing
rates but also firing patterns are important in maintaining normal
signaling within the motor circuit. Intra-operative recordings in
PD patients have demonstrated oscillations of local field poten-
tials in the beta band in the STN that are synchronized with beta
band oscillations in the cerebral cortex and GPi, indicating that
excessive synchronization is a feature of the whole basal ganglia—
cortical network. Dopaminergic drugs (99, 100) and STN DBS
(101) can suppress the abnormal synchrony between basal gan-
glia and cortex. Moreover, suppression of beta band synchrony
by these interventions positively correlates with improvement in
bradykinesia and rigidity.

Levodopa treatment, however, does not restore basal ganglia
activity to normal and LIDs are associated with reduced activity
in the STN and GPi neurons. For example, peak oscillations at
4-10 Hz associated with dyskinesia were recorded only from the
contralateral STN in patients with asymmetrical LID (102). Such
abnormal oscillations in Parkinsonian and dyskinetic states could
potentially propagate from the STN to the cerebellum in PD.

STRIATAL PLASTICITY IN PARKINSONISM AND LID

In animal studies, striatal LTP and LTD are both impaired if
dopaminergic afferents to striatum are lesioned but can be restored
by levodopa (103). In human beings, the direct evidence of
dopaminergic influence on an extrastriatal site was demonstrated
in SNr neuronal plasticity during DBS surgery; local field poten-
tial amplitude of SNt neurons showed no enhancement after high
frequency stimulation of STN when tested without levodopa,
but enhancement was evident following the administration of
levodopa (104).

In the rat models of PD and LID, striatal LTP was impaired in
both non-dyskinetic and dyskinetic rats and could be restored by
levodopa in both groups (64). In contrast, the capacity to depo-
tentiate TP was preserved only in non-dyskinetic rats. In the rat
model, both the presence of dyskinesias and the loss of depoten-
tiation were linked to higher doses of levodopa (105). This shows
that loss of depotentiation at the cortico-striatal synapses from
levodopa exposure is a marker of LID in animal models.

CORTICAL SIGNALING

A significant loss of dopamine and noradrenaline occurs in the
motor cortex of PD patients (36, 55, 68). This postmortem find-
ing was confirmed in vivo by PET of the motor cortex (106), motor
cortical pathology was therefore proposed to underlie some of the
symptoms of PD (106, 107). In line with this hypothesis, anti-
PD drugs can modulate the activity of motor cortex (108) and
non-invasive stimulation of the motor cortex can help reduce
symptoms of PD and LID by reestablishing the homeostasis of
some circuits (109). However, the kinetics of cortical dopamine
within M1 is yet to be explored in human beings and animal
models of LID.

MOTOR CORTEX PLASTICITY

In human PD, changes in motor cortex plasticity have been studied
using transcranial magnetic stimulation (TMS), delivered alone as
theta-burst (TBS) or as a paired associative stimulation (PAS), in
which magnetic pulses delivered over M1 are classically associated
with sensory pulses delivered on a peripheral nerve (Figure 2).
The plastic effects of TBS depend on the stimulation pattern,
which will act upon the intracortical synapses within M1. The
sensorimotor plastic effects of PAS depend on the coincidence of
pre- and post-synaptic neuronal activation within a specific time
window (110-112). Using TBS in de novo PD, the LTP- and LTD-
like plasticity of the intracortical circuits within M1was shown to
be symmetrically and severely impaired even though the motor
symptoms were unilateral (29). There was also no correlation of
the plasticity loss with motor signs of PD, indicating that that M1
changes were more likely the direct consequence of mesocortical
denervation than the indirect consequence of striatal denerva-
tion, the latter being more correlated with Parkinsonian signs. It
also indicates that changes in M1 plasticity occur at a lower level
of dopaminergic denervation than the higher threshold of 60—
80% striatal dopaminergic denervation necessary for the motor
signs to develop. Additionally, the local M1 plasticity in de novo
patients did not show any short-duration response to a single
dose of 100 mg levodopa, while clinical deficits showed signifi-
cant improvement. This indicated that normalization of plastic
mechanisms within M1 needs sustained dopamine replenishment.
It was subsequently demonstrated that the propensity of intra-
cortical circuits in the motor cortex to express normal plastic
responses was closely linked to the stability of clinical response
to levodopa (28):

(1) Patients with stable clinical response to levodopa with no fluc-
tuations in their clinical response to levodopa and without
LID could express LTP and LTD even when tested without
levodopa. This suggests a beneficial and persistent treatment
effect of levodopa therapy on M1 plasticity when compared
to the severe loss of plasticity in the untreated state.

(2) Patients with wearing-off motor fluctuation showed a persis-
tent treatment effect of chronic levodopa treatment on LTP,
but not on LTD. In these patients, exposure to an acute boost
of dopamine, by administering their regular dose of levodopa,
revealed a detrimental effect of dopamine on both LTP and
LTD.

(3) Patients with both motor fluctuations and dyskinesias have no
persistent treatment effect on either LTP or LTD. Acute boost
of levodopa did not restore LTP or LTD. Interestingly, acute
dopamine boost led to a paradoxical LTP in the motor cortex
of these patients in response to an intervention that normally
induces LTD in healthy subjects. The paradoxical facilitation
was more in those with more severe disease and with higher
clinical response to levodopa, suggesting that both are con-
sequences of the acute dopamine replacement. Moreover, PD
patients with LID are unable to depotentiate an already estab-
lished LTP in M1after an acute dosing with even a small dose
of levodopa (113). This finding is similar to changes in the
striatum of dyskinetic animals (64), but in contrast to non-
dyskinetic patients in whom depotentiation was present after
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FIGURE 2 | Schematic overview of the evolution of plasticity in Parkinson’s disease from the stable, non-dyskinetic state to the dyskinetic state.

LIDs

their regular dose of levodopa. PD patients with LID could
express LTP in M1, but only when given half the regular dose
of levodopa, reconfirming the negative effect of the regular
dose on LTP. All these findings point to a severe dysregula-
tion of intrinsic plastic mechanisms within M1 of patients
with LID.

Additionally, studies using PAS have also revealed severe loss
of sensorimotor, associative plasticity of M1 in the more affected
hemisphere of de novo PD patients (31). Unlike the plastic response
of the local intracortical circuits, the impairment in associative
plasticity in the more affected hemisphere correlated with the
severity of motor signs of PD, indicative of a dependence on stri-
atal denervation underlying both. The short-duration response of
associative plasticity to levodopa in de novo patients has not been

studied so far. However, associative plasticity of M1can be restored
by dopaminergic drugs only in chronically treated patients that are
non-dyskinetic and not in dyskinetic ones (27).

Besides the plastic responses, intracortical inhibitory circuits
are also altered in M1 of treated PD patients. GABA4 -mediated,
short-interval intracortical inhibition is reduced in PD patients,
both dyskinetic and non-dyskinetic, when compared to controls,
and levodopa could not correct this (114). In the same study,
long interval intracortical inhibition was weaker than in con-
trols in both non-dyskinetic and dyskinetic patients tested without
levodopa, but levodopa could weakly correct this in dyskinetic
patients. The lack of positive effect of levodopa on intracortical
inhibition in M1 and the negative effect of levodopa on short
latency afferent inhibition (115) has also been suspected to play a
role in LID.
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CEREBELLAR LINK TO MOTOR CIRCUITS IN HEALTH,
PARKINSONISM AND LID

CEREBELLAR PLASTICITY IN HEALTH

Within the motor control loops, the cerebellum controls and
co-ordinates complex movements and is important for adapt-
ing movements to changes in feed-back. It receives sensory and
motor information from descending cortical pathways and from
ascending peripheral pathways. It has also connections to the
parietal, premotor, and frontal cortices. The two major excita-
tory afferents to cerebellum are the climbing fibers and mossy
fiber — parallel fiber systems, information from both of which
eventually converges on the Purkinje cells that represent the only
efferent output from the cerebellar cortex. The exteroceptive and
proprioceptive inputs from the spinal cord and the input from
pontine nuclei convey information from brainstem nuclei via
mossy fibers to the granule cells. The axons of granule cells form
the parallel fibers network. Climbing fibers originate in the infe-
rior olive and relay directly to the Purkinje cells. Plastic changes
in the strength of synapses relaying from the climbing and par-
allel fibers to the Purkinje cells are important in motor learning.
Plasticity of climbing fibers input bi-directionally adjusts the plas-
ticity of parallel fibers—Purkinje cells synapses. This suggests a
role of climbing fibers as an error detector, which signals the
need for adjusting the gain of sensory inputs and/or motor out-
put within the cerebellum. Any disturbance in cerebellar plastic-
ity could interfere with this function and result in maladjusted
information delivered to MI, leading to abnormal, movement
sequences.

CEREBELLAR PLASTICITY DYSFUNCTION IN PARKINSON'S DISEASE
AND LID

There are several lines of evidence suggesting that cerebello—
thalamo-cortical communication is abnormal in PD. In animal
models of PD, the thalamic neurons that receive cerebellar output
are underactive, just as those receiving basal ganglia afferents
(116), indicative of a reduced dentato-thalamo-cortical excita-
tory output. In the MPTP mouse model, nigral degeneration is
accompanied by loss of Purkinje cells in the cerebellum (117).
In the untreated chronic MPTP monkey model of PD, nigral
degeneration correlates with persistent hyperactivity in the cere-
bellum (118). Such a hyperactive state, secondary to striatal
dopaminergic denervation, could prevent the efficient process-
ing of the inputs from both parallel and climbing fibers, thus
interfering with the plasticity mechanisms within the cerebellar
cortex. One potential source of cerebellar hyperactivity could be
the pathological hyperactivity in the glutamatergic projections
from STN to cerebellum (Figures 1B,C). There is now increas-
ing clinical, electrophysiological, and functional imaging evidence
to invoke a cerebellar dysfunction in PD — for review see Ref.
(119).

In the monkey model of PD, the ventro-lateral posterior nucleus
of the thalamus that receives cerebellar output shows oscillations
at tremor frequency, while in human PD, cerebellum has been
linked to the postural tremor (120, 121). Also in PD patients,
tremor-related abnormal oscillatory activity was recorded in the
STN and GPi but not in the thalamic nuclei receiving basal gan-
glia input (122, 123). Considering the newly described anatomical

connections between the basal ganglia and the cerebellum, it
is conceivable that abnormal oscillations from a cerebellar cir-
cuit could propagate either to M1 and subsequently to STN via
hyper-direct pathway, or from cerebellum to striatal MSNs pro-
jecting to GPe—STN via the indirect pathway. Defects in striatal
dopamine release (124) and in cerebellar sensory processing func-
tion (125) were recently found in patients with primary focal dys-
tonia. Abnormal signaling between basal ganglia and cerebellum
in human PD could therefore potentially cause dystonic symptoms
in untreated PD and during low plasma levels of dopamine as in
biphasic dyskinesias.

Despite the classical view that LID might be generated exclu-
sively by the disinhibition of cortical motor areas secondary to
abnormal output from the basal ganglia in the striato—thalamo-
cortical circuit (17), there is indirect evidence that the cerebellum
may play a role in it.

In patients with PD, the binding potential of sigma receptors
in the cerebellum (as explored with PET) is highly increased with
respect to healthy controls and correlates only with LID scores
and not with severity scores of Parkinsonian signs (126). Sigma
receptor stimulation influences Purkinje cell firing (127) and
also plays a role in the modulation of the glutamatergic/NMDA
neurotransmission in the dopaminergic systems (128). Success-
ful stereotaxic pallidal surgery (either pallidotomy or deep-brain
stimulation) can lower this exaggerated sigma receptor binding in
the cerebellum in LID (126).

Further evidence of cerebellar involvement in LID comes from
TMS studies. In patients with PD, with mild to moderate LID,
repeated sessions of bilateral cerebellar inhibitory stimulation
after regular doses of levodopa induce a sustained reduction of
dyskinesia lasting at least 2 weeks (30, 129). Repeated cerebel-
lar stimulation can also reduce the cerebellar cortical activity
and enhance dentate nuclear activity in imaging studies in PD
patients with dyskinesias (130). In such patients, a single session
of inhibitory stimulation of the cerebellar cortex combined with
levodopa can restore the sensorimotor plasticity tested by PAS,
but not the local intracortical plasticity as tested with TBS (30).
This effect of cerebellar stimulation would have improved M1
plasticity induced by both PAS and TBS, if cerebellar stimula-
tion was modifying directly M1 excitability. The lack of effects
of cerebellar stimulation on intracortical plasticity of M1 and on
intrinsic cortical excitability parameters (as reflected by the motor
thresholds or intracortical facilitation and inhibition) supports
a primarily subcortical mechanism. Recent studies showed that
cerebellar stimulation can modulate the M1 associative heterosy-
naptic plasticity in healthy subjects (131) through the modula-
tion of peripheral sensory afferents (34), eventually scaling the
amplitude and topographic specificity of the associative plastic
response (34); excitation of the posterior cerebellar cortex led to
loss of associative plastic response, while inhibition of the cere-
bellar cortex led to prolonged facilitatory response to PAS with
loss of topographic specificity. These were observed for PAS but
not for TBS, suggesting that the target of cerebellar modula-
tion is mainly the afferent input to M1 rather than M1 in itself.
Cerebellar cortical excitation (i.e., heightened output of the Purk-
inje cells) leads to the enhancement of the normal inhibition of
the dentate nucleus, which would reduce the normal excitatory
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control of dentate nucleus on the afferent inflow to M1, prob-
ably at the thalamic or olivary nuclear level, thus blocking the
sensorimotor-plasticity within M1. In contrast, cerebellar corti-
cal inhibition (i.e., depressed output of the Purkinje cells) could
lead to disinhibition of dentate nucleus, which would facilitate
afferent input to M1 (34). This model is in keeping with the adap-
tive filtering role of the cerebellum on sensory afferents (132).
Additionally, repeated sessions of inhibitory stimulation of the
posterior cerebellar cortex can restore the levodopa-unresponsive,
associative M1 plasticity in dyskinetic PD patients, concurrent
with the reduction in LID severity (30). Several findings of this
particular study suggested that the reduction in LID could be
related to the improvement of responsiveness of M1 to PAS after
cerebellar inhibition: (1) larger facilitation of M1 plasticity after a
single session of cerebellar inhibitory stimulation in ON predicted
greater anti-dyskinetic effect of repeated cerebellar stimulation in
the same subjects; (2) the time course of LID improvement was
similar to the time-course of the associative plasticity restoration
after 10 consecutive sessions of cerebellar stimulation; and (3)
patients with more severe LID before the TMS treatment showed
larger responsiveness of M1 to cerebellar inhibition suggesting
more involvement of the cerebellum in the pathophysiology of
dyskinesias as the severity of LID increases. However, cerebellar
stimulation did not worsen or enhance the Parkinsonian signs
in OFF or beyond the effect of levodopa alone. Patient diaries
revealed that the time spent in ON without troublesome dyski-
nesias, but not the durations of the OFF periods, was improved
by cerebellar stimulation. These suggest that combined levodopa
replacement therapy and cerebellar inhibition might be required
to restore the balance between the two circuits and to concurrently
improve Parkinsonian signs and reduce dyskinesias. Exogenously
derived dopamine might act by increasing the excitability of M1
neurons (73) and normalizing basal ganglia signaling, whereas
inhibition of the cerebellar cortex enhances the gain of the sen-
sory afferent input and allow better sensorimotor integration (34).
It remains speculative whether cerebellar hyperexcitation exists in
de novo human PD as in de novo animal model of PD and if
this cerebellar defect contributes to the genesis of specific man-
ifestations like tremor or dyskinesias. If it were the case, then
this metaplastic state of the cerebellar cortex could be reversed or
delayed by early artificial inhibitory stimulation of the cerebellar
cortex.

Earlier neuroimaging studies have found increased activity
of motor and premotor areas in dyskinetic PD patients when
compared to non-dyskinetic patients (133, 134). This led to the
classical view that hyperactivity in cortical motor areas might be
responsible for LID (17, 135). However, inhibitory stimulation
of SMA (135, 136) or of M1 (137) failed to provide sustained
improvement of dyskinesias. The results obtained recently with
cerebellar stimulation point to an alternative explanation, which
reconciles with the observations in these older studies: as SMA,
pre-motor cortex, and M1 are all targets of cerebellar output (54).
An abnormal input from the cerebellum to SMA or M1 in dysk-
inetic patients might indeed trigger abnormal fMRI activations,
but only as downstream, secondary, phenomena, thus making
them unsuitable targets for a direct intervention for the treatment
of LID.

PROPOSED MODEL OF PARKINSONISM AND
LEVODOPA-INDUCED DYSKINESIA BASED ON ABERRANT
PLASTICITY

This model is based on the view that a physiological level
of dopaminergic stimulation is critical for maintaining normal
plasticity at the glutamatergic terminals in the interconnected
large motor network involving the basal ganglia, motor cortices,
thalamus, and sensorimotor areas of the cerebellum. This model
considers M1 only as the final target of this network and pro-
poses LID as the product of a cascade of changes triggered by
the altered dopaminergic signaling in this network. M1 neurons
deprived of the ability to depotentiate activated synapses due to
abnormally high synaptic dopamine levels during peak-dose, are
rendered indiscriminately receptive to non-salient or even aber-
rant afferent inputs from the environment conveyed by other
neural structures (spino-thalamic pathways via ventro-lateral thal-
amic nuclei, other cortical areas via direct cortico-cortical con-
nections, etc.). This defect may be additionally amplified by the
aberrant signals reaching M1 from the thalamic relays errati-
cally modulated by the basal ganglia and cerebellum (Figure 1C).
The result would be the inappropriate selection of motor pro-
grams and the generation of movements that are both unwanted
and abnormal. The absence of effective inhibitory control within
M1 and the paradoxical facilitation during attempted inhibition
would make these movements resistant to voluntary suppression
and even exacerbate them. Biphasic dyskinesia co-existing with
Parkinsonism may reflect transitory oscillations in the synaptic
dopamine levels during the rising and falling phases of release
of exogenously derived dopamine. Such oscillations might allow
concomitant manifestations of severe Parkinsonism and bipha-
sic dyskinesias. This model needs further experimental valida-
tion. It also raises many questions that could be tested in future
studies:

(1) Does DBS of the STN influence both STN—thalamo-cortical
and STN-—cerebellar transmission? Though the exact mech-
anisms by which DBS of the STN improves PD are not
fully established, the fact that effective DBS of the STN
improves cerebellar hyperactivity (138, 139) suggests that it
may influence both the STN—GPi and the STN—cerebellar pro-
jections. Extracellular recordings in MPTP-intoxicated pri-
mates have shown that during DBS of the STN, significant
change occurs in the pattern of neuronal activity in areas
of the motor thalamus receiving both pallidal and cerebellar
projections (140).

(2) The dose of administered levodopa has to be reduced after
immediately after DBS of the STN to reduce dyskinesia. Does
this indicate that DBS of the STN by itself cannot normalize
the aberrant plasticity within M1 caused by dopamine surges,
which would be necessary to alleviate dyskinesia? Preliminary
data showing that sensorimotor cortex plasticity improves
only after long-term synergistic combination of DBS with
reduced doses of levodopa, but not after DBS alone (141). That
long-term stimulation is required for restoring sensory affer-
ent inhibition of M1(142) indicates that cerebellar control
of sensory processing may also normalize only after chronic
stimulation of STN.
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(3)

Does selective DBS of the ventral GPi but not of the dorsal
GPi or STN simultaneously inhibit the propagation of pro-
dyskinetic signals through both cortico-striatal synapses and
cerebello-striatal synapses (relayed through CM/PF thalamic
nuclei) on D1-bearing MSNs? It is already known that GPi
has functional somatotopy (143) and that ventral GPi stimu-
lation has anti-dyskinetic effects while dorsal GPi stimulation
improves akinesia and induces dyskinesias (144). In primates,
tightly connected functional circuits have been described
between basal ganglia and the CM/PE, with a sensorimotor
circuit linking the post-commissural putamen, the centro-
lateral part of the caudal GPi, and the medial two-thirds of
the CM nucleus (145). The fact that CM/PF is a target for
both pallidal and cerebellar inputs (39) might then explain
why DBS of CM/PF is useful for controlling tremor that is
resistant to DBS of the STN and also LID that are only par-
tially responsive to DBS of GPi. However, DBS alone of the
CM/PF does not change global UPDRS as strongly as DBS of
the STN or GPi (146).
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One of the main indications for stereotactic surgery in Parkinson’s disease (PD) is the
control of levodopa-induced dyskinesia. This can be achieved by pallidotomy and globus
pallidus internus (GPi) deep brain stimulation (DBS) or by subthalamotomy and subthala-
mic nucleus (STN) DBS, which usually allow for a cut down in the dosage of levodopa. DBS
has assumed a pivotal role in stereotactic surgical treatment of PD and, in fact, ablative
procedures are currently considered surrogates, particularly when bilateral procedures are
required, as DBS does not produce a brain lesion and the stimulator can be programed to
induce better therapeutic effects while minimizing adverse effects. Interventions in either
the STN and the GPi seem to be similar in controlling most of the other motor aspects
of PD, nonetheless, GPi surgery seems to induce a more particular and direct effect on
dyskinesia, while the anti-dyskinetic effect of STN interventions is mostly dependent on a
reduction of dopaminergic drug dosages. Hence, the si ne qua non-condition for a reduction
of dyskinesia when STN interventions are intended is their ability to allow for a reduction of
levodopa dosage. Pallidal surgery is indicated when dyskinesia is a dose-limiting factor for
maintaining or introducing higher adequate levels of dopaminergic therapy. Also medica-
tions used for the treatment of PD may be useful for the improvement of several non-motor
aspects of the disease, including sleep, psychiatric, and cognitive domains, therefore, dose

reduction of medication withdrawal are not always a fruitful objective.

Keywords: Parkinson’s disease, dyskinesia, deep brain stimulation, DBS, pallidotomy

INTRODUCTION

Treatment of levodopa-induced dyskinesia (LID) is one of the
most common indications for stereotactic surgery in Parkinson’s
disease (PD). Control of LID can be accomplished by providing
significant relief on the motor symptoms of PD through medica-
tion optimization, typically through subthalamic nucleus (STN)
deep brain stimulation (DBS), or by pallidotomy or globus pal-
lidus internus (GPi) DBS, which are thought to have a direct effect
on dyskinesia (1). Currently, DBS has become the preferred stereo-
tactic procedure in PD, however, ablative surgery continues to be
performed and can be quite effective especially when dyskinesia are
significantly more prominent on one body side. In this review, we
will address both forms of surgical techniques, their indications,
differentials, and outcomes.

ABLATIVE SURGERY

The indication for any form of stereotactic ablative surgery has
always been the symptomatic treatment of certain motor features
of PD as identified during a detailed multi-disciplinary workup.
As early as the 50s, the inner segment of the GPi and the ansa
lenticularis has been the common choice for functional neurosur-
geons (2). This approach was advocated and further reinforced
following the observation that ligation of the anterior choroidal
artery, performed for the treatment of accidental bleeding in a
PD patient, resulted in relief of tremor (3, 4). As this technique
(ansa — pallidotomy) became more widely utilized, the results for

tremor control were mixed, despite the good outcome for rigidity.
As a result, pallidotomy was gradually replaced by thalamotomy,
which exerted a more optimal tremor control (5). The failure to
reduce tremor in some cases was likely due to a failure to target
the appropriate postero-ventral pallidum, which was a limitation
of early technology. However, with the advent of levodopa in the
1960s, stereotactic surgery became gradually less popular and did
not re-emerge again until the early 90s (6).

The renaissance of stereotactic surgery for patients with PD
was galvanized by the weaknesses of levodopa therapy that were
gradually surfacing (7). The first disappointment was the evidence
that it does not interfere positively with disease progression, as it is
now well appreciated after decades of use. Additionally, due to the
high doses sometimes required to improve tremor, motor fluctu-
ations, and LID started to be noticed. As most clinicians continue
to witness today, medical pharmacological management of PD is
challenging with the continuous attempt to balance the relief of
parkinsonian motor signs against motor fluctuations and induc-
tion of dyskinesia, often with neither being managed adequately
(8). The setback related to levodopa was allied with advancements
from physiological and surgical aspects, and also by the more accu-
rate understanding of the organization of the basal ganglia (BG),
better surgical techniques, and the use of neuroimaging for more
precise target localization. At that time, thalamotomy was revived,
and, in addition to improvements in the motor aspects of PD,
several authors reported drastic suppression of LID (9).
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Svennilson et al. reported that when the postero-ventral GPi
was lesioned additional benefit to general motor function (inter-
preted as corresponding to relief of akinesia) could be obtained
(10). Later, Laitinen et al. returned to the initial target and
the postero-ventral GPi became the preferred surgical treatment
for PD patients. In the classical report from 1992, Laitinen’s
group showed favorable outcomes that included not only robust
improvements in the cardinal signs of PD, but also significant
amelioration of LID (11).

At approximately the same time, anatomic and physiological
studies confirmed that the GPi and STN were both overactive in
PD. Also, experimental studies demonstrated that lesions in these
structures could improve parkinsonism and dyskinesia in animal
models (12—14), although the classical BG model predicted that
pallidotomy would worsen dyskinesia. This discrepancy between
theoretical and practical outcomes is probably the result of inter-
ference with abnormal firing patterns (rather than rates) in circuit
neurons (15).

Both the clinical report by Laitinen et al. and the pathophysi-
ological laboratory-based developments in PD reinforced the role
of pallidotomy for treatment of LID in PD.

PALLIDOTOMY

During the second half of the 90s, many studies reported that uni-
lateral pallidotomy in patients with PD provided successful control
of contralateral dyskinesia. At that time, Lozano et al. (15) pub-
lished the results of pallidotomy in 14 patients with rigid akinetic
PD, complicated by severe LID, motor fluctuations, but with intact
cognition. Motor improvements in the OFF medication condition
were mainly contralateral. The most dramatic improvement was
for ON period LID, which were shown to be reduced by 92% in the
contralateral side after 6 months. The typical complications of this
procedure, homonymous hemianopia, facial paresis, and hemi-
paresis, were not observed, except for mild and transient facial
droop in three cases (noted by clinicians but not the patients).
Two years later, the same group published a series of 40 cases,
some with a longer follow-up: 27 for 1year and 11 for 2 years.
Short term results were similar to their previous study, however
trend analysis revealed a slight worsening of contralateral dyskine-
sia after the first year, and a loss of benefit for ipsilateral dyskinesia
by the second year. Age had an impact on OFF period motor
signs, with those older than 65 retaining less improvement after
6 months. LID responded similarly in the two age groups studied.
There were no significant reductions in dopaminergic therapy after
surgery. Persistent adverse events included facial weakness (two
cases), bulbar deficits (three cases), mild dementia (three cases),
and worsening of handwriting in four cases (16). The findings in
the same cohort were also described after a much longer follow-
up (mean 52 months), showing a sustained improvement in OFF
period contralateral motor signs and in LID. Other than dyskinesia
and levodopa responsive motor signs, no additional characteristics
had a significant impact on long-term surgical outcome (17).

In 1998, another group published a preliminary study with a
series of 26 PD patients, confirming that the most significant effect
following unilateral ventral medial pallidotomy was the reduction
of contralateral LID by 67%, while ipsilateral and axial dyskinesia
also improved (both around 50%) significantly. The improvement

in underlying parkinsonism as measured by comparing the Uni-
fied Parkinson’s Disease Rating Scale (UPDRS) scores in the OFF
state before and 3 months after surgery, was less robust (27%).
On medication, no significant post-operative improvements in
parkinsonism were detected and antiparkinsonian medication
dosages increased by 11% post-operatively. The presence of dis-
abling LID, therefore, was considered the major indication for this
surgical procedure. Two (7.7%) patients died due to cerebral hem-
orrhages directly related to surgery, while another 15% had major
complications (significant focal motor and bulbar deficits) (18).
In 2003, the first randomized, prospective controlled trial com-
paring pallidotomy with best medical therapy was published. The
study included 18 patients in each group, showing, after 6 months,
a 32% improvement of the total UPDRS motor score in the sur-
gical group versus only a 5% deterioration for those randomized
for medical therapy. Mean score improvement in the dyskinesia
section of the UPDRS (Part IV) for the surgical group was 45%,
whereas patients kept on medical therapy worsened by 8%. The
study also revealed that LID improved after pallidotomy in all
patients, and two-thirds had “complete relief” on the contralat-
eral side. Also, there was a 36% reduction in ipsilateral dyskinesia
severity. Levodopa equivalent doses remained unchanged. There
were no fatal outcomes and complications occurred in three cases
(16.7%). This study also showed that the age had a clear rela-
tionship with clinical outcome, independent of disease duration,
with younger patients showing more improvement. This effect was
continuous, with no apparent threshold (19).

The series with the longest follow-up was by Kleiner-Fisman
et al. and included 10 patients, showing a trend toward signifi-
cance lasting up to 12 years in contralateral LID (20), and by Hariz
and Bergenheim who reviewed 13 of the 38 patients described in
Laitinen’s original study from 1992. Mean follow-up was 10.5 years
(up to 13.5), and the effect of surgery remained consistent for con-
tralateral LID, but varied for the appendicular OFF period signs.
The authors went as far as to consider pallidotomy as a prophylactic
measure against LID (21).

Lesion size does not seem to have a significant effect on response
(22), however, the optimal location within the GPi that improved
dyskinesia is a matter of controversy. Lesion location and size
may be different from that required to ameliorate other PD signs,
and some experts still advocate a bigger lesion size for prolonged
benefit. While anteromedially placed lesions seems to be better
correlated with improvement in contralateral LID, central and pos-
terolateral placed lesions improved OFF parkinsonian signs (23).
However, lesions placed in more ventral locations or anywhere in
the postero-ventral GPi have been shown to be equally effective
(16). Differences in outcome measures as well as in methods of
determining lesion location probably account for many of these
discrepancies.

Bilateral pallidotomies, staged and simultaneous, produce sim-
ilar improvements in OFF motor and ON dyskinesia to unilat-
eral procedures, with the possible advantage of improvements in
axial dyskinesia, dystonia, and, arguably, selected aspects of gait
such as walking speed and freezing (24, 25). These good results
were undermined by unacceptable cognitive and bulbar (mainly
speech) adverse effects (26). Only a few other studies have shown
different perspectives (27, 28). The series by Parkin et al. (29)
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Table 1 | Patient selection and point to be considered when indicating stereotactic surgery for dyskinesias in Parkinson’s disease.

Advantages Disadvantages Patient profile Post-operative details
Unilateral Efficacious Permanent lesion Unable to travel Ipsilateral dyskinesias may
pallidotomy Less costly than DBS Not reversible Live where DBS is too expensive or not improve significantly,
Does not require post-operative Bilateral surgery has higher risk ~ not available requiring continuing
programming of side effects Prefer not to have chronic hardware anti-dyskinetic medical
No complications related to Does not allow adjustments to High infection risk treatment or contralateral
hardware (infections, malfunction) control side effects GPi DBS
GPi DBS Direct improvement in No significant change in drug Needs prompt improvement of Ensure that the beneficial
dyskinesias regimen in many but not all severe dyskinesias effect of I-DOPA is not
Allows adjustments in drug cases Responds to low dose I-DOPA, but  antagonized by stimulation
regimen Ventral and dorsal stimulation has low threshold for dyskinesias
May allow for maintaining or may induce opposite effects on  Has I-DOPA responsive non-motor
introducing higher levels of cardinal motor signs of PD signs
dopaminergic therapy however this has not been In the right context, may be safer
Synergistic effect with -DOPA on  replicable on all cases for patients with mild pre-existing
axial and other symptoms cognitive symptoms
STN DBS Allows significant reduction in Improvements in dyskinesias Has severe motor fluctuations Stimulation induced

dopaminergic drug dosages
Effective for OFF period dystonia

depend on reduction of levodopa
May have negative impact on
cognition

More laborious post-operative
management

May worsen or not improve
dyskinesia in brittle dyskinetics

Uses higher doses of I-DOPA

Experiences disabling side effect of

dopaminergic treatment
Intact cognition

dyskinesias may appear
after a latency of several
hours if I-DOPA not adjusted
The electrode that induces
dyskinesias is usually the
most effective

for instance, showed the results in 115 patients who underwent
pallidotomy, 53 of which consisted of bilateral procedures. These
authors reported significant effectiveness for bilateral pallidotomy,
especially for dyskinesia for up to 12 months, at the expense of
worsening of speech in 8% and salivation in 13%, figures that
were similar to those found for unilateral surgery. Table 1 shows
a summary of the advantages, disadvantages, and other aspects to
be considered when a pallidotomy is indicated.

STUDIES COMPARING PALLIDOTOMY AND DEEP BRAIN STIMULATION
OF THE GPi OR STN

Few studies have compared the efficacy and safety of pallidotomy
and DBS of the GPi or STN. Table 2 shows the results of the most
important clinical parameters described in studies of pallidotomy
and DBS techniques. An early, non-randomized trial comparing
results of pallidotomy, STN, and GPi DBS concluded that GPi
DBS had effects similar effects to pallidotomy, but is safer when
bilateral procedures are required. Also, bilateral STN DBS may
improve OFF period motor symptoms to a greater proportion than
the other procedures, and might also improve ON period motor
function (30). In 2004, Esselink et al. (31) compared, in a random-
ized, observer-blind trial, the effect of unilateral pallidotomy and
bilateral STN DBS in patients with PD followed up for 6 months,
confirming that stimulation was more effective in reducing OFF
period motor signs. In addition, this procedure provided better
ON period motor scores and a greater reduction of dopaminergic
drug treatment dosages. Both improved LID and functional scales
equally, and the number of adverse events was similar in both

Table 2 | Effects of unilateral pallidotomy, bilateral GPi and STN deep
brain stimulation (DBS) on general motor improvement (UPDRS lll),
dyskinesias (UPDRS IV) and levodopa equivalent daily dose (LEDD).

Motor Improvement for  Reduction
improvement (%)  dyskinesias (%) in LEDD
Unilateral 25-45 45-86 n.s. (0-10%)
pallidotomy
GPi DBS 26-43 47-88 n.s. (15-17%)
STN DBS 25-54 20-83 31-47%

Mean improvement after a minimum of 6 months compared to preoperative base-
line. Scores reflect the medication off condition; for DBS, stimulation on. n.s.,
non-significant (17, 32-41).

groups. The same group also published the results after 4 years
with similar findings, except for dopaminergic treatment dosage,
which did not significantly differ between groups after the first
12 months (32).

DEEP BRAIN STIMULATION

After DBS was introduced as a treatment option for movement
disorders in general, this technique has slowly taken over a pivotal
central role in stereotactic surgery. As a matter of fact, ablative
procedures are currently regarded as alternatives, only used when
DBS is not viable due to technical, travel, patient preference, and
economic reasons (42, 43).
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Two of the reasons that favor DBS, particularly if bilateral pro-
cedures are required, are the facts that it is not intended to produce
a brain lesion, and that the stimulator can be programed with
respect to several variables, including electrode location, ampli-
tude, frequency, and pulse width, to induce better therapeutic
effects while minimizing adverse effects. In the case of PD, DBS
electrodes have been placed in two main BG targets: the GPi, and
the STN, though other targets are also possible (44).

GPi DBS

The first study to report results of this procedure described three
patients in 1994, with the post-operative results described as
“excellent,” reflecting improvements in all motor signs of the dis-
ease, as well as for motor fluctuations and LID (45). During the
following decade, descriptions of larger series confirmed these
findings. A study with a follow-up of at least 24 months showed
that the mean improvements in the UPDRS motor and activities
of daily living scores after 12 months were more than 50%, motor
fluctuations were reduced from 40 to 10%, and the score for LID
was reduced to one third. Doses of levodopa tended to remain
unchanged. Half of the patients experienced a slight worsening
of levodopa and stimulation resistant gait and bulbar symptoms
following 12 months (46). In 2000, a study by Kumar et al. (34)
showed the results seen on a cohort of 22 consecutive cases of
PD treated with GPi DBS, 17 of whom had bilateral surgeries.
Post-operatively, at 6 months, the motor improvement in the OFF
condition reached 31 and 66% reduction in LID.

The first double-blind, crossover study evaluating the results of
GPiand STN DBS in PD was performed in 2001, showing that both
procedures induced significant improvements in motor function
and dyskinesia (by 58% for STN and 66% for GPi DBS), however,
the average medication used, measured in levodopa equivalents,
decreased significantly more for the STN DBS patients (35). A
study with longer follow-up, mean 48.5 months, showed a 64%
mean improvement in dyskinesia after this period (36). Finally,
another study followed up 11 patients with PD who underwent GPi
DBS for up to 5 years, showing that, despite a decline on the motor
benefit for the OFF period scores after 3 years, the improvement
in LID was sustained for up to 5 years (47).

STN DBS

STN DBS for advanced PD was first introduced in the 1990s and is
currently the most common form of a surgical treatment applied
for this disorder worldwide. The initial series reported significant
improvements in OFF period tremor, rigidity, and bradykinesia, as
well as attenuation of motor fluctuations and LID, associated with
a 50% reduction in dopaminergic treatment dosages (48). Sub-
sequent studies confirmed these findings. In 2001, a prospective
study of 91 patients showed, after 6 months, a robust improve-
ment in all motor signs in the OFF condition, in the percentage
of time with good mobility and no dyskinesia, mean dyskinesia
score, as well as a mean reduction in daily levodopa dose equiva-
lents (approximately 60%) (35). At this point, it became clear that
the reduction in dyskinesia could be attributed at least in part to the
reduction of levodopa dosage. However, a few studies showed that
this may not be the only element in this beneficial effect. A study
designed to assess the effect of STN DBS on OFF period dystonia,

and on diphasic and peak dose dyskinesia after a levodopa chal-
lenge using the same suprathreshold dose as before surgery with
the stimulation on, showed a reduction of OFF period dystonia by
90%, and of diphasic dyskinesia by 50%, and of peak dose dysk-
inesia by 30% (49). The same authors had already reported that
chronic STN DBS per se tends to reduce dyskinesia, as opposed
to chronic activation of the dopaminergic system with levodopa.
The authors speculated that this difference may have been due to
the pulsatile nature of levodopa stimulation versus the more con-
tinuous activation provided by chronic STN DBS (50). There was
also an important study by Oyama et al. that elegantly showed
that dyskinesia could possibly be reduced in both the STN and
GPi target. The authors accounted for medication reduction, and
showed that in both targets there was a possibility of dyskinesia
suppression without medication reduction (51).

Long-term studies of bilateral STN DBS in patients with
advanced PD have demonstrated the stability of this therapy over
time. A 5-year prospective study of 49 consecutive patients treated
with STN DBS noted that OFF medication motor scores at 5 years
were still 54% better than baseline (37). Worsening of ON med-
ication akinesia, speech, postural stability, and freezing of gait
was interpreted to be consistent with the natural progression of
PD. However, LID benefits persisted, with dyskinesia disability
and duration at 5years being improved by 58 and 71%, respec-
tively in comparison with baseline. Similar benefits with respect to
dyskinesia were observed in 37 patients followed for 5 years after
DBS surgery (52). Finally, a comprehensive meta-analysis of 921
patients who underwent STN DBS between 1993 and 2004 noted
an average reduction in LID of 69.1% (53).

MECHANISMS OF ACTION IN REDUCING LEVODOPA-INDUCED
DYSKINESIA

Pallidal stimulation

Restoration of the thalamocortical activity by suppression of the
inhibitory output from the pallidum to the ventrolateral thalamus
is the suspected mechanism for motor improvement underpinning
GPi DBS, however, the cellular mechanisms of high-frequency
stimulation are still unknown. The mechanism of GPi DBS in
reducing dyskinesia is also not completely understood. The cur-
rent views of the BG physiology suggest that inhibition of ventral
GPi activity should induce dyskinesia, however, lesioning of the
ventral pallidum provides relief of dyskinesia (54). One of the
possible justifications for this apparent paradoxical response is
that LID may be more correlated with an abnormal pattern than
with the direction and intensity of the neuronal activity within
the GPi (54, 55). Surgical modification of this patterned activity
might be accomplished by lesioning (direct neuronal inhibition)
or with DBS (indirect inhibition through activation of inhibitory
axons close to the electrode). Dyskinesia might also arise from an
abnormal balance of activity within different functional zones of
the nucleus (ventral versus dorsal GPi) and stimulation may sup-
press this abnormal activity (56, 57). Finally, the anti-dyskinetic
effect of GPi DBS maybe mediated through effects on the sub-
thalamopallidal tract, which projects to the dorsal GP externus
and GPi. Dorsal GPi stimulation might inhibit this projection
and would be expected to improve PD symptoms and induce
dyskinesia (58).
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STN stimulation

STN DBS mimics the effects of levodopa on parkinsonian motor
symptoms and allows reduction of dopaminergic medication,
secondarily relieving dyskinesia as medications are reduced or
withdrawn post-operatively (51). However, improvement of dysk-
inesia is also sometimes observed in the early post-operative period
after implantation of electrodes in the STN, even in the absence
of a reduction of medications (1). This indicates a direct anti-
dyskinetic effect of manipulation of the STN (or the vicinity of
its dorsal border and perhaps the zona incerta), but long-term
relief of dyskinesia generally requires reduction of medications.
The specific site of action in stimulation of the STN is unknown.
Some data indicate that the best effect can be achieved at the lowest
intensity not through stimulation of neurons within the STN, but
by stimulation of tissue dorsal to it, which might affect the palli-
dothalamic bundle, the pallidosubthalamic tract, and/or the zona
incerta (59). Other data indicate that the most effective contact
location appears to be within the anterodorsal portion of the STN,
although current could spread from this location into the directly
superior fields of Forel and zona incerta (60). The observation
that an active DBS contact dorsal to the STN may provide better
control of dyskinesia (indicative of a direct anti-dyskinetic effect)
supports the notion that activation of structures dorsal to the STN
is important in providing relief of parkinsonian symptoms by DBS
of the STN (38). Overall, the specific mechanisms of action of GPi
and STN DBS in suppressing dyskinesia are unknown.

STUDIES COMPARING THE EFFECT OF GPi AND STN DBS

A few studies have compared the effect of GPi and STN DBS on
PD. Table 2 shows the results of the most important clinical para-
meters described in studies comparing these two techniques. The
first study to do that was published in 2001, it had a relatively
short follow-up period after surgery (3 months), and revealed
similar improvements in OFF period motor parameters, as well
as for ON dyskinesia, with the caveat that only the STN group
was able to significantly reduce the levodopa equivalent dose
(35). In 2005, a non-randomized extension of this study with 105
patients followed up for at least 3 years, showed that, in addition
to improvements in all motor signs of parkinsonism in the OFF
condition, STN DBS significantly improved OFF dystonia and ON
dyskinesia, while GPi had a similar effect on ON dyskinesia with
no significant improvement on OFF dystonia. In this study, reduc-
tion in post-operative levodopa equivalent doses was significant
only for the STN group, in which more than 10% of patients
stopped taking levodopa. These changes were sustained after up
to 4 years of follow-up (36). Moro et al., in an double-blind, non-
randomized study with 35 patients who underwent STN DBS and
16 who underwent GPi DBS, found that both procedures induced
significant improvements in OFF period motor signs, ADLs, and
ON dyskinesia scores, although only the STN group had a sig-
nificant reduction in the doses of levodopa. These results were
sustained after 6 years of follow-up (61). A direct comparison of
both procedures was published in 2012 (39). This was a random-
ized, evaluator-blind study with 198 PD patients followed up for
at least 36 months, which concluded that the primary outcome,
OFF period motor improvement (including subscales for each
motor sign), was significantly improved, but the improvements

were similar, stable over time, and with parallel trends for both
targets. The scores for complications of levodopa therapy (UPDRS
IV), including dyskinesia, as well as the amount of ON period time
without troublesome LID were significantly improved for both
groups over 36 months, with non-significant, but greater decreases
in levodopa dosages in the STN group. Finally, one recent double-
blind study of 128 PD patients randomized for either form of
treatment, showed that patients who underwent STN DBS had
larger improvements in OFF period mean UPDRS motor score,
mean change in ADLs scores and mean reduction in medication
after surgery. OFF dystonia scores were similarly improved as well
as the time in ON phase without dyskinesia. The scores of the
dyskinesia rating scales were significantly better 12 months after
surgery for those who underwent GPi DBS. This difference proba-
bly occurred because the authors assessed patients after 12 months
with the same dose of levodopa used at baseline, however in daily
life, they may use lower doses, leading to less LID (40).

PRACTICAL ISSUES; SELECTION OF THE SURGICAL TARGET,
TECHNIQUE, AND PROGRAMING

Table 1 shows a summary of points that need to be considered
when indicating these DBS techniques.

Numerous studies have demonstrated the effectiveness of STN
DBS in controlling the appendicular motor signs of PD, how-
ever, this procedure is not considered to have as much of a direct
effect on the intensity of LID. The anti-dyskinetic effect of STN
DBS have been hypothesized to be related to allowing reduction
of dopaminergic drug dosages, with consequent improvement in
side effects, including LID. The persistence or worsening of LID
after STN DBS is common and is, in fact, indicative of the neces-
sity to reduce the dose of levodopa (62). Therefore, the si ne qua
non-condition for reduction of LID when STN DBS is considered,
is its capacity to enable a reduction of levodopa dosage. If, how-
ever, an adequate response of motor symptoms does not occur
post-operatively, dyskinesia will remain unchanged. Of impor-
tance, STN stimulation not uncommonly induces contralateral
dyskinesia, which may be persistent, and in some cases lead to the
implantation of rescue GPi leads.

On the other hand, GPi DBS seems to have a direct effect on the
reduction of dyskinesia. Patients undergoing this procedure typ-
ically cannot tolerate significantly lower doses of levodopa after
surgery, and still appreciate a marked reduction of dyskinesia.
Simplistically, patients who experience a good response of their
PD symptoms with levodopa, but whose primary and most sig-
nificant source of disability are dyskinesia may benefit from GPi
DBS (51). In other words, GPi DBS can be especially valuable for
cases in which LID are a dose-limiting factor for either maintain-
ing or introducing higher but necessary levels of dopaminergic
therapy. In addition, levodopa may have a synergistic effect on
GPi DBS, which is not seen after STN stimulation. Burchiel et al.,
for instance, in a randomized, double-blind study, comparing the
effects of STN and GPi DBS, showed that, in combination with
levodopa, UPDRS motor scores were significantly more improved
for patients who underwent the pallidal procedure. This combi-
nation was also more clinically significant for axial symptoms,
which are traditionally considered refractory to either form of
treatment alone (63). Another more recent meta-regression of
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long-term studies of cases who underwent these procedures con-
firmed that GPi DBS in combination with levodopa was correlated
with better scores for postural instability and gait disorder than
STN stimulation plus levodopa (64).

Selection of either target may also be influenced by the fact
that medications used for the treatment of PD are useful not
only for motor, but also for psychiatric, cognitive, sleep, and other
non-motor aspects of the disease, therefore, withdrawal or dose
reduction may not be a desired goal (65). Selection of the tar-
get should be based on the patient’s most disabling symptoms,
response, and side effects related to levodopa, and the ultimate
goals of therapy (66). If LID are a patient’s most disabling symp-
tom, especially if they require more immediate improvement due
to its severity and potential morbidity, then GPi DBS should
be considered with the knowledge that regardless of changes in
medication therapy after surgery there is a high likelihood that
dyskinesia will improve. On the other hand, patients undergoing
STN DBS must hope for a sufficiently good response after surgery
that will allow medications to be sufficiently reduced. If change in
parkinsonian motor symptoms after STN DBS are insufficient to
guarantee reduction of levodopa dosage, or if its reduction worsen
or induces non-motor symptoms, the intervention for dyskinesia
may be “unfruitful” (1).

In the case of a patient in whom, in addition to motor signs
of parkinsonism, medication side effects other than dyskinesia are
a primary source of disability (i.e., psychosis, behavioral changes,
etc.), STN DBS may be more desirable.

In general, when the presence of LID is the main problem and
indication for surgery, there are no formal differences in the pro-
cedures when compared to situations when the chief complaint
is another motor feature of the disease. However, a few minor
variables exist. Implantation of leads is typically performed while
patients are in the OFF condition to avoid disabling dyskinesia,
leading to motion artifacts during pre operative imaging and to
better microelectrode recording during the intraoperative proce-
dure (67). Other variations are used because of possible differential
anti-dyskinetic effects of stimulation at different sites within the
GPi as stimulation of two different sites within the nucleus induce
different effects on dyskinesia and response to dopaminergic treat-
ment. Studies have shown that stimulation of the most dorsal
aspects of the GPi in the OFF period usually leads to improvement
of the cardinal signs, especially bradykinesia, while inducing dysk-
inesia, mimicking the action of levodopa. When deeper (ventral)
sites within the nucleus were stimulated, signs worsened. In the
ON period, stimulation of the ventral GPi reduced dyskinesia but
may have worsened bradykinesia. Stimulation of the intermediate
area seems to provide a balance between these two extremes. It is
unclear whether these findings have a practical significance, but
their existence should be kept in mind during surgical planning,
positioning of the lead within the GPi, and during programing
sessions (56, 57).

Post-operative programing: GPi DBS

As a rule, the evaluation of stimulation-related beneficial effects is
typically less reliable during the first weeks after electrode implan-
tation, due to the lesion effect of the procedure. Therefore, the
initial programing should be performed after at least 2 weeks of

surgery. At this time, the patient should be in the OFF medication
condition, after 12 h of dopaminergic drug withdrawal. The first
step should focus on achieving the best improvement of the car-
dinal signs of parkinsonism. The second phase should address the
patient during the ON period, under the effect of levodopa, with
particular awareness for LID. Therefore, the goal of programing
should be attempting to achieve a good relief of PD symptoms in
the OFF condition, not associated with the occurrence of dyski-
nesia in the ON period, and with the highest threshold for side
effects of stimulation. This procedure should be performed for
all four contacts separately, defining a hierarchy for therapeutic
window (68).

In patients whose primary complaint is LID, an additional
programing session can be performed in a full ON condition to
confirm the adequate beneficial effect of stimulation, but is usu-
ally only indicated if there are difficulties suppressing dyskinesia.
Special attention must be directed to ensure that beneficial medica-
tion effects are not antagonized by stimulation, as well as the OFF
medication symptoms are not exacerbated, since different regions
within the GPi may have opposite effects on dyskinesia and on
the cardinal signs of parkinsonism, when stimulated. Fortunately,
the detrimental effects of stimulation on parkinsonism and the
response to levodopa have higher thresholds than the beneficial
effects on dyskinesia. As ventral GPi areas may provide good relief
of dyskinesia at the expense of loss of beneficial effect of levodopa,
a better stimulation response can be detected by using more cen-
tral contacts, which usually provide good relief of dyskinesia as
well as tremor, rigidity, and bradykinesia (56, 69). It is important
to point out that many experts have been unable to replicate the
differential effects of programing different contacts in the GPi, and
that in general the GPi has been found to be a much easier target
to optimize. The GPi target also allows for more flexibility that the
STN target, as was recently shown by Weaver et al. in VA study
36 months outcomes (39, 70).

Post-operative programing: STN DBS

As STN DBS ideally mimics the motor effects of levodopa in
many aspects, the main objective of initial programing in cases
of dyskinesia relies on providing a significant improvement of the
motor signs of parkinsonism and a concomitant decrease in lev-
odopa dosage, which, on average, reaches a 50% reduction (41).
Therefore, as in the case of GPi DBS, the first programing ses-
sion should preferentially be performed in patients during the
OFF period, holding all medications for PD for 12 h. In fact, most
experts that program STN and GPi DBS have patients report to
the clinic in an OFF medication condition, which provides a nearly
optimal programing scenario (no bias of medications). This is
generally enough for most patients, however some patients may
require longer OFF periods. In difficult cases, after programing for
reduction of bradykinesia, tremor, and, especially, rigidity, patients
should take their regular doses of levodopa and, in the ON state,
be assessed for adverse effects with the combination of stimula-
tion and medications, particularly dyskinesia. The patient should
be seen during this first session at the peak effect of levodopa,
and ideally should have access to expert programing for the next
few days, as dyskinesia may appear after a latency period of up
to several hours (71, 72). During the first few weeks and months
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after surgery, as stimulation is adjusted to provide the best relief of
parkinsonian symptoms, medication doses can be slowly titrated
downward, and LID tends to improve or resolve. Moreover, dysk-
inesia has been hypothesized to improve with chronic continuous
stimulation due to plastic changes as a direct effect of stimulation,
leading to desensitization of the neuronal circuitry underlying to
LID. Persistent dyskinesia is generally treated by further reduction
of medication (71).

In some instances, especially during the first few weeks after
DBS implantation, dyskinesia may be exacerbated and, in fact,
the induction of these involuntary movements in the short term
predicts a favorable long-term outcome (51). Thus, the particu-
lar electrode that induces dyskinesia is usually the most effective
contact for long-term therapy. In these cases, if reducing levodopa
leads to worsening of PD symptoms, medication doses should
be kept at the lowest adequate therapeutic level, and stimulation
amplitudes or other parameters should be reduced. Over time,
the threshold for induction of dyskinesia typically increases, and
amplitude can be gradually increased (73). Finally, if stimulation
using the most effective contact precipitates dyskinesia that can-
not be controlled except by unacceptable reduction of stimulation
intensity, programing the system to use a more proximal contact
in a monopolar configuration, or reprograming to a bipolar con-
figuration may be necessary. Addition of a contact dorsal to the
STN (perhaps in the zona incerta) may also provide better control
of dyskinesia (71).

CONCLUSION

Although STN and GPi procedures have different mechanisms
of action, both are effective treatments strategies to control LID.
GPi interventions may have a more immediate effect, independent
of reduction of levodopa daily dosage. On the other hand, sev-
eral centers tend to adopt STN DBS as this procedure also brings
marginally better improvements in OFF period motor scores than
GPI DBS, as indicated by a recent randomized controlled trial
(40). Overall, selection of the surgical target should be based
on each patient’s most disabling symptoms, medication response
and regimen, and goals of therapeutic intervention. Currently,
the literature is almost entirely focused on results that analyze
a combination of the best possible results in regards to global
improvements, therefore the ideal stimulation parameters specific
for the control of LID are unknown. Also, the anti-dyskinetic
effects of additional or combined targets, such as external and
internal pallidal stimulation, and the use of adaptive DBS remain
largely unexplored.
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The dopamine (DA) precursor L-DOPA has been the most effective treatment for Parkin-
son's disease (PD) for over 40years. However, the response to this treatment changes
with disease progression, and most patients develop dyskinesias (abnormal involuntary
movements) and motor fluctuations within a few years of L-DOPA therapy. There is wide
consensus that these motor complications depend on both pre- and post-synaptic dis-
turbances of nigrostriatal DA transmission. Several presynaptic mechanisms converge to
generate large DA swings in the brain concomitant with the peaks-and-troughs of plasma
L-DOPA levels, while post-synaptic changes engender abnormal functional responses in
dopaminoceptive neurons. While this general picture is well-accepted, the relative contribu-
tion of different factors remains a matter of debate. A particularly animated debate has been
growing around putative players on the presynaptic side of the cascade. To what extent do
presynaptic disturbances in DA transmission depend on deficiency/dysfunction of the DA
transporter, aberrant release of DA from serotonin neurons, or gliovascular mechanisms?
And does noradrenaline (which is synthetized from DA) play a role? This review article will
summarize key findings, controversies, and pending questions regarding the presynaptic
mechanisms of L-DOPA-induced dyskinesia. Intriguingly, the debate around these mecha-
nisms has spurred research into previously unexplored facets of brain plasticity that have
farreaching implications to the treatment of neuropsychiatric disease.

Keywords: neuroplasticity, neuropharmacology, neuropsychiatry, neurovascular unit, movement disorders, dysto-

nia, basal ganglia, monoamines

Parkinson’s Disease (PD) is defined by a set of motor signs and
symptoms that are caused by dopamine (DA) deficiency and
respond well to dopaminergic therapies. Accordingly, functional
imaging studies have established a close link between the onset
and severity of PD motor features and the loss of dopaminergic
markers in the putamen (1, 2). Oral administration of the DA
precursor, L-DOPA has provided the backbone of PD treatment
for over 40 years [recently reviewed in Ref. (3, 4)]. However, this
treatment leads to complications.

After a few years of L-DOPA pharmacotherapy, most PD
patients will exhibit a shorter motor response to each med-
ication dose (“wearing-off fluctuation”), often associated with
choreiform abnormal involuntary movements (AIMs) that appear
when plasma and brain levels of L-DOPA are high (“peak-dose
dyskinesias”) (Figure 1). More complex response patterns may
also occur, for example, dyskinesias appearing when plasma L-
DOPA levels rise or decline after each dose (“diphasic dyskine-
sia”), or abrupt fluctuations between a good antiparkinsonian
response and a severe parkinsonian motor state (“unpredictable
on—off fluctuations”) [reviewed in Ref. (3, 5)]. It has recently been
established that oral L-DOPA therapy produces non-motor com-
plications too, particularly, fluctuations in mood and cognitive
performance (3, 6).

Factors associated with a higher incidence and/or early devel-
opment of L-DOPA-induced dyskinesia (LID) include, L-DOPA
dosage, severity and duration of PD (7, 8, 9), and a young age

at PD onset [reviewed in Ref. (8, 9)]. Some autosomal recessive
forms of PD also entail a high risk of LID (10), possibly because
they share many features with young-onset idiopathic PD, in par-
ticular, a severe loss of DA neurons with relative preservation of
non-dopaminergic systems and slow progression of Lewy-related
brain pathology (11, 12). The reasons underlying a high risk for
LID in young-onset PD patients have not been resolved, and sev-
eral valid hypotheses have been put forward, including a faster DA
turnover (13) or a larger potential for neuroplasticity in a younger
brain (14). Moreover, the relative integrity of non-dopaminergic
systems in younger subjects may contribute to a higher risk for
LID. These systems may include corticostriatal and/or serotonergic
projections, as will be discussed in this article.

“PRE- OR POST-SYNAPTIC MECHANISMS?” A BRIEF
HISTORICAL PERSPECTIVE

In the most typical cases, dyskinesias and motor fluctuations are
temporally related to rises and declines in plasma L-DOPA levels
(Figure 1). In advanced stages of PD, the same dosage of L-DOPA
that is required to relieve parkinsonian features may also induce
AIMs [reviewed in Ref. (3, 15) and schematically illustrated in
Figure 1].

Whether this altered response pattern depends on presynap-
tic or post-synaptic changes in nigrostriatal DA transmission has
been a matter of major debate. The presynaptic hypothesis, which
prevailed in the 80s, held that the progressive degeneration of
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FIGURE 1 | The pattern of motor response to L-DOPA changes during
the progression of PD. This drawing illustrates how the therapeutic
window of L-DOPA narrows during the progression of PD [based on (172,
173)]. While oral .-DOPA therapy achieves a stable symptomatic control
during the first years, it causes motor fluctuations and dyskinesias in more
advanced disease stages. Dyskinesias are most commonly associated with
high plasma levels of L-DOPA (peak-dose LID), as shown here. The blue
sinuous line represents peaks-and-troughs in plasma L-DOPA levels
concomitant with oral -DOPA therapy. The empty area at the centre
represents the range of L-DOPA concentrations that induce relief of PD
motor features without causing dyskinesia.

nigral neurons causes a loss of DA storage capacity in nigrostriatal
nerve terminals (16). Under these conditions, L-DOPA would be
immediately converted to DA by a variety of cells in the brain, and
rapidly eliminated. Peak-dose LID and wearing-off fluctuations
would thus be the clinical counterparts of swift rises and declines
in central DA levels, respectively [reviewed in Ref. (17)].

During the 90s, the presynaptic hypothesis appeared to decrease
in popularity as many investigators turned one’s attention to
the post-synaptic consequences of DA depletion. The attention
shift was prompted by studies in 6-hydroxydopamine (6-OHDA)-
lesioned rats, which revealed striking effects of chronic L-DOPA
treatment on the expression of GABA-biosynthetic enzymes, neu-
ropeptides, and opioid precursors in striatal neurons (18). In addi-
tion, studies in PD patients revealed that the therapeutic window
of apomorphine, a direct DA agonist, narrowed with the progres-
sion from a DOPA-naive to a DOPA-treated dyskinetic state (19).
Because apomorphine acts independently of presynaptic nigros-
triatal terminals, these results were used to suggest that altered
signal-transduction mechanisms in striatal neurons are the main
culprit of motor complications to PD therapy (19).

Presynaptic factors were brought back into the limelight by
human positron emission tomography (PET) studies using the
reversible D2 receptor ligand, [!'C] raclopride to estimate DA
release. This approach takes advantage of a competition between
endogenous DA and ['!C] raclopride for binding to D2 receptors.
Increased DA levels in the striatum are thus seen as a reduction
in [''C] raclopride binding potential compared to baseline val-
ues. Using this technique, De la Fuente Fernandez and colleagues
showed that standard oral doses of L-DOPA caused larger swings

in striatal DA levels in PD patients experiencing motor compli-
cations compared to patients with a stable response to treatment
(20, 21). Moreover, Piccini and collaborators found a positive lin-
ear relationship between putaminal changes in ['!C] raclopride
binding and AIM scores “on” L-DOPA (22). These human stud-
ies provided a strong support to the presynaptic hypothesis of
LID, and prompted a new wave of clinical and preclinical research
aimed at shedding light on the mechanisms involved.

During the past 10 years, different groups of investigators have
continued to debate on whether or not presynaptic factors can
by themselves drive the development of LID (23, 24), and experi-
mental evidence has been put forward to either support or reject
this standpoint [cf., e.g., Ref. (25, 26)]. Because a disruption
of presynaptic DA homeostasis will certainly have post-synaptic
consequences (27) (Figure 2), this debate may appear artificially
contentious at first glance. However, it is becoming clear that the
relative weight of presynaptic versus post-synaptic mechanisms in
generating the involuntary movements will condition the response
to antidyskinetic interventions (28).

This review article will summarize both the terms of the debate
and the valuable research that has stemmed from it. Thanks to
this research, conspicuous progress has been made toward under-
standing specific players on the “presynaptic side” of the cascade
(summarized in Figures 2 and 3).

NIGROSTRIATAL DA DENERVATION AND L-DOPA DOSAGE
ARE CRITICALTO LID

Clinical observations suggest that the loss of nigrostriatal DA neu-
rons plays an important role in the development of LID (8, 9, 29).
But PD has a complex pathology, and it is difficult to demonstrate
the causal link between dopaminergic denervation and LID in
human studies. This type of information can however be inferred
from experimental models of the movement disorder.

In all the most common animal models of PD-LID, the loss
of nigrostriatal neurons is obtained using specific neurotoxins.
6-Hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) have been the most commonly used
toxins in rodents and non-human primate species, respectively.
In all the current animal models, the AIMs induced by L-
DOPA mimic the peak-dose variant of human LID [reviewed in
Ref. (30)].

Non-human primate studies examining the relationship
between LID and extent of nigrostriatal DA lesion have been sparse
and, at first glance, conflicting. A seminal study in MPTP-lesioned
macaques reported that therapeutic doses of L-DOPA produced
dyskinesia only in monkeys having >95% striatal DA loss (31).
Accordingly, a study in MPTP-lesioned marmosets reported that
only animals with >85% striatal DA loss developed choreoa-
thetoid dyskinesias with therapeutic doses of L-DOPA, and that
the most severely parkinsonian animals displayed the most severe
LID (32). However, studies in squirrel monkeys reported choreoa-
thetoid dyskinesias in animals with partial striatal DA denerva-
tion (33), and even in intact animals treated with a therapeutic
L-DOPA regimen (15 mg/kg twice daily for 2 weeks) (34). Fur-
thermore, intact macaque monkeys were reported to develop
choreoathetoid dyskinesias if treated with very high doses of L-
DOPA (80 mg/kg/day for 13 weeks) (35). Thus, the impact of
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FIGURE 2 | .-DOPA-induced dyskinesia depends on both pre- and
postsynaptic disturbances of DA transmission that are modulated by
non-dopaminergic transmitter systems. The term “presynaptic” refers to
all factors that contribute to generating fluctuating levels of .-DOPA and DA
in the brain (blue boxes). The term post-synaptic refers to mechanisms

that occur at the level of dopaminoceptive cells (yellow boxes).

Non-dopaminergic modulatory systems are shown in white boxes. It is not
well understood how these systems modulate different levels of the
pathophysiological cascade (hence the question marks). DAR, dopamine
receptors. Studies supporting this pathophysiological cascade have been
reviewed in Ref. (3, 27, 174, 175). An updated review on the presynaptic
factors is presented in this article.

nigrostriatal DA denervation on the susceptibility to LID differs
between non-human primate species, some of which can develop
involuntary movements even in the absence of dopaminergic
denervation, if given sufficiently high doses of L-DOPA.

The largest rodent study addressing the relationship between
nigrostriatal DA lesion and LID severity is the one by Winkler and
colleagues (36). In this study, rats sustained partial or complete
lesions of the nigrostriatal pathway, and were then treated with -
DOPA at a low therapeutic dose (6 mg/kg/day) for 4 weeks. Only
rats with >80% loss of striatal dopamine transporter (DAT) or
nigral DA neurons developed dyskinetic behaviors, and involun-
tary movements of maximal severity occurred only in the sub-
group exhibiting >90% loss of dopaminergic markers (36). How-
ever, some of the completely DA-denervated animals remained
free from dyskinetic behaviors throughout the L-DOPA treatment
period (Figure 4). Thus, although a large nigrostriatal DA lesion
was necessary for L-DOPA to induce involuntary movements,
the severe dopaminergic denervation was not by itself sufficient
(36). A similar conclusion was reached by Bezard and collabora-
tors in a study using MPTP-lesioned macaques (37). It should be
added, however, that high doses of L-DOPA will induce dyskine-
sia in all animals exhibiting >90% loss of dopaminergic markers
throughout the caudate-putamen, although the actual doses will
vary depending on species [c.f. >25 mg/kg/day in the rat (38, 39)
versus >3 mg/kg/day in mice (40, 41)].

In summary, the bulk of experimental data indicate that, if L-
DOPA is given at a therapeutic dosage, involuntary movements

develop only when the loss of DA afferents to the motor striatum
exceeds a threshold level of 80-85%. Despite these large lesions,
some animals will however remain free from LID during the
chronic treatment. Intriguingly, these experimental observations
are in keeping with the clinical experience, whereby a propor-
tion of PD patients never develop dyskinesias during their lifetime
exposure to L-DOPA (9). Autoradiographic studies of DAT bind-
ing in the post-mortem striatum have not detected a difference
between dyskinetic and non-dyskinetic PD cases (42, 43), indi-
cating that a severe dopaminergic denervation is not sufficient
for some patients to develop LID. Thus, although presynaptic
DA depletion predicts the risk of LID (29), the susceptibility to
this therapy complication must also depend on additional fac-
tors. These factors are likely to include some of the mechanisms
discussed in the following sections.

PRESYNAPTIC CONSEQUENCES OF NIGROSTRIATAL DA
DENERVATION

The degeneration of nigrostriatal DA neurons in PD implies a
severe depletion of the presynaptic compartment that physiologi-
cally converts L-DOPA to DA, releases DA in a regulated fashion,
and clears DA from the extracellular space via high-affinity reup-
take (Figure 3). The nigrostriatal system has a high capacity to
mount compensatory mechanisms after partial lesions through,
e.g., increased DA turnover, sprouting of residual DA terminals,
and downregulation of the DAT [reviewed in Ref. (15, 44)].
Accordingly, parkinsonian motor symptoms have been estimated
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FIGURE 3 | The two sides of a dopaminergic synapse. The drawing
illustrates components of the nigrostriatal dopaminergic synapse that are
discussed in this article. The presynaptic nigrostriatal terminal releases DA
(blue circles), and regulates extracellular DA levels through several
mechanisms: DA reuptake from the extracellular fluid (via the DAT), DA
transport into synaptic vesicles (via VMAT-2), DA synthesis (which is
subjected to autoregulatory control via presynaptic D2 receptors), and DA
metabolism (via MAO-B and COMT). The post-synaptic neuron responds to
DA via two main types of receptors. The D1 receptor is coupled to G, and
activates c-AMP-dependent intracellular signaling pathways. The D2
receptor is coupled to G; and inhibits the same pathways. AADC, aromatic
l-amino acid decarboxylase; AC, adenylate cyclase; COMT,
catechol-O-methyl-transferase; DAT, dopamine transporter; MAO-B,
monoamine oxidase B; TH, tyrosine hydroxylase; VMAT-2, vesicular
monoamine transporter 2.

to appear only after a loss of 50% nigral DA neurons and 70%
striatal DA contents [reviewed in Ref. (15)]. Similar phenomena
have been observed in 6-OHDA-lesioned rodents, where the
compensatory capacity of the nigrostriatal system appears to break
down only after a >70% loss of nigral DA neurons (45, 46).

The breakdown of presynaptic DA homeostasis predisposes
to large fluctuations in central levels of DA upon treatment

No. TH-positive neurons in SN
1200 1

10004
8004

H
6001° 5%
400 ® .
200 4
0

Striatal DA fiber density

Integrated AIM score
L]

20 30 40
Striatal [*H]BTCP binding
(% ctrl side)

0 10 20 30
SN cell number
(% ctrl side)

FIGURE 4 | A large nigrostriatal DA lesion is necessary but not
sufficient for therapeutic L-DOPA doses to induce dyskinesia. Rats
sustained unilateral nigrostriatal DA lesions of varying severity, and were
then treated with L-DOPA (6 mg/kg/day) for 4 weeks. Diagrams plot the
animals cumulative Abnormal Involuntary Movement (AIM) scores (y axis)
on presynaptic markers of DA neuron integrity, that is, tyrosine hydroxylase-
positive cells in the substantia nigra (SN) or striatal innervation density,
estimated with DAT radioligand binding using [*H]-BTCP. Data collected on
the side ipsilateral to the lesion are expressed as a percentage of the values
on the contralateral (ctrl) intact side. With either measure, AIM scores were
found to occur only in animals that had lost more than 80% of presynaptic
dopaminergic markers, and maximally severe AlIMs occurred only when this
loss exceeded 90%. Note however that some of the completely
DA-denervated animals did not develop any dyskinesia. The dataset is
derived from Ref. (36).

with L-DOPA. In a seminal microdialysis study, Abercrombie
and collaborators showed that a peripheral injection of L-DOPA
results in significantly higher extracellular DA levels in rats with
large 6-OHDA lesions compared to intact animals (47). The r-
DOPA-induced increase in striatal extracellular DA concentrations
(ADA) was 30- to 80-fold larger in 6-OHDA-lesioned animals
compared to intact controls (the striking difference being partly
dependent on the lower baseline DA concentrations in lesioned
animals) (47). This study also established a causal relationship
between ADA and the lesion-induced loss of DAT. Indeed, com-
bined treatment of intact rats with L-DOPA and nomifensine, a
DAT inhibitor, produced increases in extracellular DA approach-
ing the magnitude of those in 6-OHDA-lesioned animals (47).
More recent studies have confirmed the crucial importance of
DAT deficiency in determining large increases in extracellular DA
“on” L-DOPA (48). However, these studies have also indicated that,
when the nigrostriatal lesion is very severe, the magnitude of such
increases depends on factors other than DAT deficiency. Thus,
animals with less than 90% DA denervation exhibit a significant
negative correlation between ADA and striatal DAT binding lev-
els. However, in rats with >90% denervation, DAT levels no longer
predict ADA (48). What factors may then condition the magnitude
of ADA in animals with severe nigrostriatal DA lesions?

In addition to the loss of DAT, a severe degeneration of the
nigrostriatal pathway inevitably entails a shift in the routes of L-
DOPA metabolism from nigrostriatal DA neurons to other sites
(15). The conversion of L-DOPA to DA is a one-step enzymatic
reaction catalyzed by aromatic L-amino acid decarboxylase
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(AADC, also called DOPA decarboxylase, DDC) (Figure 3). This
enzyme is expressed by catecholaminergic neurons (49), but also
by astrocytes (50) and blood vessel-associated cells (51).

A seldom appreciated fact is that AADC and 5-hydroxytry
ptophan decarboxylase (which synthetizes 5-hydroxytryptamine,
serotonin) are the same enzyme (see, e.g., http://omim.org/entry/
107930). Serotonin neurons therefore express relatively high levels
of AADC, and they also express vesicular monoamine trans-
porter 2 (VMAT-2), which packages DA into synaptic vesicles
and protects it from rapid cytosolic degradation [reviewed in
Ref. (15)] (cf. Figure 3). Although AADC and VMAT-2 also are
expressed by noradrenergic neurons, these are unlikely to pro-
vide a major source of DA upon L-DOPA treatment, because
the DA formed from r-DOPA in these neurons is rapidly con-
verted to noradrenaline (NA) by the enzyme, dopamine-beta-
hydroxylase.

Thus, serotonin neurons can both synthetize DA from L-DOPA,
store the formed DA in synaptic vesicles, and release it in an
activity-dependent manner. During the past few years, an abun-
dant literature has documented that serotonin neurons indeed
provide a source of DA release in L-DOPA-treated parkinson-
ian subjects. An intense debate has grown around the extent of
this phenomenon and its significance to the occurrence of LID,
as will be detailed in the following sections of this review. But
before approaching this topic, we need to briefly consider the
post-synaptic consequences of DA denervation, which are likely
to be crucial to the development of LID.

POST-SYNAPTIC CONSEQUENCES OF NIGROSTRIATAL DA
DENERVATION

Although this article focuses on the presynaptic mechanisms of
LID, it is important to keep in mind that a loss of nigrostriatal
DA input also entails profound adaptations at the post-synaptic
level (Figure 2). In particular, DA-denervating lesions cause pro-
nounced molecular, physiological, and morphological changes in
striatal neurons, as demonstrated by a large body of experimental
literature, briefly reviewed below.

Already in the 70s, a deafferentation-induced supersensitivity
of post-synaptic DA receptors was hypothesized to play a role in
the development of LID (52). Today we know that this supersen-
sitivity depends on complex changes in the signal-transduction
properties of DA receptors. The changes include, an increased
coupling efficiency of both D1 and D2 receptors to their cor-
responding G proteins, a large activation of downstream intra-
cellular signaling molecules, changes in DA receptor trafficking,
and also a striking activation of non-canonical signaling path-
ways [reviewed in Ref. (52-54)]. Gerfen and collaborators were
the first to propose that the denervation-induced supersensitivity
of D1 receptors leads to an activation of intracellular pathways
that are not recruited under physiological conditions (55). In their
seminal study (55), treatment of 6-OHDA-lesioned rats with D1
receptor agonists was found to cause a pronounced striatal activa-
tion of extracellular signal regulated kinases 1 and 2 (ERK1/2), a
pathway traditionally associated with the stimulation of tyrosine-
kinase or glutamate receptors, not Ggol¢-coupled receptors (cf.
Figure 2). A link between L-DOPA-induced ERK1/2 activation and
the development of dyskinetic behaviors was later demonstrated

in both rodent (40, 56-58) and non-human primate models of
LID (40).

In addition to altered DA receptor-mediated signaling, an
abnormal corticostriatal synaptic plasticity (59) and structural
changes of striatal neurons associated with the progression of PD
(60) predispose to a dyskinetic response to therapy. Post-mortem
investigations of striatal tissue from PD patients have revealed
conspicuous loss of spines and dendritic atrophy in medium-
sized spiny neurons (61, 62). Similar phenomena have been found
to occur in both rodent and non-human primate models of PD
(63, 64). The results so far available indicate that treatment with
L-DOPA does not normalize the dendritic structure of striatal
neurons, but instead superimposes a new layer of changes that are
associated with the development of dyskinetic behaviors (65-67).

It has been hypothesized that striatal dendritic atrophy has a
major impact on the response to PD treatment favoring the emer-
gence of complications because, “expecting a normal reaction to
dopaminergic drugs under these circumstances is like expecting a
four-cylinder car engine to turn over normally on three cylinders”
(68). Further investigations are however needed to clarify the pre-
cise contribution of an altered striatal dendritic morphology to
the genesis of LID (69).

L-DOPA-INDUCED DA RELEASE IN THE DYSKINETIC BRAIN
PET imaging studies in PD patients have established a link between
L-DOPA-induced motor complications and large fluctuations in
striatal DA levels (20). In a seminal study using [!!C] raclo-
pride PET, De La Fuente Fernandez and coworkers compared the
dynamics of striatal DA release between PD patients affected by
LID and patients with a stable response to therapy (20). One hour
after L-DOPA administration, dyskinetic patients exhibited signif-
icantly greater changes in striatal DA levels than did stable L-DOPA
responders (21). Similar results were obtained by Piccini’s group,
who also established a positive correlation between changes in stri-
atal DA levels and severity of peak-dose LID (22). One limitation
of these human studies is that the absolute extracellular concen-
trations of DA, hence their impact on changes in [!'C] raclopride
binding, were not accessible to investigation. This concern is rel-
evant because the dyskinetic PD patients in these studies had a
longer disease duration than did stable L-DOPA responders (21,
22). Alonger disease duration may potentially lead to lower striatal
DA levels at baseline.

Microdialysis studies in rodent models of LID have been
very useful in clarifying the relationship between dyskinesia and
absolute striatal DA concentrations “on” and “off” L-DOPA. In a
seminal study, Meissner and colleagues compared striatal extra-
cellular DA levels in 6-OHDA-lesioned rats exposed to a prior
course of treatment with L-DOPA or saline (70). L.-DOPA was
given at a high dose (50 mg/kg/day per 10 days), which induced
AlIMs in all of the treated animals. A striking result of this study
is that the same peripheral dose of L-DOPA elicited a larger
increase in striatal extracellular DA levels in L-DOPA-primed ani-
mals compared to saline-treated ones (70). Other microdialysis
studies were performed in 6-OHDA-lesioned rats that had been
chronically treated with a lower dose of L-DOPA (6 mg/kg/day),
upon which some of the animals remained free from AIMs. These
studies reported larger striatal levels of L-DOPA (71) or DA (72,
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73) in dyskinetic animals compared to non-dyskinetic cases. The
most pronounced between-group difference in striatal DA levels
occurred at the peak of the L-DOPA-induced surge, i.e., 40-60 min
after L-DOPA administration. DA concentrations did not how-
ever differ between dyskinetic and non-dyskinetic animals either at
baseline or at later time points post drug dosing (72, 73). Although
dyskinetic animals showed a larger increase above baseline (ADA),
their absolute DA concentrations never exceeded the values mea-
sured in intact control animals (72). Interestingly, a similar pattern
of group differences was observed in the substantia nigra, which
was monitored simultaneously with the striatum in one study (72).

Taken together, these results show that both ADA and absolute
DA concentrations at the peak of the L-DOPA effect are larger in
animals affected by involuntary movements compared to non-
dyskinetic cases, despite similar baseline DA levels. The larger
ADA values in dyskinetic rats are in keeping with the results of
[''C] raclopride-PET studies in dyskinetic PD patients, though
apparently at variance with other experimental data. In partic-
ular, a recent microdialysis study in the macaque model of LID
has failed to detect a significant increase in striatal extracellular
DA levels after L-DOPA administration, whereas striatal levels of
DOPA showed a robust increase (74). According to the authors
interpretation, these data indicate that a low DOPA decarboxy-
lase activity in parkinsonian primates limits the production of DA
from exogenous L-DOPA, differently from the situation encoun-
tered in 6-OHDA-lesioned rodents (74). These unexpected results
prompt the interim reflection that the rat model of LID is more
suitable than the macaque one to reproduce the presynaptic dis-
turbances seen in the human condition. Indeed, ['!C] raclopride
binding is displaced by DA, and not by L-DOPA itself.

SEROTONIN NEURONS AS AN ABERRANT SOURCE OF DA
RELEASE “ON" L-DOPA

The first report implicating serotonin neuron as a source of DA
release “on” L-DOPA was provided by Tanaka and colleagues (75).
These authors compared extracellular DA levels in the striatum
of 6-OHDA-lesioned rats that had sustained or not an additional
chemical lesion of serotonin neurons. Rats in the double-lesion
group exhibited a dramatic 80% reduction in L-DOPA-induced
DA efflux (75). Another important early study used a similar
approach to show that a serotonin lesion completely suppressed
the induction of both rotational behavior and striatal c-Fos expres-
sion by L-DOPA in 6-OHDA-lesioned rats (76). The authors of
these studies suggested that the action of L-DOPA in PD critically
depends on its conversion to DA in serotonin neurons.

As explained above, serotonin neurons are endowed with the
enzymes that convert L-DOPA to DA, and package this DA into
synaptic vesicles. A double-labeling immunofluorescence study in
rats treated with L-DOPA has indeed revealed immunoreactiv-
ity for DA in serotonin-positive dorsal raphe neurons and their
striatal projections (77).

It is therefore hardly surprising that serotonin neurons become
an important source of L-DOPA-derived DA release in a situation
where nigrostriatal neurons are severely damaged. A relationship
between LID severity, on one hand, and morphological or autora-
diographic measures of striatal serotonin innervation, on the other
hand, has been detected in both rat and non-human primate

models of PD by several studies (78—81). These results fit well
with our observation that chronically L-DOPA-treated rats with
larger ADA values “on” L-DOPA show higher striatal levels of sero-
tonin and its metabolite at baseline, suggestive of a denser 5-HT
innervation (72).

Supporting the notion that 5-HT neurons release DA “on” r-
DOPA, several studies in 6-OHDA-lesioned rats have shown that
L-DOPA-induced peak DA efflux can be blunted by agonists of the
serotonin autoreceptors, 5-HT1a and 5-HT1b (72, 82, 83). Ago-
nists at these receptors dampen the activity of serotonin neurons,
measured as either firing rate or neurotransmitter release (84). 5-
HT1la and 5-HT1b receptor agonists have marked antidyskinetic
effects in both rodent and non-human primate models of LID
[reviewed in Ref. (3, 85)]. However, doses of 5-HT1a/b agonists
that improve LID do not improve dyskinesias that are induced by
apomorphine (86) or D1 receptor agonists (28). This pattern of
effects indicates that low-medium doses of 5-HT1a and 5-HT1b
agonists [cf. doses in (28, 72, 86)] interfere with presynaptic mech-
anisms of dyskinesia that are exclusively recruited by L-DOPA,
not by dopaminergic agents acting directly on DA receptors. The
efficacy of 5-HT1a and 5-HT1b agonists in reducing LID further
indicates that DA release from serotonin neurons plays a causal role
in LID. A compelling demonstration of this concept was provided
by Carta and collaborators using selective lesions of 5-HT neurons
(86). These lesions completely suppressed L-DOPA-induced AIMs
in previously dyskinetic rats (86). Other studies applied a chemical
lesion of 5-HT neurons to 6-OHDA-lesioned rats before treat-
ing them with L-DOPA, and demonstrated a positive association
between the levels of residual striatal 5-HT innervation and the
severity of dyskinetic movements induced by the treatment (87).

Why would DA release from 5-HT neurons be so prone to
induce LID? Serotonin neurons lack presynaptic mechanisms that
can sense and regulate their DA release, such as DA autorecep-
tors and DAT [reviewed in Ref. (15)]. Thus, in situations where
both baseline DA levels and DAT activity are severely reduced
(which is the case in advanced PD), DA release from serotonin
neurons is bound to produce large swings in DA levels. Moreover,
DA efflux from 5-HT neurons will be ectopic in terms of both
subcellular release sites and anatomical distribution. Accordingly,
an elegant microdialysis study in 6-OHDA-lesioned rats reported
very large increases in DA levels “on” L-DOPA in many brain
structures (including hippocampus and prefrontal cortex), and
the increases were totally abolished by a complete lesion of sero-
tonin neurons (88). These large extrastriatal DA surges induced by
L-DOPA most likely contribute to the development of both motor
and non-motor complications to therapy (89). With respect to
LID, a recent study in the rat has linked the stimulation of cortical
D1 receptors to the expression of involuntary movements through
a local generation of high-frequency oscillatory activities (90).

DEBATE ON THE INVOLVEMENT OF 5-HT NEURONS IN LID

Although the studies reviewed above are quite consistent, the con-
cept that 5-HT neurons provide a major source of DA release in
LID has met some resistance. Here follows a summary of common
objections presented to us in the form of scientific correspon-
dence. First, it is pointed out that the role of 5-HT neurons in
LID has been studied in animals with relatively intact serotonin
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projections, which would be unlike the situation in the advanced
stages of PD. Second, it is pointed out that a degree of striatal DA
denervation as dramatic as in these animals would occur only in
the very terminal stages of PD, implying that there would always
be some nigrostriatal fibers ready to release DA in dyskinetic PD
patients. Third, the comment has been put forward that astrocytes
represent a much more abundant compartment than 5-HT pro-
jections to take up L-DOPA and convert it to DA in the striatum.
All these objections are warranted, but also quite addressable with
data available in the published literature.

As to the first point, post-mortem biochemical studies of 5-HT
markers in PD have revealed that the loss of serotonergic innerva-
tion is more severe in the caudate than the putamen. In the latter
structure, detectable levels of serotonergic markers persist until
the terminal stages of PD (91). Accordingly, PET imaging studies
in patients with advanced PD have detected only 30% reduction
in putaminal serotonin transporter (SERT) binding (92), whereas,
dopaminergic markers may be reduced by over 75% in the same
structure (93). Post-mortem autoradiographic studies of SERT
and DAT binding activities in the PD putamen are in keeping
with the PET imaging investigations (42, 43, 80, 94). Furthermore,
a post-mortem autoradiographic study has revealed larger SERT
binding density in the post-commissural putamen in PD cases
with LID compared to non-dyskinetic subjects (80).

Regarding the extent of DA denervation in the human disease,
a recent pathological study has reported a virtual absence of DA
fiber markers in the posterior putamen already at 4-5 years from
PD diagnosis (95). Thus, the levels of DA denervation occurring
in the dorsolateral striatum in animal models of LID are compa-
rable to those in the post-commissural putamen (the motor part
of the striatum) in mid-advanced stages of PD. And these are the
stages where motor complications to therapy start to appear (cf.
Figure 1).

As to the role of non-neuronal cells in handling L-DOPA,
while this phenomenon certainly deserves further investigation
(see below), it should be pointed out that neither glia nor vessel-
associated cells have a capacity for vesicular storage and release of
neurotransmitters. This is an important point, because microdial-
ysis studies in 6-OHDA-lesioned rats have shown that L-DOPA-
induced DA release is significantly reduced by reserpine, a VMAT
blocker (96), and also by tetrodotoxin (TTX) (72, 97), a sodium
channel blocker inhibiting the generation of action potentials.
Thus, the bulk of DA efflux “on” L-DOPA has a neuronal ori-
gin even in animals with complete nigrostriatal DA lesions. Some
authors have proposed that striatal interneurons expressing TH
may provide a source of DA production and L-DOPA conversion
in PD (98-100). However, it is as yet unclear whether these neurons
can actually release DA [cf. (101)], and the expression of AADC in
these cells appears to be very low, at least in rodents (41).

A proof-of-concept that 5-HT neurons release DA in patients
affected by LID has been recently provided by Politis and cowork-
ers using PET imaging techniques (102). In this study, dyskinetic
PD patients were compared to patients with a stable response to
therapy (“stable responders”) using both a SERT ligand (["cCl-
DASB PET) and ['!C] raclopride. In agreement with previous
studies (see above), a standard dose of L-DOPA induced a larger
displacement of ['!C] raclopride binding in the dyskinetic group.
Interestingly, the magnitude of [!'C] raclopride displacement

was positively correlated with the striatal levels of ['!C] DASB
binding, suggesting a relationship between peak DA efflux “on”
L-DOPA and the density of striatal 5-HT innervation. Further
to these observations, the authors evaluated the effects of bus-
pirone, a compound with 5-HT1a agonistic activity, on the change
in [''C] raclopride binding induced by L-DOPA administration.
Intriguingly, buspirone reduced the magnitude of raclopride dis-
placement only in dyskinetic PD patients, while having no effect
at all in the stable responders. Furthermore, dyskinetic patients
exhibiting a greater response to buspirone displayed a larger sig-
nal on the [''C] DASB PET scans, indicating larger striatal levels
of serotonergic terminals. Finally, a strong positive correlation
between AIM ratings and ['!C] DASB binding density was found
in the group of patients with peak-dose LID of mild-moderate
severity (102). The authors concluded that striatal serotonergic
terminals contribute to LID in human PD via aberrant process-
ing of exogenous L-DOPA and release of DA as false neuro-
transmitter, quite in agreement with the results obtained in rat
studies (102).

DEBATE ON THE PLASTICITY OF THE SEROTONIN SYSTEM IN
LID AND ITS ANIMAL MODELS

The serotonin system is highly vulnerable to age-related degener-
ative changes, but also highly plastic (103-105). Functional and
structural adaptations of the serotonin projections may therefore
impact on their role in LID.

In many toxin-based animal models of PD, the neurotoxic
lesion induces partial damage of ascending 5-HT projections,
followed by a long-term compensatory sprouting of 5-HT axon
fibers (81, 106—108). Furthermore, chronic dyskinesiogenic treat-
ment with L-DOPA has a growth-promoting effect on serotonin
axon terminals (78, 80, 81), which is likely dependent on the
treatment-induced upregulation of BDNF (80). The treatment-
induced sprouting of 5-HT axon terminals requires a previous
severe DA denervation of the affected region, as well as a par-
tial lesion of 5-HT afferents, as it does not seem to occur when
LID is produced in animal models of PD having intact serotonin
projections [cf. (109)].

The striking plasticity of the 5-HT system in animal models
of PD-LID has raised concerns that the importance of this sys-
tem may be overestimated in the experimental models relative
to the human disease, because serotonin neurons are expected to
degenerate, not to grow new axon terminals, in PD. However, in
the study by Politis and coworkers (102), the dyskinetic patients
with longest disease duration exhibited a remarkably preserved
serotonin terminal function. Thus, striatal levels of [!!C]-DASB
binding did not differ between the severely dyskinetic patients and
the subjects with a stable response to therapy, who had a signifi-
cantly shorter disease duration (102). These results are at variance
with the expected loss of ['!C]-DASB binding during the pro-
gression of PD (92), and may in fact suggest that serotonin axon
terminals mount a long-term sprouting response in human LID,
analogous to that seen in the animal models. Further support to
this interpretation comes from an autoradiographic study of SERT
radioligand binding density in the human post-mortem putamen
and pallidum, showing larger SERT binding levels in PD patients
with clinical records of LID compared to non-dyskinetic cases (80).
In this study, a linear correlation was found between SERT binding
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density and number of SERT-immunoreactive axonal varicosities,
at least in the pallidum (80).

At variance with the evidence above, some recent studies in
6-OHDA-lesioned rats have suggested that chronic L-DOPA treat-
ment may have deleterious effects on serotonin neurons. In one
study, animals were treated with L-DOPA (12 mg/kg/day) for
28 days, after which tissue levels of DA and serotonin were mea-
sured in several brain regions at various intervals following the
last L-DOPA dose (89). A reduced ratio between serotonin and
DA concentrations occurred for up to 4 h post L-DOPA adminis-
tration in all the structures examined. The authors concluded that
L-DOPA treatment had increased DA levels while reducing 5-HT
levels in all brain regions (89). These results may reflect the fact
that DA displaces 5-HT from synaptic vesicles within serotonin
axon terminals (77, 86). If serotonin is displaced from the vesicles,
its degradation will be faster and its tissue contents reduced, at least
for a few hours following the administration of L-DOPA. However,
Eskow Jaunarajs and colleagues proposed that long-term L-DOPA
therapy may be directly detrimental to serotonin neurons through
mechanisms involving oxidative stress, an idea supported by some
observations in vitro (89). Endorsing the above interpretation,
a microdialysis study performed in rats previously treated with
L-DOPA (12 mg/kg/day for 10 days) reported a lower magnitude
of L-DOPA-induced DA efflux in several brain regions compared
to that measured in acutely L-DOPA-treated animals (110). The
authors concluded that chronic L-DOPA therapy negatively affects
the functionality of serotonin neurons, at least if high drug doses
are used (110). These results are, however, at variance with those
reported by other studies using high doses of L-DOPA (70).

While the debate on the degeneration and plasticity of 5-HT
neurons in PD-LID is still ongoing, there is agreement that 5-HT
receptors in the brain show pronounced functional adaptations. In
particular, increases in striatal and cortical levels of 5-HT1a and
5-HT1b receptors, as well as their adaptor proteins (111), have
been reported by several studies performed in animal models of
PD and LID [partially reviewed in Ref. (112)]. Further studies are
needed to verify the occurrence of these adaptations in the human
disease, and to clarify their functional consequences. For exam-
ple, it is likely that these receptor adaptations may impact on the
responsiveness to antidyskinetic treatments targeting 5-HT'la and
5-HT1b receptors.

GLIOVASCULAR MECHANISMS

In addition to high DA levels, dyskinetic animals show a large
increase in the extracellular levels of L-DOPA following peripheral
drug administration (71,74, 113). A study in non-human primates
has even suggested that L-DOPA does not need to be converted to
DA in order to elicit AIMs (74).

The concentrations of rL-DOPA in the brain extracellu-
lar fluid reflect the balance between drug entry and drug
uptake/metabolism by brain cells. There are no indications that the
uptake of L-DOPA by brain cells is impaired in dyskinetic animals,
and it is therefore warranted to ask whether its entry could be
increased. L-DOPA enters the brain from the blood stream via the
L-type amino acid transporter system present in endothelial cells
of the blood-brain barrier (BBB) (114, 115). Thus, the passage of
L-DOPA from blood to brain will depend on the same variables

FIGURE 5 | Brain endothelial cells and pericytes produce dopamine
following systemic administration of L-DOPA. In the 60s, a group of
Swedish pharmacologists led by E. Rosengren discovered that brain
endothelial cells and pericytes are a significant site of dopamine production
following treatment with (-DOPA. This photomicrograph represents a
section of rat cerebellum processed for the Falck—Hillarp catecholamine
histofluorescence method to visualize DA-containing cells. The rat had
received an injection of L-DOPA (50 mg/kg, combined with the
monoamine-B inhibitor nialamide) shortly before being killed. The authors
commented, “It was evident that the fluorescent material occurred
throughout the capillary walls giving almost a three-dimensional
appearance of the capillary tubes. Fluorescence of high intensity (was
found) in cytoplasm and nucleus of both endothelial cells and pericytes”
[Reproduced with permission from Ref. (51)].

that regulate the extraction of any substance, that is: (1) capillary
permeability, (2) the capillary surface area, and (3) the regional
blood flow (116). In the case of L-DOPA, a fourth variable should
be considered, namely, the possibility of an active drug metabolism
at the capillary level.

Already in the 60s, studies based on the Falck—Hillarp cat-
echolamine histofluorescence method had indicated that brain
capillaries critically regulate the entry of L-DOPA into the brain
parenchyma (51). Endothelial cells and pericytes were revealed to
be the first site of L-DOPA uptake, conversion, and metabolism in
the brain (Figure 5), and were found to express very high levels of
both AADC and monoamine oxidase B (51). It was thus proposed
that cells lining cerebral microvessels form an enzymatic barrier to
the entry of L-DOPA (51). Further to these studies, it was recently
reported that L-DOPA accumulates not only in the microvessels,
but also in astrocyte cell bodies and astrocytic endfeet surrounding
cerebral microvessels (117).

Endothelial cells, pericytes, and perivascular astrocytes form
a functional unit that controls both capillary permeability and
regional cerebral blood flow (rCBF) [reviewed in Ref. (118,
119)]. Both of these parameters are dynamically regulated in
the brain to match the metabolic activity of neurons, and
this process (termed “neurovascular coupling”) is modulated by
monoaminergic afferents that innervate cerebral arterioles and
microvessels (120—124).

Interestingly, while regional glucose metabolism (which is
mainly driven by neuronal activity) and rCBF are well-matched
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in PD patients during the “off” medication state, the administra-
tion of L-DOPA greatly increases rCBF without elevating glucose
metabolism in a brain network that includes putamen, pallidum,
and midbrain—pons (125). In this brain network, the dissociation
between flow and metabolism is particularly striking in patients
affected by LID (125). These findings suggest that L-DOPA exerts
hemodynamic effects that are independent of its modulation of
neuronal metabolic activity, thus superseding physiological mech-
anisms of neurovascular coupling in the affected brain regions. A
similar phenomenon occurs in the rat model of LID, which fea-
tures a large increase in rCBF “on” L-DOPA in many parts of the
basal ganglia, often in the absence of large concomitant changes in
glucose metabolism (126).

The flow-metabolism dissociation response is a particularly
intriguing phenomenon as it may signal a previously overlooked
effect of L-DOPA on gliovascular cells (126). Moreover, this phe-
nomenon may result in higher extracellular levels of L-DOPA in
dyskinetic subjects (125, 126), impacting on the presynaptic mech-
anisms of LID. The underlying mechanisms are however unclear.
Evidence of flow-metabolism dissociation has thus far been found
only in specific regions, and the observed regional pattern cannot
be readily explained by regional differences in either DA efflux
“on” L-DOPA (88) or gliovascular expression of DA receptors (43,
120, 122, 127). Some interesting mechanistic suggestions have
however emerged from studies performed in the rat model of
LID. In 6-OHDA-lesioned rats treated with L-DOPA, regions with
large increases in blood flow “on medication” exhibit endothelial
proliferation and angiogenic activity when the treatment is given
chronically (126). Furthermore, some of these regions exhibited
an increased microvascular density and upregulation of angio-
genesis markers in a post-mortem study of basal ganglia tissue
from dyskinetic PD patients (43). These findings suggest that the
large increases in rCBF “on” L-DOPA and the angiogenic response
to the chronic treatment are interrelated phenomena, which are
critically regulated by gliovascular cells in the affected brain
regions (126). Investigating this hypothesis is likely to yield impor-
tant insights into previously overlooked neurovascular effects of
L-DOPA, uncovering novel therapeutic targets.

CHANGES IN BBB PERMEABILITY: THE FINDINGS AND THE
DEBATE
As mentioned above, capillary permeability is one of the fac-
tors determining the central availability of L-DOPA. The BBB
is a selective diffusion barrier that relies on specialized proper-
ties of the brain’s capillary endothelium, such as the presence of
tight cell—cell junctions, low levels of pinocytotic activity, and the
expression of selective transporter proteins at the plasma mem-
brane [reviewed in Ref. (128)]. Several independent studies suggest
that the functionality of the BBB becomes impaired during the
progression of PD (129-131). For example, the ratio between
albumin concentrations in cerebrospinal fluid (CSF) and plasma is
increased in PD patients with advanced disease compared to age-
matched controls (131). Interestingly, higher albumin ratio values
were measured in patients receiving DA replacement therapy
compared with untreated subjects (131).

It has been suggested that the neuroinflammation associated
with neurodegeneration leads to an increased BBB permeability

due to the vascular effects of proinflammatory cytokines [see Dis-
cussion in Ref. (132), and references therein]. However, while
neuroinflammation is a widespread finding in PD (133), the per-
meability problem appears to depend on focal areas of BBB dys-
function within the striatum and the midbrain. These areas show
signs of angiogenic activity (43, 126, 132, 134). Several studies in
both parkinsonian animals and human PD have indeed detected
endothelial proliferation and other markers of active angiogen-
esis within the substantia nigra and the striatum (43, 134-137).
Because active angiogenesis entails a transient increase in vessel
permeability, it will inevitably lead to a localized leakage of the
BBB when it occurs in the brain (138). Accordingly, studies in rat
models of PD have revealed localized leakage of BBB tracer mole-
cules (132) or downregulation of BBB proteins (139) precisely on
vessels having angiogenic features.

When treatment with L-DOPA produces dyskinesias, it may
aggravate the BBB dysfunction associated with PD, or even induce
a new pattern of dysfunction. In the rat model of LID, dysk-
inetic animals exhibit endothelial proliferation, increased BBB
permeability, and upregulation of vascular endothelial growth fac-
tor (VEGF) in the lateral striatum and the basal ganglia output
nuclei (the substantia nigra pars reticulata and the entopedun-
cular nucleus, i.e., rodent equivalent of the GPi) (43, 139-141).
These phenomena only occur on the DA-denervated side of the
brain, and they are positively associated with the development of
LID (139, 141). L-DOPA induces this angiogenic activity via stim-
ulation of D1 receptors and activation of ERK1/2 signaling (140).
Treatments that antagonize VEGF attenuate the gradual increase
in dyskinesia severity during a chronic course of L-DOPA adminis-
tration (43, 141), while inhibiting the angiogenic activity and BBB
dysfunction induced by L-DOPA in the basal ganglia (43). Along
with human pathological observations (43, 137), these findings
suggest that a treatment-induced, VEGF-dependent angiogenic
activity in the basal ganglia contributes to an aggravation and
chronicization of LID in the advanced stages of PD (43).

The pathophysiological implications of these findings are, how-
ever, poorly understood. We have proposed that the increased BBB
permeability associated with angiogenesis may contribute to an
increased entry of L-DOPA in the affected regions (i.e., the motor
part of the striatum and the basal ganglia output nuclei) (139).
Supporting this proposition, dyskinetic animals were found to
exhibit increased striatal and nigral uptake of an intravenous tracer
molecule (which normally does not cross the BBB) having a mole-
cular weight similar to L-DOPA (126). Importantly, leakage of this
tracer into the striatal parenchyma was detected at significant levels
at 60 min, but not 24 h after the administration of L-DOPA (126).
This observation is interesting because it suggests an association
between increased rCBF “on” L.-DOPA and BBB hyperpermeability
in dyskinetic subjects (126). In other words, the high rCBF asso-
ciated with LID (125, 126) would cause BBB leakage at the level
of immature microvessels, which form in the striatum and its out-
put nuclei because of the combined effect of DA denervation and
chronic L-DOPA treatment (126). In keeping with this suggestion,
an increased perfusion has been shown to enhance tight-junction
opening between endothelial cells in other models of brain disease
involving angiogenesis or microvascular pathology (142). Further
investigations are needed to clarify the relative importance of an
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increased BBB permeability in producing high extracellular levels
of L-DOPA in LID.

The suggestion that BBB permeability is enhanced in LID has
raised some debate (143). It is often argued that the peripheral
DOPA decarboxylase inhibitors included in standard L-DOPA
preparations [i.e., carbidopa or benserazide, reviewed in Ref. (3,
4)] are unlikely to enter the brain. If they did, the treatment
would not engender an increase in central levels of DA, whereas
raclopride-PET studies unequivocally demonstrate striatal DA
release after the administration of L.-DOPA to PD patients. How-
ever, studies in both intact and 6-OHDA-lesioned rats indicate that
peripheral DOPA decarboxylase inhibitors significantly reduce
central AADC activity only at doses much higher than those given
to patients (144, 145). More importantly, doses of benserazide
reducing striatal AADC activity by over 50% did not have any
effect on either basal DA levels or L-DOPA-induced DA release
in the striatum (145, 146). To achieve a significant effect on the
above parameters, benserazide had to be administered at the dose
of 50 mg/kg, which reduced striatal AADC activity by >80% (145,
146). Such a dose is manifold larger than the highest benserazide
dosage to which a PD patient will ever be exposed. In a study using
6-OHDA-lesioned rats, not even 50 mg/kg benserazide had any
significant effect on the increase in extracellular DA levels induced
by L-DOPA, affecting only the time to reach the peak (145).

ROLE OF NORADRENALINE NEURONS

Dopamine is the immediate precursor of NA along the cat-
echolamine biosynthetic pathway, and extracellular NA levels
increase in the DA-denervated striatum after a peripheral injec-
tion of L-DOPA. Interestingly, this increase is significantly larger
when the treatment induces involuntary movements (73). An ele-
vation in striatal NA levels has been suggested to contribute to
LID because local infusions of NA in the DA-denervated stria-
tum induce AIMs in the rat (73, 147). Based on these findings,
one would expect LID to be improved by lesions of central NA
projections. Quite in contrast with this prediction, most stud-
ies addressing the impact of noradrenergic denervation on LID
have reported a worsening of dyskinesia, which was due either
to an increased peak severity (148, 149) or to an increased dura-
tion of the involuntary movements (150). Other studies have not,
however, detected a significant worsening of LID, even when the
noradrenergic denervation resulted in a worsening of motor and
cognitive deficits (151, 152). These apparent discrepancies are
likely to depend on technical differences regarding NA lesion pro-
cedures and/or types of 6-OHDA models used in different studies.
In this regard, it is useful to know that injections of 6-OHDA
in the medial forebrain bundle (MFB) damage also ascending NA
fibers, an effect that cannot be completely prevented by pretreating
animals with blockers of NA uptake, such as desipramine (unpub-
lished data by the Cenci’s lab). Thus, a large 6-OHDA lesion in the
MFB may occlude the effect of a subsequent NA lesion, even more
so if the latter is applied using toxins that damage NA projections
but leave their cell bodies intact (150).

Despite the above discrepancies, a large amount of data point
to an involvement of the NA system in the motor complications of
PD therapy. This system is highly vulnerable to the neurodegen-
erative process in PD (153) and to the neurotoxins that are used

to create PD models in animals [reviewed in Ref. (30)]. Moreover,
treatment with L-DOPA appears to modulate the activity of brain
NA neurons, as indicated by changes in NA cell firing in the locus
coeruleus region, and by an increased NA efflux in their projection
targets (73, 150). That the NA system in causally involved in LID is
suggested not only by the results of lesion studies in the rat (148—
150), but also by a vast pharmacological literature investigating
the effects of NA receptor modulators.

Several studies in rat and primate models of PD have indeed
shown that modulators of NA receptors improve LID. Many
studies have evaluated antagonists of ayp/c-adrenoceptors, and
found that they reduce the severity of L-DOPA-induced AIMs,
and that they also can prolong the anti-akinetic effect of single
L-DOPA doses (154—158). One potential underlying mechanism
may involve a reduction of peak extracellular levels of both DOPA
and DA, which the a,¢ adrenoceptor antagonist idazoxan has been
shown to achieve at a dose that significantly reduces the severity of
LID (113). The mechanisms by which central NA neurons mod-
ulate the effects of L-DOPA remain, however, poorly understood.
Given that the NA system has widespread modulatory functions
in the brain, these mechanisms are bound to be very complex.
Relevant to the presynaptic mechanisms of LID are the modula-
tory effects of NA on several afferent striatal systems, including
5-HT and DA axon terminals (159-161), and the key role of locus
coeruleus neurons in regulating both cerebral blood flow and
capillary permeability (124, 162), and in maintaining the integrity
of the BBB (163).

CONCLUDING REMARKS

L-DOPA remains the most effective treatment for PD and under-
standing how this drug is handled by, and in turn affects, a
parkinsonian brain, is an undisputed research priority, not least
for the sake of developing better treatment options.

In the past few years, research on the presynaptic mechanisms
of LID has generated results of great translational importance,
but also scientific controversy. In this article, I have reviewed both
the findings and the controversies, while highlighting important
aspects that call for further investigations.

Some of the concepts presented in this article are, however, quite
uncontroversial and have already inspired a clinical development
of new treatments. Thus, the concept that large swings in striatal
DA levels are the culprit behind motor fluctuations and dyskine-
sia has prompted the development of new methods of continuous
L-DOPA delivery, which are now available in several countries
[reviewed in Ref. (3)]. While these therapies have a proven effi-
cacy against the motor fluctuations (164), the extent to which
they can eliminate already established dyskinesias remains to be
demonstrated.

The concept that LID depends on DA release from sero-
tonin neurons has raised both interest and discussion. That 5-
HT neurons can produce and release DA “on” L-DOPA is now
widely accepted. A debate, however, persists regarding the relative
importance of this phenomenon. PD dyskinesias are conceivably
more complex than the models of peak-dose LID obtained in
animals with “clean” nigrostriatal lesions. For example, in the
advanced stages of PD, the involuntary movements may exhibit
a variable and unpredictable relationship with the timing of drug
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administration, and they may be induced by dopaminergic agents
that do not release any DA in the brain. A point of recent dis-
cussion pertains to the role of DA release from 5-HT neurons
in inducing involuntary movements as opposed to “good” anti-
akinetic effects. Two recent studies (165, 166) have suggested that
DA release from serotonin neurons not only generates dyskinesia
but may also mediate the therapeutic benefit of L-DOPA. An impli-
cation of these findings is that antidyskinetic treatments based on
the stimulation of 5-HT;a/p receptors (dampening transmitter
release from 5-HT neurons) may have an unfavorable risk-benefit
profile in the advanced stages of PD, when most L-DOPA-derived
DA release is likely to come from 5-HT neurons, at least in the
motor regions of the striatum. Accordingly, large clinical trials
of 5-HT)4 receptor agonists in LID appear to have faced some
difficulties in defining a suitable therapeutic window for the inves-
tigational drugs [reviewed in Ref. (3)]. It should be noted, however,
that the 5-HT 4 ligands so far evaluated in PD patients had partial
agonist activity and many off-target effects. To really appreciate
the potential of this strategy, it will therefore be important to test
more potent and selective compounds.

During the past few years, we have learned that L-DOPA phar-
macotherapy affects not only neurons, but also microvascular (43,
125, 126, 141) and glial compartments (43, 117, 167) within the
basal ganglia and the midbrain. Findings obtained in rat models of
LID have revealed a previously unappreciated plastic potential of
basal ganglia microvessels, sparking a new interest in the effects
of dopaminergic medications on the neurovascular unit. This
topic clearly deserves further investigation. An emerging research
is uncovering orchestrated actions of gliovascular cells, immune
cells, and neurons in the maladaptive plasticity associated with
brain diseases and their treatments (168—171). Investigating the
interactions between neuronal and gliovascular compartments is
therefore required to fully understand the long-lasting plasticity
at the basis of LID. Such an understanding will make it pos-
sible to devise new preventive strategies. Ultimately, preventive
interventions may represent the best approach to this medical
problem because, once established, LID is probably impossible
to completely eliminate with add-on pharmacological treatments.
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In the recent years, the serotonin system has emerged as a key player in the induction of
L-DOPA-induced dyskinesia (LID) in animal models of Parkinson’s disease. In fact, serotonin
neurons possess the enzymatic machinery able to convert exogenous L-DOPA to dopamine
(DA), and mediate its vesicular storage and release. However, serotonin neurons lack a feed-
back control mechanism able to regulate synaptic DA levels. While in a situation of partial
DA depletion spared DA terminals can buffer DA released from serotonin neurons, the pro-
gression of DA neuron degeneration impairs this protective mechanism, causing swings in
synaptic DA levels and pulsatile stimulation of post-synaptic DA receptors. In line with this
view, removal of serotonin neurons by selective toxin, or pharmacological silencing of their
activity, produced complete suppression of LID in animal models of Parkinson's disease.
In this article, we will revise the experimental evidence pointing to the important role of
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serotonin neurons in dyskinesia, and we will discuss the clinical implications.

Keywords: serotonin, dopamine, L-DOPA, dyskinesia, 5-HT1 receptor, Parkinson’s disease

THE ROLE OF STRIATAL PRE-SYNAPTIC NEURONS IN THE
APPEARANCE OF LID

L-DOPA, the precursor of dopamine (DA), represents the most
effective drug for alleviating motor symptoms in Parkinson’s dis-
ease (PD) patients. Its efficacy is due to the ability to restore
synaptic DA levels, an effect thought to be mediated by the spared
dopaminergic neurons. Indeed, it is known that at the time of
diagnosis something between 50 and 70% of nigral DA neurons
have already degenerated; the remaining neurons, however, have
the ability to take up the exogenous L-DOPA, convert it to DA,
store DA into vesicles, and mediate its synaptic release (1, 2).
The presence of the DA D2 auto-receptor at the pre-synaptic
membrane, which activates a feedback control mechanism able
to fine-tune the neurotransmitter release, allows the maintenance
of physiological-like synaptic DA levels. Thus, preservation of this
mechanism of regulation of DA release in spared DA terminals
avoids excessive post-synaptic DA receptor stimulation following
chronic L-DOPA administration in PD patients. Unfortunately,
the so-called honeymoon period does not last forever; in fact, it
is estimated that about 40 and 90% of patients suffer for motor
fluctuations, known as L-DOPA-induced dyskinesia (LID), within
the first 5 and 10 years from diagnosis, respectively. Thus, sooner
or later, most of the patients experience a significant worsening of
the therapeutic effect of L-DOPA and of their quality of life.

The current view on the risk factors underlying the develop-
ment of dyskinesias suggests that the progression of the dopamin-
ergic degeneration, rather than the duration of L-DOPA treatment,
makes the therapeutic effect to deteriorate over-time (3). Accord-
ingly, it has been shown that delaying the initiation of the L-DOPA
administration (using direct DA receptor agonists for the first few
years), while postpones the onset of dyskinesia compared to L-
DOPA monotherapy, does not reduce the severity of dyskinesia
once L.-DOPA is introduced (4).

Interestingly, in a positron emission tomography (PET) study,
it has been demonstrated that dyskinetic patients present higher
synaptic DA levels 1 h after administration of L-DOPA compared
to stable responders (5). Thus, dyskinesias appear to be associated
to the inability to maintain synaptic DA levels within certain limits,
which is likely caused by the progression of DA neuron degener-
ation and consequent reduced ability to mediate controlled DA
release. In fact, in parkinsonian animals, severe dyskinesias develop
only in subjects with extensive DA lesion, while partial lesioned
animals show either none, or only mild dyskinesias. Elegant sup-
port to this view was provided by Ulusoy and collaborators (6); in
this study, a significant DA deficiency was induced in rats by viral
vector delivery of short hairpin RNA for the tyrosine hydroxy-
lase (TH) enzyme. Interestingly, DA-depleted rats were completely
resistant to the induction of dyskinesias following administra-
tion of a high dose of L-DOPA (even after being primed with
apomorphine), opposite to control animals with similar striatal
DA depletion. These results can be explained by the fact that
striatal DA terminals were largely preserved after inhibition of
DA synthesis, providing a buffering system for the exogenous
administered L-DOPA. In this situation, synaptic levels of DA
can be maintained within a physiological range by the presence
of D2 auto-receptors and DA transporter (DAT) on striatal DA
terminals. The ability of the pre-synaptic DA compartment to
prevent excessive DA receptor stimulation, even in presence of
supersensitive striatal DA receptors, is also confirmed in rat trans-
plantation studies. In fact, L-DOPA-primed dyskinetic rats tend
to normalize their response to L-DOPA after receiving ventral
mesencephalic DA grafts into the lesioned striatum, which recon-
stitute the pre-synaptic buffering capacity. The reduction of LID
is achieved despite post-synaptic DA receptors remain supersen-
sitive, as shown by the abnormal dyskinetic response of these
animals to amphetamine administration (7, 8).
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As further support pointing to similar mechanisms underlying
the appearance of dyskinesia in patients and animal models, dys-
kinetic rats have been shown to present higher extracellular DA
levels compared to non-dyskinetic animals after administration of
L-DOPA, as measured in microdialysis experiments (9, 10), simi-
lar to what seen by de la Fuente-Fernandez et al. (5) in dyskinetic
patients, in the aforementioned PET-imaging study.

Due to the intermittent oral administration of L-DOPA, synap-
tic DA peaks are rapidly followed by minimal neurotransmitter
levels, resulting in continuous fluctuations of synaptic DA con-
centration; this determines a pulsatile stimulation of post-synaptic
striatal DA receptors which is considered to be the driving force
for the induction of post-synaptic alterations at the level of striatal
neurons (5, 11).

In agreement with the key detrimental role of synaptic DA
swings in the appearance of LID, systems of continuous deliv-
ery of dopaminergic drugs, such as the continuous intraduodenal
infusion of L.-DOPA (known as DuoDopa), are less susceptible of
inducing dyskinesias (11, 12). In fact, this treatment strategy is
adopted in cases of advanced disease, where motor fluctuations
are no longer manageable by modifying the regimen of the oral
therapy.

THE SEROTONERGIC SYSTEM IN LID: PRE-CLINICAL
EVIDENCE

Although the efficacy of the treatment is partly compromised in
advanced stage of disease, as it is in animal models of complete
DA denervation, L-DOPA still produces clear motor effects, of
which dyskinesias represent an abnormal manifestation; this sug-
gests that other cellular compartments can substitute the lost DA
neurons in mediating L-DOPA conversion to DA, and neurotrans-
mitter release. In this context, the serotonergic system has emerged,
in recent years, as a key player (1). In fact, serotonin neurons share
with the DA ones, the same enzymatic machinery required to con-
vert L-DOPA to DA and mediate vesicular storage, the aromatic
amino acid decarboxylase, and monoamine vesicular transporter,
respectively. In agreement, early studies have demonstrated the
ability of serotonin neurons to store DA after exogenous admin-
istration of L-DOPA (13, 14). However, serotonin neurons lack a
feedback control mechanism able to fine-tune the synaptic lev-
els of DA. As consequence, L-DOPA-derived DA is released in
an uncontrolled manner, leading to excessive synaptic DA peaks,
and contributing to swings in synaptic DA levels following oral
administration of L-DOPA; this will eventually determine pulsatile
stimulation of striatal post-synaptic DA receptors, and changes in
signaling cascades at striatal neurons (5, 9, 15-18).

Serotonin neurons are supposed to be involved in the releasing
of DA also in early stages of disease; however, such contribution
may initially be beneficial due to the presence of the spared DA
terminals that can buffer serotonin neuron-derived DA and avoid
excessive DA receptor stimulation (1). In support of this view, it
has recently been shown that a 30% reduction of striatal L-DOPA-
derived DA release is induced upon removal of serotonin nerve
fibers in DA neuron-intact rats (19).

Hence, as the DA neuron degeneration progresses, serotonin
neurons are expected to contribute more and more to conversion
of exogenously administered L-DOPA to DA, eventually producing

excessive DA receptor activation. In line with this view, removal
of serotonin innervation by 5,7-dihydroxytryptamine (5,7-DHT)
administration reduced L-DOPA-derived extracellular DA levels
by about 80% in the striatum of complete DA-lesioned rats (20).
Most importantly, removal of forebrain serotonin innervation
leads to near-complete suppression of LID in L-DOPA-primed
parkinsonian rats (15).

The involvement of serotonin neurons in the appearance of
LID in animal models has also been demonstrated with a pharma-
cological approach. In fact, silencing of serotonin neurons can be
achieved by targeting the serotonin auto-receptors with selective
agonists. Accordingly, several studies have shown a reduction of
LID induced by selective 5-HT1 receptor agonists in pre-clinical
animal models of PD (15, 16,21-24). Moreover, co-administration
of 5-HT1A and 5-HT1B receptor agonists (8-OHDPAT and CP-
94253, respectively) in parkinsonian rats has been demonstrated
to produce a synergistic effect on reduction of LID, with complete
suppression at doses of the drugs that were ineffective when given
individually (15). Most importantly, this result was achieved also in
dyskinetic MPTP-treated macaques (24). In line with this hypoth-
esis, reduction of extracellular DA levels was found to account for
the potent anti-dyskinetic effect of 5-HT1A and 5-HT1B receptor
agonists on LID in a following rat microdialysis study (9).

Interestingly, similar results were also obtained with mixed 5-
HT1A/1B receptor agonists, such as eltoprazine and anpirtoline
in both rats and macaques, albeit a partial worsening of the ther-
apeutic effect of L-DOPA was seen at effective doses (25, 26). In
further support of a pre-synaptic action of 5-HT1A/1B receptor
agonists, doses able to fully suppress LID were ineffective against
dyskinesia produced by the DA direct agonist apomorphine (26,
27). This is relevant as 5-HT1A and 5-HT1B receptors are also
located post-synaptically, and their activation has been shown to
reduce striatal glutamate and GABA release, respectively (28, 29),
which is known to produce anti-dyskinetic effects; indeed, higher
doses of these compounds have been demonstrated to also reduce
dyskinesia induced by apomorphine (23).

The involvement of the serotonin neurons in the appearance
of LID has also been demonstrated in a rat PET-imaging study;
in fact, Nahimi and co-workers have shown that administra-
tion of 8-OH-DPAT could reverse L-DOPA-induced decrease of
[(11) C]raclopride binding and increase of extracellular DA in
6-OHDA-lesioned rats (30).

The interaction between L-DOPA and serotonin neurons has
been shown in another recent study, where administration of the
serotonin immediate precursor 5-hydroxy-tryptophan (5-HTP)
has produced anti-dyskinetic effect in parkinsonian rats; this effect
has been demonstrated to be partly mediated by activation of
serotonin auto-receptors and partly by displacement of DA from
serotonergic vesicles produced by the exogenous 5-HTP-derived
serotonin (31).

Even more striking results were obtained using selective sero-
tonin reuptake inhibitors (SSRIs), such as citalopram or fluox-
etine (32, 33), which are known to exert their anti-depressant
effect by increasing synaptic serotonin levels. In these studies,
the authors observed complete suppression of LID at relatively
low doses of drugs, while a 5-HT1 receptor antagonist appeared
to counteract this effect, suggesting that increased activation of
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serotonin auto-receptors is involved in the mechanisms of the
anti-dyskinetic effect of SSRIs in parkinsonian rats.

It should be noted that SSRIs and 5-HTP were found to produce
clear anti-dyskinetic effect without compromising the therapeutic
efficacy of L-DOPA in specific motor tasks. This is highly relevant
as it may suggest that worsening of the efficacy of L-DOPA seen
with selective 5-HT1 receptor agonists in parkinsonian rats may be
due to a transient reduction of the serotonergic tone. In fact, selec-
tive 5-HT1 receptor agonists are expected to reduce both DA and
serotonin release from serotonin neurons; by contrast, 5-HTP and
SSRIs are likely to reduce DA release without dampening synap-
tic serotonin levels. This is mostly important when thinking that
many advanced PD patients also suffer for symptoms of depres-
sion, and administration of selective 5-HT1 receptor agonists may
exacerbate this complication.

It should be noted that dampening of serotonin neuron release
by 5-HT1 receptor agonists did not only reduce LID, but it has also
been shown to prevent induction of post-synaptic alterations at
striatal neurons, such as increased expression of FosB and altered
synaptic NMDA receptor subunits distribution (24). This con-
firms that false transmitter release of DA from serotonin neurons
plays a key role in driving the maladaptive alterations that associate
with dyskinesia.

THE SEROTONERGIC SYSTEM IN LID: CLINICAL EVIDENCE
Whereas an overwhelming body of evidence proves a major role of
the serotonergic system in the appearance of LID in animal model,
clinical evidence are still scarce.

A large clinical study was conducted in the past years to inves-
tigate the efficacy sarizotan, a partial 5-HT1A receptor agonist,
in dyskinetic patients. Despite the promising results obtained in
pre-clinical experiments, and in an open-label study, the double-
blind investigation was terminated for lack of efficacy (34, 35).
While disappointing, these results may be due to the fact that
sarizotan also exerts antagonistic activity at the level of the D2
receptor (36). Moreover, it should be noted that sarizotan acts only
on the 5-HT1A receptor, while experimental evidence demon-
strated that a potent synergistic effect on suppression of LID is
obtained by simultaneous targeting of the 5-HT1A and 5-HT1B
auto-receptors (24, 26). Indeed, the mixed 5-HT1A/1B receptor
agonist eltoprazine, which we recently proved to be highly potent
on suppression of LID in animal models, is currently under clin-
ical investigation in a small group of dyskinetic patients, with
encouraging preliminary results (see http://www.psychogenics.
com/press2012.html).

Although it does not provide direct evidence for the involve-
ment of the serotonin system in LID, the results of the PET-
imaging study performed by de la Fuente-Fernandez et al. (5),
support the concept that dyskinesia is associated to dysregualted
DA release; in fact, in this study, dyskinetic patient showed higher
synaptic DA levels 1 h after L-DOPA administration compared to
stable responders.

In the same line, a key study has recently been performed by
Politis and co-workers (37). First, these authors showed that PD
patients with LID had relative preservation of serotonergic termi-
nals compared to patients with stable response to L.-DOPA, which
correlated with the severity of LID, in agreement with a previous

post-mortem investigation (38). Moreover, in patients with LID
the same L-DOPA dose induced significant higher striatal synaptic
DA levels than in non-dyskinetic patients, as already seen by de la
Fuente-Fernandez et al (5). Most importantly, the partial 5>-HT1A
receptor agonist buspirone, administered orally 15 min before L-
DOPA, significantly reduced the L-DOPA-evoked rises in striatal
synaptic DA release and attenuated LID (37). Whereas a previous
report has shown a partial reduction of LID following buspirone
administration (39), the study of Politis and colleagues provides
the first direct evidence that such reduction is linked to decreased
synaptic DA levels.

Whereas these results are extremely encouraging, a major con-
cern that emerged from animal studies is the preservation of the
L-DOPA therapeutic effect following dampening of serotonin neu-
rons activity. Thus, larger clinical studies should be performed to
address whether the therapeutic window is sufficient to take full
advantage from this approach to counteract LID in parkinsonian
patients, or to identify the subset of patients that are more likely
to benefit from 5-HT1 receptor agonists.
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Anti-glutamatergic drugs can relieve Parkinson's disease (PD) symptoms and decrease
I-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesias (LID). This review reports rele-
vant studies investigating glutamate receptor subtypes in relation to motor complications
in PD patients and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mon-
keys. Antagonists of the ionotropic glutamate receptors, such as N-methyl-d-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, dis-
play antidyskinetic activity in PD patients and animal models such as the MPTP monkey.
Metabotropic glutamate 5 (mGlub) receptor antagonists were shown to reduce the severity
of LID in PD patients as well as in already dyskinetic non-human primates and to prevent
the development of LID in de novo treatments in non-human primates. An increase in
striatal post-synaptic NMDA, AMPA, and mGlub receptors is documented in PD patients
and MPTP monkeys with LID. This increase can be prevented in MPTP monkeys with the
addition of a specific glutamate receptor antagonist to the L-DOPA treatment and also with
drugs of various pharmacological specificities suggesting multiple receptor interactions.
This is yet to be well documented for presynaptic mGlu4 and mGlu2/3 and offers additional
new promising avenues.

Keywords: Parkinson’s disease, L-DOPA-induced dyskinesia, motor complications, glutamate receptor, basal

ganglia, direct pathway, indirect pathway, receptor interaction

INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder and is likely to increase due to the aging pop-
ulation (1). PD is principally attributed to the death of dopamine
(DA) neurons in the substantia nigra, but other neurotransmit-
ters, such as glutamate, are also affected (2). There is no cure for
PD but symptomatic treatments are available (3). Restoring lost
DA with its precursor, L-3,4-dihydroxyphenylalanine (1-DOPA),
remains the most effective treatment (4). However, many patients
(>40%) develop motor complications after 5-10 years of treat-
ment (5). These motor complications include motor fluctuations

Abbreviations: 6-OHDA, 6-hydroxydopamine; Akt, protein kinase B; AMPA,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; cAMP, cyclic adenosine
monophosphate; DA, dopamine; DARPP-32, DA and cAMP-regulated phospho-
protein with molecular weight 32; DHA, docosahexaenoic acid; ERK, extracellular-
signal-regulated kinase; GABA, y-aminobutyric acid; GSK3, glycogen synthase
kinase-3; GP, globus pallidus; GPe, external globus pallidus; GPi, internal globus
pallidus; iGlu, ionotropic glutamate; KA, kainate; L-DOPA, levodopa (1L-3,4-
dihydroxyphenylalanine); LID, L-DOPA-induced dyskinesias; MAPK, mitogen-
activated protein kinase; mavoglurant, AFQ056; mGlu, metabotropic glutamate;
MPEP, 2-methyl-6-(phenylethynyl)pyridine; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; MTEP, 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine; mTor,
mammalian target of rapamycin; NAM, negative allosteric modulator; NMDA, N-
methyl-p-aspartate; PD, Parkinson’s disease; PI3K, phosphoinositide 3-kinase; PKA,
protein kinase A; PP-1, protein phosphatase-1; STN, subthalamic nucleus; Wnt,
wingless/integrated-signaling.

and abnormal involuntary movements, such as L-DOPA-induced
dyskinesias (LID), and contribute to limit the quality of life in
PD patients and can be very difficult to manage (6). Motor fluc-
tuations such as “wearing-off” are also common. Wearing-off is
defined as a reduced duration of benefit from an individual r-
DOPA dose and a recurrence of parkinsonian symptoms before
the next normal dose of L-DOPA (7).

No drug is yet available for LID, aside from some benefit
with amantadine that has anti-glutamatergic properties (8). Glu-
tamatergic transmission is increased in the basal ganglia in PD (9)
and is also believed to be involved in LID (10, 11).

The mechanisms involved in the occurrence of LID are still not
fully understood, altered dopaminergic and non-dopaminergic
neurotransmission in the basal ganglia are observed in LID (12).
A recent strategy is to treat LID with adjunct drugs targeting
non-dopaminergic neurotransmitter systems such as glutamate
to indirectly modulate basal ganglia DA neurotransmission (13).

Glutamate is involved in many physiological functions through
its interactions with ionotropic glutamate (iGlu), ligand-gated
channel, and metabotropic G-protein-coupled glutamate (mGlu)
receptors. iGlu receptors drugs suppressing glutamate excitatory
transmission often create undesirable side effects (14), whereas
acting on mGlu receptors could lead to a more subtle and/or
circuit-selective modulation of excitatory transmission (15). Phar-
macologic characterization of metabotropic glutamate 5 (mGlu5)
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receptors and its selective negative allosteric modulators (NAM:s)
show therapeutic potential in animal models of PD (16-18) and
efficacy in human PD (19, 20). While mGlu5 receptors regulate L-
DOPA-induced motor behavior, the mechanisms involved remains
to be fully elucidated (21).

This review focuses on relevant studies investigating glutamate
receptor subtypes in the pathophysiology of PD and LID. Brain
biochemical correlates of motor complications in PD patients and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned
monkeys are reviewed.

GLUTAMATE NEUROTRANSMISSION IN THE BASAL
GANGLIA AND PARKINSON’S DISEASE

Glutamate is the brain’s most abundant excitatory neurotrans-
mitter mediating as much as 70% of synaptic transmission (22).
Amantadine reduces LID, it also improves akinesia, rigidity, and
tremor (3). The non-selective inhibitor of glutamate transmission
(riluzole) was shown to block L-DOPA-induced motor compli-
cations in 6-hydroxydopamine (6-OHDA) lesioned rat model of
PD (23, 24) and the glial glutamate transporter GLT1 is increased
in dyskinetic L-DOPA-treated 6-OHDA rats (25, 26). However,
riluzole was not effective in humans to relieve LID (27, 28).

LEVODOPA-INDUCED DYSKINESIAS AND NON-HUMAN
PRIMATE MODEL
L-DOPA-induced dyskinesias are abnormal involuntary move-
ments seen typically at the peak effect of each dose of L-DOPA
in PD patients (3). LID can be viewed quantitatively as an excess
of movement or qualitatively as a problem in selecting the appro-
priate motor program or pattern (3). The mechanisms involved in
the occurrence of LID are complex and have been investigated in
numerous studies using animal models and parkinsonian patients
(29). The loss of nigrostriatal DA and the chronic administra-
tion of L-DOPA, or DA agonists, are two necessary conditions for
their appearance (30). The development of LID in human usu-
ally requires daily treatment for 3-5 years in idiopathic PD (31),
whereas for parkinsonism induced by the toxin MPTP it occurs
after only weeks or months of treatment (32). The same applies
to the MPTP-lesioned monkey where L-DOPA is usually adminis-
tered daily for weeks before LID appear (33, 34). MPTP-lesioned
primates respond to DA therapies as idiopathic PD patients (35,
36) and are currently the best model for studying LID (37).
MPTP-lesioned primates are very useful to test potential anti-
dyskinetic and/or anti-parkinsonian pharmacological agents (37).
The primates are rendered parkinsonian and then chronically
treated with L-DOPA for several weeks or months until they
express stable and well-established LID. Then, acute or chronic
effects of compounds are tested when co-administered with r-
DOPA (17, 18, 38, 39). This model is widely used since it allows
rapid testing of new compounds and animals may be used for
several studies. This paradigm is useful to find new treatments for
advanced parkinsonian patients with already established LID (37).
Another paradigm uses de novo animals rendered parkinsonian
with MPTP and then treated with L-DOPA alone or in combina-
tion with the agent under investigation (37). This latter paradigm
allows the study of specific effects of the test compound on the
development of LID and to assess if the effects diminish with

long-term use, also called “wearing-off” (40—44). Furthermore,
it allows to investigate the post-mortem brains of these mon-
keys the mechanisms associated with the behaviors and relate it
to the specific treatments (42, 44-47). This experiment models
newly diagnosed parkinsonian patients when L-DOPA treatment
is initiated and could be used to test adjunct drugs to L-DOPA to
avoid development of LID while having a good anti-parkinsonian
effect (37). Docosahexaenoic acid (DHA) and cabergoline were
shown to reduce the severity or delay the development of LID in
MPTP-lesioned monkey (41, 48).

IONOTROPIC GLUTAMATE RECEPTORS AND
LEVODOPA-INDUCED DYSKINESIAS

Tonotropic glutamate receptors mediate fast excitatory neuro-
transmission, whereas mGlu receptors mediate slower mod-
ulatory neurotransmission. iGlu receptors are classified into
N-methyl-p-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), and kainate (KA) receptors
(49). An increase in striatal NMDA and AMPA receptor binding
levels in PD patients with L-DOPA-induced motor complica-
tions (11) and dyskinetic MPTP monkeys was observed (50, 51).
Moreover, NMDA and AMPA receptor antagonists block the devel-
opment of L-DOPA-induced motor complications in 6-OHDA
rats (23). The NMDA antagonist, CI-1041 can prevent the devel-
opment of LID in parkinsonian monkeys (40), and associated
brain molecular changes (52). In these monkeys, CI-1041 also pre-
vented the increased of striatal mGlu5 receptor levels (53). Clinical
trials show the antidyskinetic profile of amantadine, known to
block NMDA receptors (8, 54, 55). Kynurenic acid antagonizes
glycine b site of NMDA receptors, AMPA, and KA receptors (56,
57) and inhibits glutamate release (58). RO 61-8048, an inhibitor
of kynurenine hydroxylase activity, can increase kynurenic acid
levels (59); it acutely reduced dyskinesias in MPTP monkeys
with LID (60) and reduced their development in de novo treated
MPTP monkeys (61). Abundant recent literature focused on the
role of NMDA and AMPA receptor subunits in rodent and non-
human primate models of PD in LID including the glycine site,
NMDA GluN2D subunits, AMPA receptor subunit composition,
and NMDA/AMPA receptor ratio (49, 62—66). Nevertheless, iGlu
receptors can cause significant adverse effects such as cognitive
impairment in many patients (67, 68).

METABOTROPIC GLUTAMATE RECEPTORS AND
LEVODOPA-INDUCED DYSKINESIAS

Metabotropic glutamate receptors are divided into Group I
(mGlul, 5) coupling to Gq and promoting polyphosphoinositide
hydrolysis, Group II (mGlu2, 3) and III (mGlu4, 6, 7, 8) coupling to
Gi/Go and inhibiting Forskolin-induced increase in cyclic adeno-
sine monophosphate (cAMP) (69). All mGlu receptors are present
in the brain basal ganglia except mGlu6 receptor found primarily
in the retina (70). The majority (>90%) of Group I mGlu receptor,
including mGlu5, are located postsynaptically on the perisynaptic
annulus of dendritic spines (71). Presynapticallylocalized Group I
and Group III mGlu receptors are thought to represent the classical
inhibitory autoreceptor mechanism suppressing excess glutamate
release from presynaptic terminals (72).
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The prototypal mGlu5 receptor antagonist, 2-methyl-6-
(phenylethynyl)pyridine (MPEP) and a more selective ana-
log 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl] pyridine (MTEP) (73)
improve motor performance (74) and show antidyskinetic activ-
ity in 6-OHDA rats (75, 76), but not the other Group I mGlu
receptor, such as mGlul receptor drugs (77, 78). mGlu5 receptor
levels were increased in the putamen of dyskinetic compared to
non-dyskinetic MPTP monkeys (42) and parkinsonian patients
with motor complications (LID or wearing-off) compared to
those without motor complications (53). MPEP and MTEP were
shown to have antidyskinetic activity in MPTP monkeys (17) and
the mGlu5 receptor antagonist mavoglurant (AFQ056) in MPTP
monkeys (18) and humans (19). We reported that development
of LID over a month of treatment were lower by overall ~70%
with addition of MPEP to the L-DOPA treatment in de novo
MPTP monkeys (44) and this was associated with a normaliza-
tion of glutamate (46) and DA neurotransmission (47). Similarly,
chronic administration of fenobam to drug-naive monkeys atten-
uated the development of dyskinesia without compromising the
anti-parkinsonian effect of L-DOPA (43).

Group II mGlu receptor agonists have proven effective in ani-
mal models of PD (79). A decrease in mGlu2/3 receptor density
in dyskinetic compared to non-dyskinetic MPTP-lesioned mon-
keys was observed (46). In post-mortem brains of parkinsonian
patients, changes in mGlu2/3 receptors were only observed in
relation to wearing-off (80).

Recently, agonists of Group III receptors have shown robust effi-
cacy in rodent models of PD (70). mGlu4 receptor agonists reduce
y-aminobutyric acid (GABA)ergic transmission at striatopallidal
synapse that is overactive in PD (81, 82). In 6-OHDA-lesioned
rats, a combined treatment with L.-DOPA and the mGlu4 receptor
agonist Lu AF21934 reduced the effective dose of L-DOPA and
minimizing the development of LID (83).

Metabotropic glutamate 8 receptor is expressed at lower levels
than mGlu4 and mGlu7 receptors but widely distributed in the
brain; mGlu7 receptor has low affinity for glutamate only becom-
ing active when glutamate levels are high thus serving as a brake
for glutamate overstimulation (70). AMNO082, an mGlu7 receptor
agonist, was shown to reverse motor dysfunction associated with
reduced DA activity in rodent models (84). However, the contri-
bution of mGlu7 and mGlu8 receptors in LID is not yet reported.

DISCUSSION

Denervation-induced supersensitivity of DA receptors is generally
recognized as a plausible mechanism of LID. Post-mortem stud-
ies have shown that DA receptors, particularly D2 subtype, are
increased in the striatum of parkinsonian patients (85-87) as well
as D1 and D2 receptors in MPTP monkeys (33, 34, 88, 89). How-
ever, treatment with L-DOPA can reverse this increase in humans
(85, 87) and monkeys (34, 88, 90). LID are clearly more com-
plex than hypersensitivity due to a simple increase in the density
of striatal DA receptors (30), hence changes are sought in signal-
ing pathways activated by DA receptors. Various adjunct drugs
that can modulate basal ganglia dopaminergic neurotransmission
have been shown to treat LID (13, 67, 91-94). Glutamate recep-
tors are reported to interact with numerous neurotransmitters and
neuromodulators implicated in the development of LID including

dopaminergic neurotransmission (22, 47). Hence, close interac-
tions are described between mGlu5 and NMDA receptors, mGlu5
with D2 receptors, and adenosine A2A receptors (39, 46, 47, 95,
96). Figure 1 shows interactions of striatal DA, adenosine, gluta-
mate and opioids in GABAergic neurons and possible sequence of
events leading to LID.

Dopamine receptors are associated with regulation of cAMP-
protein kinase A (PKA) through G-protein mediated signaling
(97). Downstream from PKA, DA, and cAMP-regulated phos-
phoprotein with molecular weight 32 (DARPP-32) has important
functions in regulating DA receptor signaling and its integra-
tion with other signaling modalities (98). Extracellular-signal-
regulated-kinase (ERK) is also an important mediator of cAMP
signaling involved in responses to DA drugs and might be
involved in the development of LID (99-101). Rats with abnor-
mal involuntary movements have abnormally high levels of stri-
atal phospho[Thr34]-DARPP-32 (102). DA receptors also exert
their effect through protein kinase B (Akt) and glycogen syn-
thase kinase-3 (GSK3) signaling (97) that might serve to integrate
signaling of different receptors such as glutamate. Akt can phos-
phorylate GSK3p at Ser9 [pGSK3B(Ser9)] and inactivate it (103).
GSK3 is a juncture of at least three pathways, mitogen-activated
protein kinase (MAPK) (104), phosphoinositide 3-kinase (PI3K)
(105), and wingless/integrated-signaling (Wnt) (106). Prolonged
stimulation of D2 DA receptors in rodents leads to specific
dephosphorylation/inactivation of striatal Akt on Thr308 residue
[pAkt(Thr308)], Ser473 [pAkt(Ser473)], remaining unaffected
(107). Another downstream protein is mammalian target of
rapamycin (mTor) recently reported to be implicated in LID (108).

D1 receptor supersensitive response was shown to result from a
switch from normal activation of the PKA cascade to aberrant acti-
vation of ERK1/2-MAP kinase in lesioned striata and is suggested
to underlie LID (109). Interestingly, in a chronic de novo treatment
with non-human primates, we observed increases in both striatal
pERK1/ERK1 and pERK2/ERK?2 ratios of L-DOPA-treated MPTP
monkeys whereas MPEP prevented this increase (47). Moreover,
there were positive correlations between mean dyskinetic scores
and striatal pERK1/ERK1 and pERK2/ERK2 ratios (47). These
results suggest that antagonists of mGlu5 receptor can potentially
inhibit the excessive striatal activation of nuclear signaling path-
ways and gene expression that is produced by L-DOPA, which
might be related to the interaction with DA receptors.

An association between Aktl gene and PD was also shown
(110). In post-mortem substantia nigra, a large reduction of
pAkt(Thr308) and pAkt(Ser473) in PD patients was observed
compared to controls (111). L-DOPA-treated MPTP monkeys
with LID show elevated pAkt(Ser473) and pGSK3p(Ser9) whereas
MPTP monkeys treated with L-DOPA + cabergoline with no LID
have lower values (112). In MPTP-lesioned monkeys treated with
L-DOPA + CI-1041 that did not develop LID, changes in Akt
and GSK3 were modest suggesting implication of other path-
ways, such as ERK. As in the substantia nigra of parkinsonian
patients (111), we observe decreases of striatal pAkt with the
MPTP lesion in monkeys (112) whereas in 6-OHDA rats, the
lesion did not change or increased phosphorylation of Akt (Ser473
and Thr308) (113). In 6-OHDA rats, pGSK3a and pGSK3p were
also unchanged or increased with the lesion (113) while we
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FIGURE 1 | Schematic representation of L-DOPA (metabolized into DA)
and DA agonist treatments on striatal DA neurotransmission,
interactions of striatal DA, adenosine, glutamate, and opioids in
GABAergic neurons and possible sequence of events leading to LID.
Numerous interactions are known and are not all included; the focus of this
figure is on PI3K and MAPK pathways. A,s, adenosine A2A receptor; Akt,
protein kinase B; BAD, Bcl-2-associated death promoter; Bcl-2, B-cell
lymphoma 2; Ca?*, calcium ion; cAMP cyclic adenosine monophosphate;
D1/D2/D3, D1/D2/D3 DA receptor; DA, dopamine; DARPP-32, DA and
cAMP-regulated phosphoprotein with molecular weight 32; DAG,
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diacylglycerol; ERK, extracellular-signal-regulated kinase; GSK3, glycogen
synthase kinase-3; IGF-IR, type 1 insulin-like growth factor receptor; IP;,
inositol 1,4,5-trisphosphate; L-DOPA, levodopa (L-3,4-dihydroxyphenylalanine);
MEK, mitogen-activated protein kinase; mGlu5, metabotropic glutamate type
5 receptor; mTor, mammalian target of rapamycin; NMDA,
N-methyl-d-aspartate receptor; PI3K, phosphoinositide 3-kinase; PKA, protein
kinase A; PKC, protein kinase C; PLC, phospholipase C; Ras, proto-oncogene
protein p21; Raf, proto-oncogene serine/threonine-protein kinase; RTK,
receptor tyrosine kinases; Tau, microtubule-associated protein tau; TRK,
tropomyosin receptor kinase.

observed no change or decreases in MPTP monkeys (112). How-
ever, both in MPTP-lesioned monkeys (112) and in 6-OHDA rats
(113), L-DOPA increased pAkt and pGSK3. Moreover, increase in

pAkt(Serd73)/Akt and pGSK3p(Ser9)/GSK3p ratios was observed
in the L-DOPA-treated MPTP group, this was prevented with the
addition of MPEP and positive correlations were observed between
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these levels and mean dyskinesia scores (47). This supports a possi-
ble involvement of Akt/GSK3p in the mechanisms associated with
the development of LID. MPEP might prevent changes in this
kinase pathway associated with L-DOPA and could provide new
avenues to probe potential novel targets to treat LID.

This mini review focused on glutamate neurotransmission in
LID and presented some of its interaction with other neuro-
transmitter systems showing the complexity of this motor com-
plication and its treatment. Indeed, altered dopaminergic and
non-dopaminergic neurotransmission, including also serotoner-
gic, adenosine, cannabinoid, opioid, GABAergic, adrenergic, hist-
aminergic, and cholinergic systems are observed in LID (12, 51).
For example, serotoninergic dysfunctions in LID are well docu-
mented (114, 115) and serotonin neurotransmission can interact
with iGlu (116-118) and mGlu receptors (119).

CONCLUSION

Nigrostriatal denervation in PD leads to increased glutamatergic
transmission in the basal ganglia; increased glutamate neurotrans-
mission is also observed in LID. These observations suggest that
glutamate receptor stimulation is involved in the pathogenesis
of L-DOPA-induced motor complications in PD and glutamate
receptor subtypes, such as mGlu5 and NMDA receptors, are poten-
tial selective targets for treatment of these adverse effects. Recent
studies point to changes in activation of DA receptor signaling in
LID rather than changes in DA receptor density. Post-mortem
brains of dyskinetic MPTP-lesioned monkeys and PD patients
treated with anti-glutamatergic drugs and inhibiting LID show
multiple brain molecular changes suggesting various receptors
interactions. Thus, ionotropic and metabotropic glutamate recep-
tors represent interesting targets to reduce and prevent LID as well
as to prevent associated molecular changes beyond their specific
receptor target.

ACKNOWLEDGMENTS

This work was supported by a grant from the Canadian Institutes
of Health Research to Thérese Di Paolo. Nicolas Morin held a pro-
fessional health care studentship from the Fonds de la Recherche
en Santé du Québec.

REFERENCES

1. Siderowf A, Stern M. Update on Parkinson disease. Ann Intern Med (2003)
138:651-8. doi:10.7326/0003-4819-138-8-200304150-00013

2. Toulouse A, Sullivan AM. Progress in Parkinson’s disease-where do we stand?
Prog Neurobiol (2008) 85:376-92. doi:10.1016/j.pneurobio.2008.05.003

3. Olanow CW, Stern MB, Sethi K. The scientific and clinical basis for the treat-
ment of Parkinson disease (2009). Neurology (2009) 72:51-136. doi:10.1212/
WNL.0b013e3181ald44c

4. Mercuri NB, Bernardi G. The ‘magic’ of L-DOPA: why is it the gold stan-
dard Parkinson’s disease therapy? Trends Pharmacol Sci (2005) 26:341-4.
doi:10.1016/j.tips.2005.05.002

5. Olanow CW, Koller WC. An algorithm (decision tree) for the management of
Parkinson’s disease: treatment guidelines. American Academy of Neurology.
Neurology (1998) 50:S1-57.

6. Fabbrini G, Brotchie JM, Grandas F, Nomoto M, Goetz CG. Levodopa-
induced dyskinesias. Mov Disord (2007) 22:1379-1389;quiz1523. doi:10.1002/
mds.21475

7. Fahn S, Oakes D, Shoulson I, Kieburtz K, Rudolph A, Lang A, et al. Levodopa
and the progression of Parkinson’s disease. N Engl ] Med (2004) 351:2498-508.
doi:10.1056/NEJMo0a033447

[}

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Meissner WG, Frasier M, Gasser T, Goetz CG, Lozano A, Piccini P, et al. Pri-

orities in Parkinson’s disease research. Nat Rev Drug Discov (2011) 10:377-93.
doi:10.1038/nrd3430

. Klockgether T, Turski L. Toward an understanding of the role of glutamate

in experimental parkinsonism: agonist-sensitive sites in the basal ganglia. Ann
Neurol (1993) 34:585-93. doi:10.1002/ana.410340413

Chase TN, Oh JD. Striatal mechanisms and pathogenesis of parkinsonian signs
and motor complications. Ann Neurol (2000) 47:5122-9.

Calon F, Rajput AH, Hornykiewicz O, Bedard PJ, Di Paolo T. Levodopa-induced
motor complications are associated with alterations of glutamate receptors in
Parkinson’s disease. Neurobiol Dis (2003) 14:404-16. doi:10.1016/j.nbd.2003.
07.003

Blandini E Armentero MT. New pharmacological avenues for the treat-
ment of L-DOPA-induced dyskinesias in Parkinson’s disease: targeting glu-
tamate and adenosine receptors. Expert Opin Investig Drugs (2012) 21:153-68.
doi:10.1517/13543784.2012.651457

Brotchie JM. Adjuncts to dopamine replacement: a pragmatic approach to
reducing the problem of dyskinesia in Parkinson’s disease. Mov Disord (1998)
13:871-6. doi:10.1002/mds.870130603

Johnson KA, Conn PJ, Niswender CM. Glutamate receptors as therapeutic tar-
gets for Parkinson’s disease. CNS Neurol Disord Drug Targets (2009) 8:475-91.
doi:10.2174/187152709789824606

Conn PJ, Battaglia G, Marino MJ, Nicoletti F. Metabotropic glutamate recep-
tors in the basal ganglia motor circuit. Nat Rev Neurosci (2005) 6:787-98.
doi:10.1038/nrn1763

Johnston TH, Fox SH, Mcildowie M]J, Piggott M]J, Brotchie JM. Reduc-
tion of L-DOPA-induced dyskinesia by the selective metabotropic gluta-
mate receptor 5 antagonist 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of
Parkinson’s disease. ] Pharmacol Exp Ther (2010) 333:865-73. doi:10.1124/jpet.
110.166629

Morin N, Gregoire L, Gomez-Mancilla B, Gasparini F, Di Paolo T. Effect of
the metabotropic glutamate receptor type 5 antagonists MPEP and MTEP in
parkinsonian monkeys. Neuropharmacology (2010) 58:981-6. doi:10.1016/j.
neuropharm.2009.12.024

Grégoire L, Morin N, Ouattara B, Gasparini E, Bilbe G, Johns D, et al. The acute
antiparkinsonian and antidyskinetic effect of AFQ056, a novel metabotropic
glutamate receptor type 5 antagonist, in L-DOPA-treated parkinsonian mon-
keys. Parkinsonism Relat Disord (2011) 17:270-6. doi:10.1016/j.parkreldis.
2011.01.008

Berg D, Godau J, Trenkwalder C, Eggert K, Csoti I, Storch A, et al. AFQ056
treatment of levodopa-induced dyskinesias: results of 2 randomized controlled
trials. Mov Disord (2011) 26:1243-50. doi:10.1002/mds.23616

Stocchi F, Rascol O, Destee A, Hattori N, Hauser RA, Lang AE, et al. AFQ056 in
Parkinson patients with levodopa-induced dyskinesia: 13-week, randomized,
dose-finding study. Mov Disord (2013) 28:1838—46. doi:10.1002/mds.25561
Gasparini F, Di Paolo T, Gomez-Mancilla B. Metabotropic glutamate recep-
tors for Parkinson’s disease therapy. Parkinsons Dis (2013) 2013:196028.
doi:10.1155/2013/196028

Samadi P, Rouillard C, Bedard PJ, Di Paolo T. Functional neurochemistry of
the basal ganglia. Handb Clin Neurol (2007) 83:19-66. doi:10.1016/S0072-
9752(07)83002-8

Marin C, Jimenez A, Bonastre M, Chase TN, Tolosa E. Non-NMDA receptor-
mediated mechanisms are involved in levodopa-induced motor response alter-
ations in parkinsonian rats. Synapse (2000) 36:267—74. doi:10.1002/(SICI)
1098-2396(20000615)36:4<267::AID-SYN3>3.0.CO;2-Y

Dekundy A, Lundblad M, Danysz W, Cenci MA. Modulation of L-DOPA-
induced abnormal involuntary movements by clinically tested compounds: fur-
ther validation of the rat dyskinesia model. Behav Brain Res (2007) 179:76-89.
doi:10.1016/j.bbr.2007.01.013

Robelet S, Melon C, Guillet B, Salin P, Kerkerian-Le Goff L. Chronic L-DOPA
treatment increases extracellular glutamate levels and GLT1 expression in the
basal ganglia in a rat model of Parkinson’s disease. Eur J Neurosci (2004)
20:1255-66. doi:10.1111/j.1460-9568.2004.03591.x

Oueslati A, Sgambato-Faure V, Melon C, Kachidian P, Gubellini P, Amri M, et al.
High-frequency stimulation of the subthalamic nucleus potentiates L-DOPA-
induced neurochemical changes in the striatum in a rat model of Parkinson’s
disease. ] Neurosci (2007) 27:2377-86. d0i:10.1523/JNEUROSCI.2949-06.2007

Frontiers in Neurology | Movement Disorders

August 2014 | Volume 5 | Article 144 | 96


http://dx.doi.org/10.7326/0003-4819-138-8-200304150-00013
http://dx.doi.org/10.1016/j.pneurobio.2008.05.003
http://dx.doi.org/10.1212/WNL.0b013e3181a1d44c
http://dx.doi.org/10.1212/WNL.0b013e3181a1d44c
http://dx.doi.org/10.1016/j.tips.2005.05.002
http://dx.doi.org/10.1002/mds.21475
http://dx.doi.org/10.1002/mds.21475
http://dx.doi.org/10.1056/NEJMoa033447
http://dx.doi.org/10.1038/nrd3430
http://dx.doi.org/10.1002/ana.410340413
http://dx.doi.org/10.1016/j.nbd.2003.07.003
http://dx.doi.org/10.1016/j.nbd.2003.07.003
http://dx.doi.org/10.1517/13543784.2012.651457
http://dx.doi.org/10.1002/mds.870130603
http://dx.doi.org/10.2174/187152709789824606
http://dx.doi.org/10.1038/nrn1763
http://dx.doi.org/10.1124/jpet.110.166629
http://dx.doi.org/10.1124/jpet.110.166629
http://dx.doi.org/10.1016/j.neuropharm.2009.12.024
http://dx.doi.org/10.1016/j.neuropharm.2009.12.024
http://dx.doi.org/10.1016/j.parkreldis.2011.01.008
http://dx.doi.org/10.1016/j.parkreldis.2011.01.008
http://dx.doi.org/10.1002/mds.23616
http://dx.doi.org/10.1002/mds.25561
http://dx.doi.org/10.1155/2013/196028
http://dx.doi.org/10.1016/S0072-9752(07)83002-8
http://dx.doi.org/10.1016/S0072-9752(07)83002-8
http://dx.doi.org/10.1002/(SICI)1098-2396(20000615)36:4<267::AID-SYN3>3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1098-2396(20000615)36:4<267::AID-SYN3>3.0.CO;2-Y
http://dx.doi.org/10.1016/j.bbr.2007.01.013
http://dx.doi.org/10.1111/j.1460-9568.2004.03591.x
http://dx.doi.org/10.1523/JNEUROSCI.2949-06.2007
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Morin and Di Paolo

Glutamate neurotransmission in levodopa-induced dyskinesias

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45,

46.

Braz CA, Borges V, Ferraz HB. Effect of riluzole on dyskinesia and duration of
the on state in Parkinson disease patients: a double-blind, placebo-controlled
pilot study. Clin Neuropharmacol (2004) 27:25-9. doi:10.1097/00002826-
200401000-00008

Bara-Jimenez W, Dimitrova TD, Sherzai A, Aksu M, Chase TN. Glutamate
release inhibition ineffective in levodopa-induced motor complications. Mov
Disord (2006) 21:1380-3. doi:10.1002/mds.20976

Iravani MM, Jenner P. Mechanisms underlying the onset and expression
of levodopa-induced dyskinesia and their pharmacological manipulation.
J Neural Transm Suppl (2011) 118:1661-90. doi:10.1007/s00702-011-0698-2
Jenner P. Molecular mechanisms of L-DOPA-induced dyskinesia. Nat Rev Neu-
rosci (2008) 9:665—77. doi:10.1038/nrn2471

Klawans HL, Goetz C, Nausieda PA, Weiner WJ. Levodopa-induced dopamine
receptor hypersensitivity. Trans Am Neurol Assoc (1977) 102:80-3.

Ballard PA, Tetrud JW, Langston JW. Permanent human parkinsonism due to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): seven cases. Neurol-
ogy (1985) 35:949-56. doi:10.1212/WNL.35.7.949

Bedard PJ, Di Paolo T, Falardeau P, Boucher R. Chronic treatment with L-
DOPA, but not bromocriptine induces dyskinesia in MPTP-parkinsonian mon-
keys. Correlation with [3H]spiperone binding. Brain Res (1986) 379:294-9.
doi:10.1016/0006-8993(86)90783-3

Falardeau P, Bouchard S, Bedard PJ, Boucher R, Di Paolo T. Behavioral and
biochemical effect of chronic treatment with D-1 and/or D-2 dopamine ago-
nists in MPTP monkeys. Eur ] Pharmacol (1988) 150:59—66. doi:10.1016/0014-
2999(88)90750-9

Jenner P. The contribution of the MPTP-treated primate model to the devel-
opment of new treatment strategies for Parkinson’s disease. Parkinsonism Relat
Disord (2003) 9:131-7. doi:10.1016/S1353-8020(02)00115-3

Jenner P. The MPTP-treated primate as a model of motor complications
in PD: primate model of motor complications. Neurology (2003) 61:S4-11.
doi:10.1212/WNL.61.6_suppl_3.54

Morin N, Jourdain VA, Di Paolo T. Modeling dyskinesia in animal models
of Parkinson disease. Exp Neurol (2014) 256:105-16. doi:10.1016/j.expneurol.
2013.01.024

Bezard E, Hill MP, Crossman AR, Brotchie JM, Michel A, Grimee R, et al. Leve-
tiracetam improves choreic levodopa-induced dyskinesia in the MPTP-treated
macaque. Eur ] Pharmacol (2004) 485:159-64. doi:10.1016/j.ejphar.2003.11.
065

Grégoire L, Samadi P, Graham J, Bedard PJ, Bartoszyk GD, Di Paolo T. Low doses
of sarizotan reduce dyskinesias and maintain antiparkinsonian efficacy of L-
DOPA in parkinsonian monkeys. Parkinsonism Relat Disord (2009) 15:445-52.
doi:10.1016/j.parkreldis.2008.11.001

Hadj Tahar A, Gregoire L, Darre A, Belanger N, Meltzer L, Bedard PJ. Effect
of a selective glutamate antagonist on L-DOPA-induced dyskinesias in drug-
naive parkinsonian monkeys. Neurobiol Dis (2004) 15:171-6. doi:10.1016/j.
nbd.2003.10.007

Samadi P, Gregoire L, Rouillard C, Bedard PJ, Di Paolo T, Levesque D.
Docosahexaenoic acid reduces levodopa-induced dyskinesias in 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine monkeys. Ann Neurol (2006) 59:282-8.
doi:10.1002/ana.20738

Samadi P, Gregoire L, Morissette M, Calon F, Hadj Tahar A, Dridi M,
et al. mGluR5 metabotropic glutamate receptors and dyskinesias in MPTP
monkeys. Neurobiol Aging (2008) 29:1040-51. doi:10.1016/j.neurobiolaging.
2007.02.005

Rylander D, Iderberg H, Li Q, Dekundy A, Zhang J, Li H, etal. A mGluR5
antagonist under clinical development improves L-DOPA-induced dyskine-
sia in parkinsonian rats and monkeys. Neurobiol Dis (2010) 39:352-61.
doi:10.1016/j.nbd.2010.05.001

Morin N, Grégoire L, Morissette M, Desrayaud S, Gomez-Mancilla B, Gas-
parini E etal. MPEP, an mGlu5 receptor antagonist, reduces the devel-
opment of L-DOPA-induced motor complications in de novo parkinson-
ian monkeys: biochemical correlates. Neuropharmacology (2013) 66:355—64.
doi:10.1016/j.neuropharm.2012.07.036

Ouattara B, Gasparini F, Morissette M, Gregoire L, Samadi P, Gomez-Mancilla
B, et al. Effect of L-DOPA on metabotropic glutamate receptor 5 in the brain of
parkinsonian monkeys. J Neurochem (2010) 113:715-24. doi:10.1111/j.1471-
4159.2010.06635.x

Morin N, Morissette M, Gregoire L, Gomez-Mancilla B, Gasparini F, Di Paolo
T. Chronic treatment with MPEP, an mGlu5 receptor antagonist, normalizes

47.

48.

49.

50.

51.

52.

53.

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

basal ganglia glutamate neurotransmission in L-DOPA-treated parkinsonian
monkeys. Neuropharmacology (2013) 73:216-31. doi:10.1016/j.neuropharm.
2013.05.028

Morin N, Jourdain VA, Morissette M, Gregoire L, Di Paolo T. Long-term
treatment with L-DOPA and an mGlu5 receptor antagonist prevents changes
in brain basal ganglia dopamine receptors, their associated signaling pro-
teins and neuropeptides in parkinsonian monkeys. Neuropharmacology (2014)
79:688-706. doi:10.1016/j.neuropharm.2014.01.014

Belanger N, Gregoire L, Hadj Tahar A, Bedard PJ. Chronic treatment with
small doses of cabergoline prevents DOPA-induced dyskinesias in parkinson-
ian monkeys. Mov Disord (2003) 18:1436—41. doi:10.1002/mds.10589

Finlay C, Duty S. Therapeutic potential of targeting glutamate receptors in
Parkinson’s disease. ] Neural Transm (2014). doi:10.1007/s00702-014-1176-4
Calon F, Morissette M, Ghribi O, Goulet M, Grondin R, Blanchet PJ, et al.
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 Neuropsychopharmacol Biol Psychiatry (2002) 26:127-38.
doi:10.1016/50278-5846(01)00237-8

Huot P, Johnston TH, Koprich JB, Fox SH, Brotchie JM. The pharmacology
of L-DOPA-induced dyskinesia in Parkinson’s disease. Pharmacol Rev (2013)
65:171-222. doi:10.1124/pr.111.005678

Morissette M, Dridi M, Calon F, Hadj Tahar A, Meltzer LT, Bedard PJ, et al. Pre-
vention of levodopa-induced dyskinesias by a selective NR1A/2B N-methyl-
D-aspartate receptor antagonist in parkinsonian monkeys: implication of pre-
proenkephalin. Mov Disord (2006) 21:9-17. doi:10.1002/mds.20654

Ouattara B, Gregoire L, Morissette M, Gasparini F, Vranesic I, Bilbe G, et al.
Metabotropic glutamate receptor type 5 in levodopa-induced motor complica-
tions. Neurobiol Aging (2011) 32:1286-95. doi:10.1016/j.neurobiolaging.2009.
07.014

. Verhagen Metman L, Del Dotto P, Van Den Munckhof P, Fang J, Mouradian

MM, Chase TN. Amantadine as treatment for dyskinesias and motor fluctu-
ations in Parkinson’s disease. Neurology (1998) 50:1323—6. doi:10.1212/WNL.
50.5.1323

Sawada H, Oeda T, Kuno S, Nomoto M, Yamamoto K, Yamamoto M, et al.
Amantadine for dyskinesias in Parkinson’s disease: a randomized controlled
trial. PLoS One (2010) 5:e15298. doi:10.1371/journal.pone.0015298

Stone TW. Development and therapeutic potential of kynurenic acid and
kynurenine derivatives for neuroprotection. Trends Pharmacol Sci (2000)
21:149-54. doi:10.1016/S0165-6147(00)01451-6

Schwarcz R, Pellicciari R. Manipulation of brain kynurenines: glial targets, neu-
ronal effects, and clinical opportunities. J Pharmacol Exp Ther (2002) 303:1-10.
doi:10.1124/jpet.102.034439

Nemeth H, Toldi J, Vecsei L. Kynurenines, Parkinson’s disease and other neu-
rodegenerative disorders: preclinical and clinical studies. ] Neural Transm Suppl
(2006) 70:285-304. doi:10.1007/978-3-211-45295-0_45

Stone TW. Kynurenines in the CNS: from endogenous obscurity to therapeutic
importance. Prog Neurobiol (2001) 64:185-218. doi:10.1016/S0301-0082(00)
00032-0

Samadi P, Gregoire L, Rassoulpour A, Guidetti P, Izzo E, Schwarcz R, et al.
Effect of kynurenine 3-hydroxylase inhibition on the dyskinetic and antiparkin-
sonian responses to levodopa in parkinsonian monkeys. Mov Disord (2005)
20:792-802. doi:10.1002/mds.20596

Grégoire L, Rassoulpour A, Guidetti P, Samadi P, Bedard PJ, Izzo E, et al. Pro-
longed kynurenine 3-hydroxylase inhibition reduces development of levodopa-
induced dyskinesias in parkinsonian monkeys. Behav Brain Res (2008)
186:161-7. doi:10.1016/j.bbr.2007.08.007

Kobylecki C, Cenci MA, Crossman AR, Ravenscroft P. Calcium-permeable
AMPA receptors are involved in the induction and expression of L-DOPA-
induced dyskinesia in Parkinson’s disease. J Neurochem (2010) 114:499-511.
doi:10.1111/j.1471-4159.2010.06776.x

Errico E Bonito-Oliva A, Bagetta V, Vitucci D, Romano R, Zianni E, etal.
Higher free D-aspartate and N-methyl-D-aspartate levels prevent striatal depo-
tentiation and anticipate L-DOPA-induced dyskinesia. Exp Neurol (2011)
232:240-50. doi:10.1016/j.expneurol.2011.09.013

Bagetta V, Sgobio C, Pendolino V, Del Papa G, Tozzi A, Ghiglieri V, et al. Rebal-
ance of striatal NMDA/AMPA receptor ratio underlies the reduced emergence
of dyskinesia during D2-like dopamine agonist treatment in experimental
Parkinson’s disease. ] Neurosci (2012) 32:17921-31. doi:10.1523/JNEUROSCI.
2664-12.2012

www.frontiersin.org

August 2014 | Volume 5 | Article 144 | 97


http://dx.doi.org/10.1097/00002826-200401000-00008
http://dx.doi.org/10.1097/00002826-200401000-00008
http://dx.doi.org/10.1002/mds.20976
http://dx.doi.org/10.1007/s00702-011-0698-2
http://dx.doi.org/10.1038/nrn2471
http://dx.doi.org/10.1212/WNL.35.7.949
http://dx.doi.org/10.1016/0006-8993(86)90783-3
http://dx.doi.org/10.1016/0014-2999(88)90750-9
http://dx.doi.org/10.1016/0014-2999(88)90750-9
http://dx.doi.org/10.1016/S1353-8020(02)00115-3
http://dx.doi.org/10.1212/WNL.61.6_suppl_3.S4
http://dx.doi.org/10.1016/j.expneurol.2013.01.024
http://dx.doi.org/10.1016/j.expneurol.2013.01.024
http://dx.doi.org/10.1016/j.ejphar.2003.11.065
http://dx.doi.org/10.1016/j.ejphar.2003.11.065
http://dx.doi.org/10.1016/j.parkreldis.2008.11.001
http://dx.doi.org/10.1016/j.nbd.2003.10.007
http://dx.doi.org/10.1016/j.nbd.2003.10.007
http://dx.doi.org/10.1002/ana.20738
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1016/j.nbd.2010.05.001
http://dx.doi.org/10.1016/j.neuropharm.2012.07.036
http://dx.doi.org/10.1111/j.1471-4159.2010.06635.x
http://dx.doi.org/10.1111/j.1471-4159.2010.06635.x
http://dx.doi.org/10.1016/j.neuropharm.2013.05.028
http://dx.doi.org/10.1016/j.neuropharm.2013.05.028
http://dx.doi.org/10.1016/j.neuropharm.2014.01.014
http://dx.doi.org/10.1002/mds.10589
http://dx.doi.org/10.1007/s00702-014-1176-4
http://dx.doi.org/10.1016/S0278-5846(01)00237-8
http://dx.doi.org/10.1124/pr.111.005678
http://dx.doi.org/10.1002/mds.20654
http://dx.doi.org/10.1016/j.neurobiolaging.2009.07.014
http://dx.doi.org/10.1016/j.neurobiolaging.2009.07.014
http://dx.doi.org/10.1212/WNL.50.5.1323
http://dx.doi.org/10.1212/WNL.50.5.1323
http://dx.doi.org/10.1371/journal.pone.0015298
http://dx.doi.org/10.1016/S0165-6147(00)01451-6
http://dx.doi.org/10.1124/jpet.102.034439
http://dx.doi.org/10.1007/978-3-211-45295-0_45
http://dx.doi.org/10.1016/S0301-0082(00)00032-0
http://dx.doi.org/10.1016/S0301-0082(00)00032-0
http://dx.doi.org/10.1002/mds.20596
http://dx.doi.org/10.1016/j.bbr.2007.08.007
http://dx.doi.org/10.1111/j.1471-4159.2010.06776.x
http://dx.doi.org/10.1016/j.expneurol.2011.09.013
http://dx.doi.org/10.1523/JNEUROSCI.2664-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.2664-12.2012
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

Morin and Di Paolo

Glutamate neurotransmission in levodopa-induced dyskinesias

65.

66.

67.

68.

69.

70.

7

—_

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

83.

Heresco-Levy U, Shoham S, Javitt DC. Glycine site agonists of the N-methyl-
D-aspartate receptor and Parkinson’s disease: a hypothesis. Mov Disord (2013)
28:419-24. doi:10.1002/mds.25306

Zhang X, Feng Z], Chergui K. GluN2D-containing NMDA receptors inhibit
neurotransmission in the mouse striatum through a cholinergic mecha-
nism: implication for Parkinson’s disease. J Neurochem (2014) 129:581-90.
doi:10.1111/jnc.12658

Stocchi F, Tagliati M, Olanow CW. Treatment of levodopa-induced motor com-
plications. Mov Disord (2008) 23(Suppl 3):5599-612. doi:10.1002/mds.22052
Stayte S, Vissel B. Advances in non-dopaminergic treatments for Parkinson’s
disease. Front Neurosci (2014) 8:113. doi:10.3389/fnins.2014.00113

Conn PJ, Pin JP. Pharmacology and functions of metabotropic glutamate
receptors. Annu Rev Pharmacol Toxicol (1997) 37:205-37. doi:10.1146/annurev.
pharmtox.37.1.205

Niswender CM, Conn PJ]. Metabotropic glutamate receptors: physiology,
pharmacology, and disease. Annu Rev Pharmacol Toxicol (2010) 50:295-322.
doi:10.1146/annurev.pharmtox.011008.145533

. Lujan R, Roberts JD, Shigemoto R, Ohishi H, Somogyi P. Differential plasma

membrane distribution of metabotropic glutamate receptors mGluR1 alpha,
mGluR2 and mGluR5, relative to neurotransmitter release sites. ] Chem Neu-
roanat (1997) 13:219—41. doi:10.1016/S0891-0618(97)00051-3

Schoepp DD. Unveiling the functions of presynaptic metabotropic gluta-
mate receptors in the central nervous system. J Pharmacol Exp Ther (2001)
299:12-20.

Carroll FI. Antagonists at metabotropic glutamate receptor subtype 5: struc-
ture activity relationships and therapeutic potential for addiction. Ann N'Y
Acad Sci (2008) 1141:221-32. doi:10.1196/annals.1441.015

Breysse N, Baunez C, Spooren W, Gasparini F, Amalric M. Chronic but notacute
treatment with a metabotropic glutamate 5 receptor antagonist reverses the
akinetic deficits in a rat model of parkinsonism. J Neurosci (2002) 22:5669-78.
Mela F, Marti M, Dekundy A, Danysz W, Morari M, Cenci MA. Antagonism
of metabotropic glutamate receptor type 5 attenuates L-DOPA-induced dyski-
nesia and its molecular and neurochemical correlates in a rat model of Parkin-
son’s disease. J Neurochem (2007) 101:483-97. doi:10.1111/j.1471-4159.2007.
04456.x

Levandis G, Bazzini E, Armentero MT, Nappi G, Blandini E. Systemic adminis-
tration of an mGluRS5 antagonist, but not unilateral subthalamic lesion, coun-
teracts L-DOPA-induced dyskinesias in a rodent model of Parkinson’s disease.
Neurobiol Dis (2008) 29:161-8. doi:10.1016/j.nbd.2007.08.011

Dekundy A, Pietraszek M, Schaefer D, Cenci MA, Danysz W. Effects of Group I
metabotropic glutamate receptors blockade in experimental models of Parkin-
son’s disease. Brain Res Bull (2006) 69:318-26. doi:10.1016/j.brainresbull.2005.
12.009

Rylander D, Recchia A, Mela F, Dekundy A, Danysz W, Cenci MA. Pharma-
cological modulation of glutamate transmission in a rat model of L-DOPA-
induced dyskinesia: effects on motor behavior and striatal nuclear signaling.
] Pharmacol Exp Ther (2009) 330:227-35. doi:10.1124/jpet.108.150425

Pisani A, Bonsi P, Centonze D, Gubellini P, Bernardi G, Calabresi P. Targeting
striatal cholinergic interneurons in Parkinson’s disease: focus on metabotropic
glutamate receptors. Neuropharmacology (2003) 45:45-56. doi:10.1016/S0028-
3908(03)00137-0

Samadi P, Rajput A, Calon F, Gregoire L, Hornykiewicz O, Rajput AH,
etal. Metabotropic glutamate receptor II in the brains of parkinsonian
patients. J Neuropathol Exp Neurol (2009) 68:374-82. doi:10.1097/NEN.
0b013e31819cabe4

. Matsui T, Kita H. Activation of Group III metabotropic glutamate recep-

tors presynaptically reduces both GABAergic and glutamatergic transmission
in the rat globus pallidus. Neuroscience (2003) 122:727-37. doi:10.1016/j.
neuroscience.2003.08.032

Macinnes N, Duty S. Group III metabotropic glutamate receptors act as hetero-
receptors modulating evoked GABA release in the globus pallidus in vivo. Eur
] Pharmacol (2008) 580:95-9. doi:10.1016/j.ejphar.2007.10.030

Bennouar KE, Uberti MA, Melon C, Bacolod MD, Jimenez HN, Cajina M,
et al. Synergy between L-DOPA and a novel positive allosteric modulator of
metabotropic glutamate receptor 4: implications for Parkinson’s disease treat-
ment and dyskinesia. Neuropharmacology (2013) 66:158—69. doi:10.1016/j.
neuropharm.2012.03.022

84.

85.

86.

87.

8

[}

89.

90.

9

st

92.

93.

94.

9

w

96.

9

~

9

o

99.

100.

10

—_

102.

103.

104.

Greco B, Lopez S, Van Der Putten H, Flor PJ, Amalric M. Metabotropic glu-
tamate 7 receptor subtype modulates motor symptoms in rodent models of
Parkinson’s disease. ] Pharmacol Exp Ther (2010) 332:1064-71. doi:10.1124/
jpet.109.162115

Lee T, Seeman P, Rajput A, Farley IJ, Hornykiewicz O. Receptor basis for
dopaminergic supersensitivity in Parkinson’s disease. Nature (1978) 273:59—61.
doi:10.1038/273059a0

Bokobza B, Ruberg M, Scatton B, Javoy-Agid F, Agid Y. [3H]spiperone binding,
dopamine and HVA concentrations in Parkinson’s disease and supranuclear
palsy. Eur J Pharmacol (1984) 99:167-75. doi:10.1016/0014-2999(84)90238-3
Guttman M, Seeman P, Reynolds GP, Riederer P, Jellinger K, Tourtellotte WW.
Dopamine D2 receptor density remains constant in treated Parkinson’s disease.
Ann Neurol (1986) 19:487-92. doi:10.1002/ana.410190510

. Gagnon C, Bedard PJ, Di Paolo T. Effect of chronic treatment of MPTP mon-

keys with dopamine D-1 and/or D-2 receptor agonists. Eur ] Pharmacol (1990)
178:115-20. doi:10.1016/0014-2999(90)94802-5

Graham WC, Sambrook MA, Crossman AR. Differential effect of chronic
dopaminergic treatment on dopamine D1 and D2 receptors in the mon-
key brain in MPTP-induced parkinsonism. Brain Res (1993) 602:290-303.
doi:10.1016/0006-8993(93)90694-1

Berretta S, Parthasarathy HB, Graybiel AM. Local release of GABAergic inhibi-
tion in the motor cortex induces immediate-early gene expression in indirect
pathway neurons of the striatum. J Neurosci (1997) 17:4752-63.

. Blanchet PJ, Konitsiotis S, Whittemore ER, Zhou ZL, Woodward RM,

Chase TN. Differing effects of N-methyl-D-aspartate receptor subtype
selective antagonists on dyskinesias in levodopa-treated 1-methyl-4-phenyl-
tetrahydropyridine monkeys. J Pharmacol Exp Ther (1999) 290:1034—40.
Grondin R, Bedard PJ, Hadj Tahar A, Gregoire L, Mori A, Kase H. Antiparkin-
sonian effect of a new selective adenosine A2A receptor antagonist in MPTP-
treated monkeys. Neurology (1999) 52:1673-7. doi:10.1212/WNL.52.8.1673
Henry B, Fox SH, Crossman AR, Brotchie JM. Mu- and delta-opioid receptor
antagonists reduce levodopa-induced dyskinesia in the MPTP-lesioned primate
model of Parkinson’s disease. Exp Neurol (2001) 171:139-46. doi:10.1006/exnr.
2001.7727

Calon F, Di Paolo T. Levodopa response motor complications — GABA receptors
and preproenkephalin expression in human brain. Parkinsonism Relat Disord
(2002) 8:449-54. doi:10.1016/S1353-8020(02)00029-9

. Kachroo A, Orlando LR, Grandy DK, Chen JE Young AB, Schwarzschild

MA. Interactions between metabotropic glutamate 5 and adenosine A2A
receptors in normal and parkinsonian mice. J Neurosci (2005) 25:10414-9.
doi:10.1523/JNEUROSCI.3660-05.2005

Fuxe K, Marcellino D, Rivera A, Diaz-Cabiale Z, Filip M, Gago B, et al. Receptor-
receptor interactions within receptor mosaics. Impact on neuropsychopharma-
cology. Brain Res Rev (2008) 58:415-52. d0i:10.1016/j.brainresrev.2007.11.007

. Beaulieu JM, Gainetdinov RR, Caron MG. The Akt-GSK-3 signaling cas-

cade in the actions of dopamine. Trends Pharmacol Sci (2007) 28:166-72.
doi:10.1016/j.tips.2007.02.006

. Greengard P. The neurobiology of slow synaptic transmission. Science (2001)

294:1024-30. doi:10.1126/science.294.5544.1024

Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, Corvol JC, et al. Regula-
tion of a protein phosphatase cascade allows convergent dopamine and gluta-
mate signals to activate ERK in the striatum. Proc Natl Acad Sci U S A (2005)
102:491-6. doi:10.1073/pnas.0408305102

Beaulieu JM, Sotnikova TD, Gainetdinov RR, Caron MG. Paradoxical striatal
cellular signaling responses to psychostimulants in hyperactive mice. J Biol
Chem (2006) 281:32072-80. doi:10.1074/jbc.M606062200

. Valjent E, Corvol JC, Trzaskos JM, Girault JA, Herve D. Role of the ERK pathway

in psychostimulant-induced locomotor sensitization. BMC Neurosci (2006)
7:20. doi:10.1186/1471-2202-7-20

Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P, Fisone G, et al.
Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia.
Nat Neurosci (2003) 6:501—6. doi:10.1038/nn1040

Chong ZZ, Li E, Maiese K. Activating Akt and the brain’s resources to drive
cellular survival and prevent inflammatory injury. Histol Histopathol (2005)
20:299-315.

Pelech SL, Charest DL. MAP kinase-dependent pathways in cell cycle control.
Prog Cell Cycle Res (1995) 1:33-52. doi:10.1007/978-1-4615-1809-9_4

Frontiers in Neurology | Movement Disorders

August 2014 | Volume 5 | Article 144 | 98


http://dx.doi.org/10.1002/mds.25306
http://dx.doi.org/10.1111/jnc.12658
http://dx.doi.org/10.1002/mds.22052
http://dx.doi.org/10.3389/fnins.2014.00113
http://dx.doi.org/10.1146/annurev.pharmtox.37.1.205
http://dx.doi.org/10.1146/annurev.pharmtox.37.1.205
http://dx.doi.org/10.1146/annurev.pharmtox.011008.145533
http://dx.doi.org/10.1016/S0891-0618(97)00051-3
http://dx.doi.org/10.1196/annals.1441.015
http://dx.doi.org/10.1111/j.1471-4159.2007.04456.x
http://dx.doi.org/10.1111/j.1471-4159.2007.04456.x
http://dx.doi.org/10.1016/j.nbd.2007.08.011
http://dx.doi.org/10.1016/j.brainresbull.2005.12.009
http://dx.doi.org/10.1016/j.brainresbull.2005.12.009
http://dx.doi.org/10.1124/jpet.108.150425
http://dx.doi.org/10.1016/S0028-3908(03)00137-0
http://dx.doi.org/10.1016/S0028-3908(03)00137-0
http://dx.doi.org/10.1097/NEN.0b013e31819cabe4
http://dx.doi.org/10.1097/NEN.0b013e31819cabe4
http://dx.doi.org/10.1016/j.neuroscience.2003.08.032
http://dx.doi.org/10.1016/j.neuroscience.2003.08.032
http://dx.doi.org/10.1016/j.ejphar.2007.10.030
http://dx.doi.org/10.1016/j.neuropharm.2012.03.022
http://dx.doi.org/10.1016/j.neuropharm.2012.03.022
http://dx.doi.org/10.1124/jpet.109.162115
http://dx.doi.org/10.1124/jpet.109.162115
http://dx.doi.org/10.1038/273059a0
http://dx.doi.org/10.1016/0014-2999(84)90238-3
http://dx.doi.org/10.1002/ana.410190510
http://dx.doi.org/10.1016/0014-2999(90)94802-5
http://dx.doi.org/10.1016/0006-8993(93)90694-I
http://dx.doi.org/10.1212/WNL.52.8.1673
http://dx.doi.org/10.1006/exnr.2001.7727
http://dx.doi.org/10.1006/exnr.2001.7727
http://dx.doi.org/10.1016/S1353-8020(02)00029-9
http://dx.doi.org/10.1523/JNEUROSCI.3660-05.2005
http://dx.doi.org/10.1016/j.brainresrev.2007.11.007
http://dx.doi.org/10.1016/j.tips.2007.02.006
http://dx.doi.org/10.1126/science.294.5544.1024
http://dx.doi.org/10.1073/pnas.0408305102
http://dx.doi.org/10.1074/jbc.M606062200
http://dx.doi.org/10.1186/1471-2202-7-20
http://dx.doi.org/10.1038/nn1040
http://dx.doi.org/10.1007/978-1-4615-1809-9_4
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Morin and Di Paolo

Glutamate neurotransmission in levodopa-induced dyskinesias

105.

106.

107.

108.

109.

110.

11

—_

112.

113.

114.

Shaw PC, Davies AF, Lau KF, Garcia-Barcelo M, Waye MM, Lovestone S, et al.
Isolation and chromosomal mapping of human glycogen synthase kinase-3
alpha and -3 beta encoding genes. Genorne (1998) 41:720-7. doi:10.1139/g98-
073

Salinas PC. Wnt factors in axonal remodelling and synaptogenesis. Biochem
Soc Symp (1999) 65:101-9.

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron
MG. An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior. Cell (2005) 122:261-73. doi:10.1016/j.cell.
2005.05.012

Santini E, Heiman M, Greengard P, Valjent E, Fisone G. Inhibition of mTOR
signaling in Parkinson’s disease prevents L-DOPA-induced dyskinesia. Sci Sig-
nal (2009) 2:ra36. doi:10.1126/scisignal.2000308

Gerfen CR. D1 dopamine receptor supersensitivity in the dopamine-depleted
striatum animal model of Parkinson’s disease. Neuroscientist (2003) 9:455—62.
doi:10.1177/1073858403255839

Xiromerisiou G, Hadjigeorgiou GM, Papadimitriou A, Katsarogiannis E, Gour-
bali V, Singleton AB. Association between AKT1 gene and Parkinson’s disease:
a protective haplotype. Neurosci Lett (2008) 436:232—4. doi:10.1016/j.neulet.
2008.03.026

. Malagelada C, Jin ZH, Greene LA. RTP801 is induced in Parkinson’s dis-

ease and mediates neuron death by inhibiting Akt phosphorylation/activation.
J Neurosci (2008) 28:14363—71. doi:10.1523/JNEUROSCI.3928-08.2008
Morissette M, Samadi P, Hadj Tahar A, Belanger N, Di Paolo T. Striatal
Akt/GSK3 signaling pathway in the development of L-DOPA-induced dysk-
inesias in MPTP monkeys. Prog Neuropsychopharmacol Biol Psychiatry (2010)
34:446-54. doi:10.1016/j.pnpbp.2009.12.011

Bychkov E, Ahmed MR, Dalby KN, Gurevich EV. Dopamine depletion and
subsequent treatment with L-DOPA, but not the long-lived dopamine agonist
pergolide, enhances activity of the Akt pathway in the rat striatum. ] Neurochem
(2007) 102:699-711. doi:10.1111/j.1471-4159.2007.04586.x

Carta M, Carlsson T, Kirik D, Bjorklund A. Dopamine released from 5-HT ter-
minals is the cause of L-DOPA-induced dyskinesia in parkinsonian rats. Brain
(2007) 130:1819-33. doi:10.1093/brain/awm082

115. Rylander D, Parent M, O’Sullivan SS, Dovero S, Lees A]J, Bezard E, et al. Mal-
adaptive plasticity of serotonin axon terminals in levodopa-induced dyskinesia.
Ann Neurol (2010) 68:619-28. doi:10.1002/ana.22097

Riahi G, Morissette M, Parent M, Di Paolo T. Brain 5-HT(2A) receptors in
MPTP monkeys and levodopa-induced dyskinesias. Eur J Neurosci (2011)
33:1823-31. doi:10.1111/j.1460-9568.2011.07675.x

Riahi G, Morissette M, Levesque D, Rouillard C, Samadi P, Parent M, et al. Effect
of chronic L-DOPA treatment on 5-HT(1A) receptors in parkinsonian monkey
brain. Neurochem Int (2012) 61:1160—71. doi:10.1016/j.neuint.2012.08.009
Riahi G, Morissette M, Samadi P, Parent M, Di Paolo T. Basal ganglia sero-
tonin 1B receptors in parkinsonian monkeys with L-DOPA-induced dyskinesia.
Biochem Pharmacol (2013) 86:970-8. doi:10.1016/j.bcp.2013.08.005

Morin N, Morissette M, Gregoire L, Di Paolo T. Effect of a chronic treat-
ment with an mGlu5 receptor antagonist on brain serotonin markersin
parkinsonian monkeys. Prog Neuropsychopharmacol Biol Psychiatry (2014).
doi:10.1016/j.pnpbp.2014.07.006

116.

117.

118.

119.

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 23 May 2014; paper pending published: 01 July 2014; accepted: 18 July 2014;
published online: 05 August 2014.

Citation: Morin N and Di Paolo T (2014) Pharmacological treatments inhibiting
levodopa-induced dyskinesias in MPTP-lesioned monkeys: brain glutamate biochemi-
cal correlates. Front. Neurol. 5:144. doi: 10.3389/fneur.2014.00144

This article was submitted to Movement Disorders, a section of the journal Frontiers in
Neurology.

Copyright © 2014 Morin and Di Paolo. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org

August 2014 | Volume 5 | Article 144 | 99


http://dx.doi.org/10.1139/g98-073
http://dx.doi.org/10.1139/g98-073
http://dx.doi.org/10.1016/j.cell.2005.05.012
http://dx.doi.org/10.1016/j.cell.2005.05.012
http://dx.doi.org/10.1126/scisignal.2000308
http://dx.doi.org/10.1177/1073858403255839
http://dx.doi.org/10.1016/j.neulet.2008.03.026
http://dx.doi.org/10.1016/j.neulet.2008.03.026
http://dx.doi.org/10.1523/JNEUROSCI.3928-08.2008
http://dx.doi.org/10.1016/j.pnpbp.2009.12.011
http://dx.doi.org/10.1111/j.1471-4159.2007.04586.x
http://dx.doi.org/10.1093/brain/awm082
http://dx.doi.org/10.1002/ana.22097
http://dx.doi.org/10.1111/j.1460-9568.2011.07675.x
http://dx.doi.org/10.1016/j.neuint.2012.08.009
http://dx.doi.org/10.1016/j.bcp.2013.08.005
http://dx.doi.org/10.1016/j.pnpbp.2014.07.006
http://dx.doi.org/10.3389/fneur.2014.00144
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

	Cover

	Frontiers Copyright Statement

	Levodopa-Induced Dyskinesias in Parkinson’s Disease: Current Knowledge and Future Scenarios

	Table of Contents

	Future scenarios for levodopa-induced dyskinesias in Parkinson's disease
	References


	Parkinsonian patients and poor awareness of dyskinesias
	References

	Excessive sensitivity to uncertain visual input in L-DOPA-induced dyskinesias in Parkinson's disease: further implications for cerebellar involvement
	Introduction
	Materials and methods
	Subjects
	Study paradigm
	Quantification of manual tracking
	Quantification of tracking performance
	Statistical analyses

	Results
	Discussion
	Supplementary material
	References

	Brain morphometry and the neurobiology of levodopa-induced dyskinesias: current knowledge and future potential for translational pre-clinical neuroimaging studies
	Introduction
	Neural correlates of levodopa-induced dyskinesia: functional MRI studies
	Neuroanatomical correlates of levodopa-Induced dyskinesia: Structural MRI studies
	Levodopa, gray matter, and magnetic resonance imaging signal
	What is the mechanism underlying neuroanatomical change in gray matter following chronic l-DOPA treatment?
	Animal models of LID
	Striatal mechanisms underlying LID
	Extra-striatal mechanisms of LID
	Future directions: A translational road map to bridge animal mechanistic studies with brain structural imaging to identify the morphological correlates of LID
	Conclusion
	References

	Maladaptive plasticity in levodopa-induced dyskinesias and tardive dyskinesias: old and new insights on the effects of dopamine receptor pharmacology
	Introduction
	Parkinson's disease with levodopa-induced dyskinesias
	Tardive dyskinesias in psychiatric disorders
	Shared maladaptive neural plasticity in LIDs and TDs patients
	Conclusion
	References

	PET neuroimaging: insights on dystonia and Tourette syndrome and potential applications
	Introduction
	Primary Dystonia
	Clinical characterization
	18F-FDG PET evidence
	PET neurotransmission studies

	Gilles de la Tourette Syndrome
	Clinical characterization
	18F-FDG PET evidence
	PET neurotransmission studies

	PET Neuroimaging and Stimulation Treatment Monitoring: Evidence in pD and GTS
	Conclusion: Summary and Future Directions
	References

	Sensorimotor connectivity in Parkinson's disease: the role of functional neuroimaging
	Introduction
	Task-related fMRI studies
	Resting-state fMRI studies
	Sensorimotor connectivity in dyskinetic phase
	Conclusion
	References

	Cerebellum in levodopa-induced dyskinesias: the unusual suspect in the motor network
	Introduction
	Basal ganglia circuitry
	Cortico–basal ganglio–thalamo-cortical loop
	Reciprocal basal ganglio–cerebellar circuitry

	Dopaminergic signaling in the motor circuits in health
	Dopamine and basal ganglia
	Dopamine and primary motor cortex
	Dopamine and cerebellum

	Dopaminergic signaling in parkinsonism and levodopa-induced dyskinesia
	Striatal signaling
	Striatal plasticity in parkinsonism and LID
	Cortical signaling
	Motor cortex plasticity

	Cerebellar link to motor circuits in health, parkinsonism and LID
	Cerebellar plasticity in health
	Cerebellar plasticity dysfunction in Parkinson's disease and LID

	Proposed model of parkinsonism and levodopa-induced dyskinesia based on aberrant plasticity
	References

	Surgical treatment of dyskinesia in Parkinson's disease
	Introduction
	Ablative surgery
	Pallidotomy
	Studies comparing pallidotomy and deep brain stimulation of the GPi or STN

	Deep brain stimulation
	GPi DBS
	STN DBS
	Mechanisms of action in reducing levodopa-induced dyskinesia
	Pallidal stimulation
	STN stimulation

	Studies comparing the effect of GPi and STN DBS
	Practical issues; selection of the surgical target, technique, and programing
	Post-operative programing: GPi DBS
	Post-operative programing: STN DBS


	Conclusion
	References

	Presynaptic mechanisms of L-DOPA-induced dyskinesia: the findings, the debate, and the therapeutic implications
	"Pre- or Post-Synaptic Mechanisms?" A brief historical perspective
	Nigrostriatal DA denervation and L-DOPA dosage are critical to LID
	Presynaptic consequences of nigrostriatal DA denervation
	Post-synaptic consequences of nigrostriatal DA denervation
	L-DOPA-induced DA release in the dyskinetic brain
	Serotonin neurons as an aberrant source of DA release "on" L-DOPA
	Debate on the involvement of 5-HT neurons in LID
	Debate on the plasticity of the serotonin system in LID and its animal models
	Gliovascular mechanisms
	Changes in BBB permeability: the findings and the debate
	Role of noradrenaline neurons
	Concluding remarks
	Acknowledgments
	References

	Serotonin system implication in L-DOPA-induced dyskinesia: from animal models to clinical investigations
	The role of striatal pre-synaptic neurons in the appearance of LID
	The serotonergic system in LID: pre-clinical evidence
	The serotonergic system in LID: clinical evidence
	References

	Pharmacological treatments inhibiting levodopa-induced dyskinesias in MPTP-lesioned monkeys: brain glutamate biochemical correlates
	Introduction
	Glutamate neurotransmission in the basal ganglia and parkinson's disease
	Levodopa-induced dyskinesias and non-human primate model
	Ionotropic glutamate receptors and levodopa-induced dyskinesias
	Metabotropic glutamate receptors and levodopa-induced dyskinesias
	Discussion
	Conclusion
	Acknowledgments
	References


