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L-DOPA is the criterion standard of treatment for Parkinson disease. Although it
alleviates some of the Parkinsonian symptoms, long-term treatment induces L-DOPA–
induced dyskinesia (LID). Several theoretical models including the firing rate model, the
firing pattern model, and the ensemble model are proposed to explain the mechanisms
of LID. The “firing rate model” proposes that decreasing the mean firing rates of the
output nuclei of basal ganglia (BG) including the globus pallidus internal segment and
substantia nigra reticulata, along the BG pathways, induces dyskinesia. The “firing
pattern model” claimed that abnormal firing pattern of a single unit activity and local field
potentials may disturb the information processing in the BG, resulting in dyskinesia. The
“ensemble model” described that dyskinesia symptoms might represent a distributed
impairment involving many brain regions, but the number of activated neurons in the
striatum correlated most strongly with dyskinesia severity. Extensive evidence for circuit
mechanisms in driving LID symptoms has also been presented. LID is a multisystem
disease that affects wide areas of the brain. Brain regions including the striatum, the
pallidal–subthalamic network, the motor cortex, the thalamus, and the cerebellum are
all involved in the pathophysiology of LID. In addition, although both amantadine and
deep brain stimulation help reduce LID, these approaches have complications that limit
their wide use, and a novel antidyskinetic drug is strongly needed; these require us to
understand the circuit mechanism of LID more deeply.
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THE INTRODUCTION OF L-DOPA–INDUCED DYSKINESIA

Parkinson disease (PD) is a neurodegenerative disorder that occurs often in the elderly. Most of
its motor symptoms are caused by the progressive death of dopaminergic (DAergic) neurons in
substantia nigra pars compacta (SNc) and deficiency of DA in the striatum (Poewe et al., 2017).
Currently, DA replacement therapy using L-3,4-dihydroxyphenylalanine (L-DOPA) is the standard
treatment for PD patients. However, its long-term administration usually induces L-DOPA–
induced dyskinesia (LID) in the majority of PD patients (Duvoisin, 1967; Turcano et al., 2018; Kim
et al., 2020). The antiparkinsonian efficacy of L-DOPA is closely coupled with dyskinesia. Once
LID is established, it is difficult to alleviate these dyskinetic symptoms without the compromise
of its antiparkinsonian efficacy. The main factors associated with the development of dyskinesia
include the disease duration and the age at onset of PD. Many studies have shown that longer
disease duration with greater disease severity of PD is associated with a higher risk of LID
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(Rajput et al., 2002; Sharma et al., 2010). In addition, younger age
at disease onset is more likely to develop LID (Kostic et al., 1991;
Sharma et al., 2010).

However, these risk factors seem insufficient to explain the
incidence of dyskinesia in PD patients; there is some evidence
indicating that genetic factors may also contribute to the
occurrence of dyskinesia. They include opioid receptor (Strong
et al., 2006), brain-derived neurotrophic factor (Foltynie et al.,
2009), solute carrier family 6 member 3 (Kaplan et al., 2014), and
catechol-O-methyltransferase Val58Met (de Lau et al., 2012). But
these genetic components are not generally considered primary
pathophysiology mechanism for LID. The importance of these
genetic factors in the overall risk of developing LID needs further
study. Recently, using genomics, transcriptomics, and proteomics
methods, it has suggested that expression of one or more specific
molecular triggers may induce long-term adaptations of striatal
circuits, which result in LID; one of them is nuclear receptor
related 1 (Nurr1) protein (Sellnow et al., 2020; Steece-Collier
et al., 2020).

Despite significant advances, the pathogenesis of LID
remains incompletely understood. It is well accepted that
LID is caused by the combination of nigral denervation and
chronic pulsatile DAergic receptor stimulation, which establishes
inappropriate signaling between the motor cortex and the
striatum, contributing to the generation of dyskinesia.

A pathophysiological interpretation of LID implicates both
presynaptic and postsynaptic changes in DA transmission. In
PD, as the disease progresses, most of SNc DAergic neurons
die, and its ability to control extracellular DA in the brain is
impaired. In this situation, the majority of the conversion from
L-DOPA to DA occurs in serotonergic neurons. But different
from DAergic neurons, serotonergic neurons cannot modulate
the release of DA, which results in the fluctuation of DA
levels at the synaptic clefts (for reviews, see Huot et al., 2013;
Bastide et al., 2015). In addition, the DAergic denervation
in the dorsolateral striatum leads to a supersensitivity of DA
receptors in the striatum, which strongly stimulates cAMP
signaling pathway (Park et al., 2014; Sancesario et al., 2014) and
DA- and cAMP-regulated neuronal phosphoprotein (DARPP-
32) pathway (Guan et al., 2007; Santini et al., 2007). Other
signaling cascades are also activated, including ERK kinase
(Fasano et al., 2010; Santini et al., 2010) and the mammalian
target of rapamycin (Santini et al., 2009; Calabrese et al.,
2020). These pathways regulate gene transcription and protein
synthesis, which contribute to LID generation (for review, see
Spigolon and Fisone, 2018).

In addition, emerging evidence has shown that non-
DAergic systems including glutamatergic system is also
involved in LID pathophysiology (for review, see Cenci,
2014). Microdialysis studies in rodent models of LID have
revealed that extracellular levels of glutamate in the striatum are
increased (Dupre et al., 2011). Furthermore, amantadine, a weak
non-competitive N-methyl-D-aspartate receptor (NMDAR)
antagonist, is the first drug approved for dyskinesia by the Food
and Drug Administration. Interestingly, activity-dependent
synaptic plasticity at corticostriatal synapses is altered in LID,
demonstrating its inability to form both LTD (long-term

depression) and depotentiation in dyskinesia (Picconi et al.,
2003, 2008).

Another non-DAergic system, the cholinergic system, also
contributes to LID development. In the striatum, the principal
source of acetylcholine is the cholinergic interneurons (ChIs).
ChIs have widespread axonal arborizations to modulate striatal
neurotransmission (Calabresi et al., 2000). This modulation
could influence striatal DA, γ-aminobutyric acid (GABA), and
other neurotransmitter release via nicotinic and muscarinic
acetylcholine receptors (nAChRs and mAChRs) (for reviews, see
Conti et al., 2018; Bordia and Perez, 2019). It has shown that
acute L-DOPA administration increases ERK phosphorylation in
spiny projection neurons (SPNs), whereas repeated application
leads to the activation of ERK in ChIs, which leads to increased
basal firing and potentiated responses to DA in ChIs (Ding
et al., 2011). In addition, both pharmacological inhibition of
striatal cholinergic tone and ablation of striatal ChIs decrease LID
without affecting the beneficial efficacy of L-DOPA (Ding et al.,
2011; Won et al., 2014).

Furthermore, accumulating evidence indicates that
morphologic changes in dendritic spines may also underlie
dyskinesia (Fieblinger and Cenci, 2015; Nishijima et al., 2018).
In Parkinsonian rodents, the treatment of L-DOPA could induce
a remarkable structural plasticity of striatal spines. Spines in
indirect pathway SPN (iSPN) are lost after a DA-denervating
lesion, but they can regrow in response to the application of
L-DOPA; this spine regrowth exhibits aberrant morphology,
indicating that the affected iSPNs are abnormal rewired (Zhang
et al., 2013). In contrast, direct pathway SPN (dSPN) spine
density is reduced (Fieblinger et al., 2014; Nishijima et al., 2014).
But how the specific spine changes of iSPNs and dSPNs are
related to the pathophysiology of LID remains unknown.

In this review, we will first evaluate three models to explain the
pathophysiology of LID, including “firing rate,” “firing pattern,”
and “ensemble” model. We will present an overview of studies
supporting or negating these models. Then we will discuss brain
regions, which are involved in LID, indicating that the generation
and modulation of LID require the coordinated actions of the
striatum, the pallidal–subthalamic network, the motor cortex,
the thalamus, and the cerebellum. Finally, we provide three
critical questions for the future study.

THEORETIC MODELS OF BG IN LID

There are two major populations of cells in the striatum, dSPNs
and iSPNs, based on their different projection targets. DA D1
receptors are highly expressed in dSPNs; these neurons project
directly to the outputs of the basal ganglia (BG) including
substantia nigra reticulata (SNr) and the globus pallidus internal
segment (GPi). In contrast, DA D2 receptors are located in
iSPNs. They reach SNr and/or GPi indirectly via globus pallidus
external segment (GPe) and the subthalamic nucleus (STN) (for
review, see Bastide et al., 2015). Generally, the activation of the
direct pathway reduces the output of the BG, stimulating the
thalamus and cortex, which promotes the movement. While the
stimulation of the indirect pathway increases the BG output,
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FIGURE 1 | The direct and indirect pathway of the BG. In the health, the activation of the direct pathway reduces the output of the BG, stimulating the thalamus and
cortex, which promotes the movement. While the stimulation of the indirect pathway increases the BG output, suppressing the cortex and inhibiting the movement.
In PD, the deficiency of DA in the striatum causes the overactivation of indirect pathway, as well as the hypoactivation of direct pathway, resulting in the suppression
of the thalamus and the cortex, which inhibits the movement. In contrast, in LID, the activity of direct output pathway is increased while the indirect output pathway is
inhibited, which disinhibits the thalamus and the cortex, resulting in the increase of the movement. Red lines indicate excitatory transmission, whereas blue lines
mean inhibitory transmission, and line width represents the strength of neuronal transmission. This figure adapted from McGregor and Nelson (2019).

suppressing the cortex and the movement (for review, see Bastide
et al., 2015; Figure 1). In PD, the deficiency of DA in the striatum
causes the overactivation of indirect pathway, as well as the
hypoactivation of direct pathway, resulting in the suppression
of the thalamus and the cortex, which inhibits the movement
(Figure 1; McGregor and Nelson, 2019). While in LID the DA
concentration in the striatum is increased, which enhances the
output of direct pathway by the stimulation of D1 receptor, the
indirect pathway is inhibited via the activation of D2 receptor.
The overall outcome of these actions reduces the BG output and
induces dyskinesia (Figure 1).

There are 3 major hypotheses that explain the pathophysiology
of LID. First, the “firing rate model” proposes that decreasing
the mean firing rates of the output nuclei of BG including GPi
and SNr, along the BG pathways, induces dyskinesia. Second,
“firing pattern model” claimed that abnormal firing pattern of
single unit activity and local field potentials (LFPs) may disturb
the information processing in the BG, resulting in dyskinesia.
Third, “ensemble model” described that dyskinetic symptoms are
induced by alterations in patterns of activity of several specific cell
types brain-wide.

Firing Rate Model (Table 1)
The firing rate model proposes that brain information is encoded
in the firing rate of individual neurons. LID symptoms might
be caused by the reduction of firing rate of GPi neurons, which
disinhibit the thalamic–cortical motor pathway (DeLong, 1990;
Vitek and Giroux, 2000). Evidences favoring rate-based model

TABLE 1 | Changes in firing rates in health, PD, and LID conditions.

Parkinsonian LID Citations

Striatum

dMSNs Decreased Increased Parker et al., 2018; Ryan et al.,
2018; Sagot et al., 2018

iMSNs Increased Decreased Parker et al., 2018; Ryan et al.,
2018; Sagot et al., 2018

ChIs NT Enhanced Ding et al., 2011

STN Increased No effect Aristieta et al., 2012

SNr Increased Decreased Aristieta et al., 2016; Jin et al., 2016

M1 Cortex Decreased Increased Ueno et al., 2014

LC Decreased Normal Miguelez et al., 2011

LHb NT Increased Bastide et al., 2014

DRN Increased Increased Prinz et al., 2013

Simple depiction of firing rate changes in health, PD, and LID conditions across
many brain regions including the BG. “NT” means “not tested.”

of LID came from studies in humans, non-human primates,
and rodents. In Parkinsonian monkeys, the application of L-
DOPA reduces the firing rate in the GPi neurons (Papa et al.,
1999). Further, in PD patients with LID, during the expression
of dyskinesias, both GPi and STN firing rate shift from increased
activity in the Parkinsonian state to hypoactivity (Lozano et al.,
2000). Studies in rodents with LID also support rate-based model.
In 6-OHDA–lesioned rats, the firing rate of STN neurons was
decreased by L-DOPA and non-selective DA receptor agonist
apomorphine (Kreiss et al., 1997).
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Recently, firing rate changes of dSPN and iSPN in LID are also
studied. Ryan et al. (2018) showed that, in Parkinsonian mice,
DA depletion significantly reduces dSPN firing rates, whereas
the firing rate of iSPNs is not increased significantly, which
cause an imbalance between dSPN and iSPN activity. After
the administration of L-DOPA, the firing rate of dSPNs in
Parkinsonian mice is much higher than that in healthy controls,
whereas the firing rate of iSPNs is reduced below the normal
range (Ryan et al., 2018). In addition, using Pitx3 null mutant
(Pitx3−/−) mice, which is an animal model for PD with severe
DA denervation, the firing rate of dSPNs is increased in response
to L-DOPA or D1 receptor agonist, SKF81297 (Sagot et al., 2018).
A recent study using imaging somatic Ca2+ dynamics also reveals
that during dyskinesia, dSPNs are hyperactive, whereas iSPNs are
hypoactive (Parker et al., 2018).

In addition, chronic L-DOPA administration enhanced
baseline and DA-induced firing rates compared with chronic
saline treatment in striatal ChIs of Pitx3−/− mice (Ding et al.,
2011). The follow-up study by the same group showed that both
hyperpolarization–activation cyclic nucleotide-gated and small
conductance calcium-activated potassium (SK) channels mediate
the change of ChI firing rates in response to chronic L-DOPA
treatment (Choi et al., 2020).

Although many studies have favored the rate-based model of
LID, it still cannot explain several aspects of LID. For example, by
monitoring thousands of SPNs in behaving mice during LID, four
different types of SPN dynamics have been revealed, including
decreased spontaneous iSPN activity, increased spontaneous
dSPN activity, loss of spatial coordination of dSPN activity, and
reduced movement-coupled dSPN activity (Parker et al., 2018).
Both decreased iSPN activity and increased dSPN activity support
the rate-based model, but two other kinds of neural dynamics
cannot be explained by this model (Parker et al., 2018).

Firing Pattern Model
Burst Firing
Although many investigators attribute altered firing rates to the
generation of LID at the neuronal level in the BG and other
brain areas, recent studies have challenged this idea. It now
seems clear that changes in burst firing might underlie these
dyskinetic symptoms (Table 2). Burst firing means a neuron
repeatedly fires discrete groups of spikes; between bursts is a
period of quiescence. At least two main functional roles of bursts
have been proposed. First, bursting can enhance the reliability
of information transmission (Lisman, 1997). Second, bursts can
carry additional information and expand the coding space.

At the level of BG output, several groups have found altered
bursting activity in GPi neurons in human dyskinesia patients
and rodents with LID. Acute application of L-DOPA increases
the number of bursting cells in the GPi and SNr of Parkinsonian
rats (Meissner et al., 2006; Jin et al., 2016). In contrast, in another
study, although baseline bursting firing pattern is increased in
Parkinsonian rats, acute application of L-DOPA reduces the
number of bursting neurons in the SNr of dyskinetic rats
(Aristieta et al., 2016). Increased bursting has also been observed
in the STN and GPi of dyskinetic patients (Levy et al., 2001a).

TABLE 2 | Comparisons of firing patterns in health, PD, and LID conditions.

Parkinsonian LID Citations

Burst firing

SNr NT Increased Meissner et al., 2006

Increased Reduced Aristieta et al., 2016

GPi NT Increased Jin et al., 2016

NT Increased Levy et al., 2001a

STN NT Increased Levy et al., 2001a

LC Decreased Increased Miguelez et al., 2011

LHb NT Increased Bastide et al., 2016

Neuronal oscillation

β oscillation

STN Increased Decreased Delaville et al., 2015

Increased Decreased Alonso-Frech et al., 2006

Cortex Increased Decreased Delaville et al., 2015

NT Decreased Dupre et al., 2016

γ oscillation

Cortex Reduced Increased Delaville et al., 2015

NT Increased Dupre et al., 2016

NT Increased Swann et al., 2016

NT Increased Halje et al., 2012

STN Reduced Increased Delaville et al., 2015

The summary of firing patterns (burst firing and oscillation) changes in health, PD,
and LID conditions. “NT” means “not tested.”

In addition to the BG, neurons in other brain areas also
demonstrated changes in burst activity in dyskinetic rodents.
In locus coeruleus (LC), the percentage of neurons with
bursting activity is significantly reduced in Parkinsonian rats,
but acute L-DOPA administration increases it (Miguelez et al.,
2011). Furthermore, in lateral habenula (LHb) of ON-L-DOPA
dyskinetic 6-OHDA–lesioned rats, the proportion of bursting
neurons are significantly increased compared to the control
(Bastide et al., 2016).

As with firing rate, it is difficult to link bursting specifically
with dyskinesia. Measuring dyskinesia by the modulation of
bursting is a good approach. Although one study has shown that
bursting increase by constant positive current injection in the
STN ameliorates LID in Parkinsonian rats (Tai et al., 2020), more
work still needs to be done to confirm this link.

Neuronal Oscillations
Convergent evidence from both human patients and animal
models suggest that dyskinetic symptoms might also be
caused by abnormal changes in neuronal oscillation within the
cortico–BG–thalamic loop and other brain regions (Table 2)
(Richter et al., 2013).

Mechanisms that mediate the generation of oscillation in brain
regions are prime candidates for the pathophysiology of LID.

Neuronal oscillations are rhythmic or repetitive patterns
of neural activity in the central nervous system. Brain can
generate oscillatory activity driven either by individual neurons
or by interactions between neurons. For individual neurons,
oscillations can appear as rhythmic patterns of action potentials.
At the level of cell groups, synchronized activity of large
numbers of neurons produces macroscopic oscillations, which
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can be measured using LFP. It generally arises from feedback
interactions between the neurons. Usually, it is classified into
several bands based on frequency range, including δ (∼1–
4 Hz), θ (∼4–8 Hz), α (∼8–13 Hz), β (∼13–30 Hz), and γ

(∼30–100 Hz) bands (Wang, 2010). The oscillatory theory is
an important theoretic basis for deep brain stimulation (DBS)
therapy on LID (Stefani et al., 2019). There is a wide diversity
of cellular and circuit mechanisms underlying the generation of
these oscillations, and neural oscillations could mediate memory,
sleep, motor coordination, and other physiological functions.

β Oscillation
Most of studies have demonstrated that enhanced β oscillation
in cortico–BG–thalamic loop might cause motor impairment
including bradykinesia in PD (Brazhnik et al., 2012, 2014,
2016; Delaville et al., 2015). Correlative evidence showed that β

frequency stimulation at the STN may contribute to the slowing
of movements in PD patients (Chen et al., 2007). It is postulated
that in Parkinsonian state the BG demonstrates abnormally β

oscillatory activities; this β band activity impairs information
processing in cortico–BG loops and causes both motor and
cognitive deficits in PD.

In dyskinetic rodents and patients β band activity is reduced
(Figure 2). Treatment with L-DOPA, administrated acutely or
chronically, reduces β band activity induced by DA depletion
(Delaville et al., 2015). Additionally, in Parkinsonian rats, L-
DOPA priming decreases cortical β band activity during treadmill
walking (Dupre et al., 2016). PD patients in the “On” state also
showed decreased β oscillation (Alonso-Frech et al., 2006). In
addition, β oscillations can be divided into low (12–19 Hz) and
high (19–30 Hz) β band. They have different origins within the

FIGURE 2 | Oscillation model of LID. Oscillation model proposes that
dyskinesia is characterized by significant changes in oscillations; usually β

oscillation is reduced (Delaville et al., 2015), whereas γ oscillation is enhanced
(Halje et al., 2012).

cortico–BG–thalamic circuit (Brittain et al., 2014). Low β band
shows a greater decrease in power than the high β component in
response to L-DOPA and apomorphine (Priori et al., 2004).

Nevertheless, the link between PD and β oscillation is not
convincing. In Parkinsonian monkeys injected with 1-methyl-
4-Phenyl-1,2,3,6-tetrahydropyridine (MPTP), they show that
Parkinsonian symptoms do not depend on β oscillation. While
the moderate depletion of DA induces parkinsonism, only a
significant DA reduction generates β oscillation (Leblois et al.,
2007). Furthermore, the pharmacological inhibition of STN
activity by microinjection of lidocaine and muscimol into STN
can rescue some PD symptoms without suppressing β oscillation
in PD patients (Levy et al., 2001b). Similarly, how the change of β

oscillation is related to dyskinesia requires further study.

γ Oscillation
γ Oscillation is also associated with dyskinesia. Initial studies
suggested that this oscillation is primarily related to the
prokinetic effect of L-DOPA rather than to dyskinetic symptoms
(Cassidy et al., 2002; Alonso-Frech et al., 2006). It is further
supported by the study showing that the power of γ oscillation
increases with voluntary movements (Cassidy et al., 2002; Alegre
et al., 2005). The high-frequency oscillations (HFOs) in the 60–
90-Hz frequency band are also found in the motor cortex in
association with movements (Crone et al., 1998). Interestingly,
these movements related only to brief episodes of γ power
increase rather than sustained oscillatory activity (Cheyne and
Ferrari, 2013). Later, the link of this HFO to dyskinesia in
motor cortex is established by Halje et al. (2012) (Figure 2).
They found that 80-Hz HFOs are present only in the lesioned
hemisphere during LID. Further, the local application of D1
receptor antagonist in the motor cortex reduces both 80-Hz
oscillation and dyskinesia (Halje et al., 2012).

Since the original finding by Halje et al., the role of this
narrowband γ oscillation in rodent models of LID has been
further confirmed (Dupre et al., 2016; Swann et al., 2016). In
PD patients with an implantable bidirectional device for DBS
and electrocorticography, this typical motor cortical HFOs is
also observed along with dyskinesia, supporting the conclusion
that this narrowband HFO is pathological rather than prokinetic
(Swann et al., 2016). In addition, this oscillation is not affected
by voluntary movements, indicating that it can be a reliable
biomarker of dyskinesia (Swann et al., 2016). Furthermore, the
appearance of γ oscillation is related to the severity of DA damage
as the partially lesioned rats do not show the enhancement of
narrow γ band activity, this oscillation is obvious when LID
becomes severe (Dupre et al., 2016). Both γ oscillation and
dyskinesia can be induced by activating either D1 or D2 dopamine
receptors similar to that induced by L-DOPA following L-DOPA
priming in 6-OHDA–lesioned rats (Dupre et al., 2016).

Although an association between fast cortical oscillations and
LID is strongly suggested, it is still controversial. In the ventral
striatum of healthy rodents, the application of apomorphine
and amphetamine, which are DA agonists, also increases high γ

activity (∼80 Hz) (Berke, 2009).
It is well accepted that slow oscillations are necessary for

network synchronization over long distances, whereas faster
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rhythms including γ rhythms serve to synchronize neuronal
activity in short ranges (Jensen and Colgin, 2007). The amplitude
of γ oscillation could be modulated by the phase of a much slower
oscillation, which is called phase-amplitude coupling. It has been
demonstrated in many brain areas and plays very important roles
in a variety of cognitive processes including learning and memory
(Canolty and Knight, 2010). Recently, phase-amplitude coupling
has also been discovered in both the cortex and the striatum of
mice with dyskinesia. In the case of dyskinesia, the coupling of the
amplitude of oscillation at∼80 Hz to the phase of low frequencies
is significantly reduced (Belic et al., 2016).

Ensemble Model
A neural ensemble is a group of neurons involved in a special
neural computation. Depending on functional requirements,
the same neuron could participate in different cell ensembles
related to different computations (Josselyn et al., 2015). There
is anatomical evidence to support this notion that each neuron
receives inputs from many other neurons while sending its
outputs to large populations of cells. It is proposed that dyskinesia
symptoms might represent a distributed impairment involving
many brain regions.

It is well accepted that LID is caused by aberrant activity in the
striatum evoked by L-DOPA. However, other brain regions have
also been involved, including the primary motor cortex (M1)
and the cerebellum. It is more likely that dyskinetic symptoms
are induced by the alterations in large populations of neurons
across the brain, although the number of activated neurons in the
striatum correlated most strongly with dyskinesia severity.

Using the targeted recombination in active population
technique, neurons in several brain regions, including the M1
and the striatum have been identified to be associated with LID
(Girasole et al., 2018). Optical activation of LID-associated striatal
neurons induces dyskinesia without the acute administration of
L-DOPA. Further, the inhibition of these striatal LID-associated
neurons reduces the generation of dyskinesia, whereas inhibiting
dSPNs only cannot (Girasole et al., 2018). In another study, a
subpopulation of dSPNs, which has abnormally high firing rates
induced by L-DOPA in the striatum, is correlated specifically
with dyskinesia (Ryan et al., 2018). Interestingly, it has been
shown that parvalbumin-positive interneurons and iSPNs in the
striatum might also contribute to LID (Girasole et al., 2018),
which is supported by another study (Alberico et al., 2017).

POSSIBLE LOCI OF CIRCUIT
MODULATION IN LID

It is well accepted that the striatum is the major target for L-
DOPA to induce LID. In Parkinsonian rat, local administration
of L-DOPA in the striatum induces dyskinesia (Buck et al., 2010).
Further immediate-early genes such as c-Fos, FosB, and 1FosB
are consistently upregulated in the striatum of animals with
LID (Cenci, 2002; Beck et al., 2019). Detailed information about
the involvement of the striatum in LID can be found in other
articles (Cenci et al., 2018; Zhai et al., 2019). However, other
brain regions have also been implicated in LID, including the

pallidal–subthalamic network, the motor cortex, the thalamus,
and the cerebellum (Figure 2) (Cenci et al., 2018). In addition,
a systematic mapping of the brain regions reveals that several
other regions including the LHb and the bed nucleus of the stria
terminals (BNST) are also involved in LID (Bastide et al., 2014).

The Pallidal–Subthalamic Network
The pallidal–subthalamic network consists of the STN and the
two segments of the globus pallidus (GPe and GPi). Each
component of this network has its own set of afferent and efferent
connections. The STN is a key structure in the cortico–BG–
thalamo-cortical circuit. It receives glutamatergic inputs from
the cortex (Heikenfeld et al., 2020), the thalamus (Kita et al.,
2016), and the superior colliculus (SC) (Coizet et al., 2009).
In addition, it has GABAergic input from the GPe (Canteras
et al., 1990) and DAergic input from the SN (Cragg et al.,
2004). Furthermore, the STN provides glutamatergic efferent to
the outputs of the BG including GPi, SNr, and the striatum
(Hamani et al., 2017). It is involved in both indirect pathway
and hyperdirect pathway in the cortico–BG–thalamo-cortical
circuit (Bonnevie and Zaghloul, 2019). In hyperdirect pathway,
STN receives direct signals from the cerebral cortex without the
involvement of GPe (Polyakova et al., 2020).

STN lesion or STN high-frequency stimulation (HFS)
alleviates dyskinesia by reducing the dose of the L-DOPA
required (Toda et al., 2004; Apetauerova et al., 2006; Aristieta
et al., 2012). The optogenetic inhibition of the STN significantly
reduced LID in Parkinsonian rats (Yoon et al., 2016). However,
STN-HFS may also produce dyskinesia in some PD patients
(Limousin et al., 1996) and Parkinsonian rodents (Beurrier et al.,
1997; Boulet et al., 2006). Furthermore, after LID in Parkinsonian
rats is induced, the depletion of DA in the STN significantly
attenuates LID, but the removal of DA in the STN alone could
not induce dyskinesia in Parkinsonian rats (Marin et al., 2013).

The GPi is an output of the BG, which receive afferent
stimulation from striatal dSPN directly. The efferent of the GPi
includes the thalamus (Jaeger and Kita, 2011). Another GP, the
GPe, receives two major inputs from STN and striatal iSPNs
(Jaeger and Kita, 2011). Part of the direct targets from the GPe
includes the STN, the striatum, and the thalamus (Mastro et al.,
2014). Different cell groups in the GPe connect to its different
targets. Prototypical neurons in the GPe send strong projections
to the STN, whereas arkypallidal neurons project to both SPNs
and fast-spiking interneurons in the striatum (Gittis et al., 2014).
Several studies have shown that the GPi is involved in LID.
Chronic DBS of GPi improves dyskinesia in Parkinsonian rats
(Rodrigues et al., 2007; Alam et al., 2014). In contrast to STN
stimulation, the stimulation of the GPi could improve dyskinesia
without changing the requirement for L-DOPA (Apetauerova
et al., 2006). Up now, no study investigates the involvement of
GPe in LID.

Substantia Nigra Pars Reticulata
The SN is divided into two parts: SNc and SNr. The
pars compacta serves mainly as a projection to the BG
circuit, supplying the striatum with DA. The pars reticulata
conveys signals from the BG to numerous other brain
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structures. Similar to GPi, the neurons in pars reticulata are
mainly GABAergic.

SNr receives several afferents from other brain regions,
including GABAergic inputs from the striatum and glutamatergic
projections from the STN. SNr also sends significant connections
to the thalamus and SC (Beckstead et al., 1979). In addition,
the neurons in SNr form collaterals with pars compacta,
modulating the activity of DAergic neurons in the pars compacta
(Mailly et al., 2003).

Many studies have shown that SNr is involved in LID.
During dyskinesia, the activities of SNr neurons in patients and
animal models of PD are significantly inhibited (Lozano et al.,
2000; Meissner et al., 2006; Aristieta et al., 2016). In addition,
optical stimulation of dSPN GABAergic terminals at the SNr
can produce a full dyskinetic state similar to that induced by L-
DOPA (Keifman et al., 2019). Interestingly, the stimulation of M4
mAChRs in SNr inhibits LID (Brugnoli et al., 2020).

Motor Cortex
The motor cortex comprises three different areas, including the
M1, the premotor cortex, and the supplementary motor area
(SMA) (Bastide et al., 2015). Accumulated evidence indicated
that the motor cortex is involved in LID (Huang et al., 2011;
Halje et al., 2012; Belic et al., 2016; Dupre et al., 2016).
Most of studies have been done in PD patients and rodents.
It has shown that LID is associated with increased activity
of neurons in M1 (Lindenbach et al., 2016). Using single-
photon emission computed tomography technique, both SMA
and M1 are found to be overactivated in PD patients with
LID by analyzing regional cerebral blood flow (Rascol et al.,
1998). This conclusion has also been confirmed by magnetic
resonance imaging data (Cerasa et al., 2015). In addition, in
Parkinsonian rats, the application of L-DOPA increases M1
blood flow while decreasing M1 glucose metabolism (Ohlin
et al., 2012). But other studies reported different results; in PD
patients, L-DOPA reduces M1 blood oxygen levels and glucose
metabolism (Haslinger et al., 2001). These inconsistent studies
require future clarification.

In the rodent brain, pyramidal cells account for 80% of cortical
neurons. There are two different types of pyramidal neurons in
the motor cortex: intratelencephalic (IT) and pyramidal tract
(PT) neurons based on their projection targets (Reiner et al.,
2010). IT neurons preferentially target both ipsilateral striatum
and contralateral striatum as well as the cortex. Therefore,
IT neurons include both corticostriatal and corticocortical
projections, whereas PT neurons preferentially connect
brainstem, spinal cord, and ipsilateral striatum (McColgan
et al., 2020). In addition, it has been suggested that IT neurons
express D1 receptors and preferentially target dSPNs, whereas
PT neurons express D2 receptors and preferentially connect
iSPN in the striatum (Shepherd, 2013), but this hypothesis is
challenged by other studies; it has shown that IT and PT neurons
project to both iSPN and dSPN in the striatum (Kress et al.,
2013). Further work is required to study this inconsistency. In
LID rat model, both IT-type and PT-type neurons in the M1
demonstrate enlarged dendrite spines (Ueno et al., 2014, 2017).
IT-type neurons also show increased neuronal activity (Ueno

et al., 2014); whether the activity of PT-type neurons is also
increased remains unstudied yet (Ueno et al., 2017).

Using transcranial magnetic stimulation (TMS), a lack of
depotentiation-like cortical plasticity in PD patients with LID
is also revealed (Huang et al., 2011). In the motor cortex of
LID rat model, 80-Hz high-frequency LFP oscillations appear
(Halje et al., 2012). The association between high-frequency
LFP oscillations and LID has also been confirmed by several
other studies (Delaville et al., 2015; Belic et al., 2016; Dupre
et al., 2016). In addition, when D1 receptors in the motor cortex
is pharmacologically inhibited, both 80-Hz oscillations and
abnormal involuntary movement (AIM) are attenuated (Halje
et al., 2012). Thus, not surprisingly, directly targeting the M1 with
TMS and transcranial direct current stimulation (tDCS) has been
used to treat LID symptoms. M1-tDCS improves LID symptoms
in PD patients, which might be mediated by downregulating M1
excitability (Ferrucci et al., 2016).

Thalamus
In addition to act as a relay afferent to the neocortex, the
thalamus is also related to the movement control. It includes
several important nuclei such as the centromedian/parafascicular
complex (CM/Pf) and the motor thalamus. CM/Pf can
communicate bidirectionally with the BG; CM/Pf provides major
glutamatergic inputs to the BG (Van der Werf et al., 2002).
In turn, it receives innervations from the BG output (Sidibe
et al., 2002). Further, CM/Pf has wide afferent connections
from sensorimotor cortex and responses to many sensory and
arousing stimuli (Yamanaka et al., 2018). There is accumulating
evidence demonstrating the involvement of CM/Pf in LID
(Jouve et al., 2010; Alam et al., 2014). In 6-OHDA–lesioned
Parkinsonian rat model, Pf-HFS partially alleviates LID. In
addition, Pf-HFS can also provide antiparkinsonian benefits,
although its efficacy is reduced by L-DOPA (Jouve et al., 2010).
At the cellular level, Pf-HFS partially prevents the increase
of preproenkephalin-A mRNA levels in the striatum induced
by DA denervation, preproenkephalin-A is a marker for iSPN
function (Jouve et al., 2010). Further, Pf-HFS reverses the lesion-
induced changes of cytochrome oxidase subunit I in the STN,
GPe, and SNr (Jouve et al., 2010). Chronic DBS of CM/Pf
improves the dyskinetic symptoms in both Parkinsonian rats and
patients (Stefani et al., 2009; Alam et al., 2014), although one
study showed that CM/Pf lesion in MPTP-lesioned dyskinetic
monkeys provides no benefit on LID symptoms (Lanciego et al.,
2008). Further studies are still required to understand the
specific contribution of CM/Pf neurons to the pathophysiology
of LID.

Another nucleus in the thalamus, the motor thalamus, is
also linked to LID, which is demonstrated by several studies
(Ohye and Shibazaki, 2001; Guridi et al., 2008). It includes the
ventral anterior, ventral lateral, and ventral medial nuclei. They
receive direct afferents from GPi/SNr, the cerebral cortex, and
the deep cerebellar nuclei. The lesions of the motor thalamus
improve dyskinetic symptoms in PD patients with LID (Ohye and
Shibazaki, 2001; Guridi et al., 2008).
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FIGURE 3 | Brain regions involved in the pathophysiology of LID. Besides the striatum, other brain regions including the pallidal–subthalamic network, the motor
cortex, the thalamus, the cerebellum, the dorsal raphe nucleus (DRN), the LC, the LHb, and the BNST are also involved in LID. During LID, LHb neurons are
suggested to induce the aberrant DA release in the striatum from serotonergic terminals via DRN and generate LID symptoms (Carta et al., 2007; Bernard and Veh,
2012), but the mechanisms how the LC and the BNST affect LID remain unknown (red “?” represents unknown). In addition, the BG and the cerebellum are thought
to communicate at the subcortical level. The subthalamic nucleus (STN) sends projections to the cerebellar cortex through pontine nuclei (PN) (blue line) (Bostan
et al., 2010), whereas the dentate nucleus in the cerebellum sends connection to the striatum via the thalamus (yellow line) (Hoshi et al., 2005).

Cerebellum
Although both the BG and the cerebellum are involved
in the movement control, they have different functions.
The function of the cerebellum is to control fine-tuning
movement, whereas BG’s function is to select wanted movement.
These two systems are thought to be independent, and
they connect only at the level of the cerebral cortex. But
studies have shown that the BG and the cerebellum could
also communicate at the subcortical level (Hoshi et al.,
2005; Bostan et al., 2010). The STN sends projections to
the cerebellar cortex through pontine nuclei (Bostan et al.,
2010), whereas the dentate nucleus in the cerebellum sends
connection to the striatum via the thalamus (Hoshi et al., 2005;
Figure 3).

Most studies demonstrating cerebellar involvement in LID
are done in human beings using tDCS and/or TMS. For
example, cerebellar tDCS decreases LID in PD patients
(Ferrucci et al., 2016). It is proposed that the cerebellum
is overactivated in LID. This impairs its ability for efficient
information processing. Cerebellar tDCS reduces LID by
decreasing the overstimulation of cerebellum (Ferrucci et al.,
2016). In addition, repetitive TMS is used on the lateral
cerebellum in PD patients with LID. It has shown that a
single session of cerebellar continuous theta burst stimulation
(TBS) transiently reduces LID, whereas multiple sessions
of cerebellar TBS alleviate LID for a longer time (Koch
et al., 2009). Cerebellar TBS might do so by decreasing
short intracortical inhibition and increasing long intracortical
inhibition, which reorganizes cortical circuits linked to LTD
induction (Koch et al., 2009).

Furthermore, a single session of inhibitory cerebellar TMS
could rescue the deficits of sensorimotor M1 plasticity in PD
patients with LID, whereas repeated cerebellar TMS had an
antidyskinetic effect along with a resurgence of sensorimotor
plasticity in M1, suggesting this effect of cerebellar stimulation
could restore M1 plasticity (Kishore et al., 2014). It is
hypothesized that the abnormal output from the BG might affect
cerebellar sensory processing function, which induces both the
maladaptive plastic responses in M1 and the appearance of LID
(Kishore et al., 2014).

Other Brain Regions
Lateral Habenula
LHb receives innervations from both the limbic system and the
BG including GPi (Hikosaka et al., 2008; Hong and Hikosaka,
2008). It projects to the monoaminergic brain regions such
as the ventral tegmental area (VTA), the SNc, and the dorsal
and medial raphe (DRN and MRN) (Bernard and Veh, 2012).
Recent study claims that LHb might encode negative reward,
which is involved in reward processing (Baker et al., 2016).
So far, only one article demonstrates that LHb contributes to
the generation of LID. It demonstrates that L-DOPA increases
LHb activity. In addition, LID symptoms are relieved when LHb
neurons are inactivated (Bastide et al., 2016). It is well known
that LHb projects to serotonin neurons in the DRN. In advanced
PD, instead of DAergic terminals, serotonergic terminals control
the release of DA. Therefore, during LID, LHb neurons might
induce the aberrant DA release from serotonergic terminals and
generate LID symptoms (Carta et al., 2007; Navailles et al.,
2011; Figure 3).
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Bed Nucleus of the Stria Terminal
BNST is related to motivated behaviors and has two-way
communications with the central amygdale, the lateral
hypothalamus, the VTA, and the periaqueductal gray (Vranjkovic
et al., 2017). It has shown that transcription factors, 1FosB, ARC,
Zif268, and FRA2, are overexpressed in the BNST of dyskinetic
rats (Cenci, 2002; Lindgren et al., 2011; Bastide et al., 2014).
When neurons in BNST are pharmacogenetically inactivated,
dyskinesia is significantly reduced (Bastide et al., 2017). It is
hypothesized that the BNST could modulate LID symptoms via
SNc and that it might also affect LID severity, either directly
or indirectly, through the modulation of anxiety-related and
sensorimotor processes.

Dorsal Raphe Nucleus
DRN contains the main population of serotonergic neurons
in the brain; they provide extensive innervation to the BG
including SN and caudate putamen (Di Matteo et al., 2008).
In rats, both the number of serotonergic neurons in the DRN
and serotonin content in the striatum and prefrontal cortex
are significantly reduced after the administration of L-DOPA;
these changes might be mediated by oxidative-stress mechanism
(Stansley and Yamamoto, 2014). Consistently, the decrease in
serotonin content after the application of L-DOPA in a rat
model of PD is also observed; but different from previous
study, this reduction occurs throughout the whole rat brain
(Navailles et al., 2011). These differences might be caused by
different experimental models and methods they used. But
other authors found the opposite. This is thought to be a
sprouting of serotoninergic neurons induced by L-DOPA in
Parkinsonian rat, which potentiates the DA release in the DA-
depleted striatum (Rylander et al., 2010). Interestingly, there
are no anatomical changes for the serotonergic neurons in the
DRN of PD patients with LID, suggesting a functional but
not structural change in the serotonergic system in dyskinesia
(Cheshire et al., 2015).

In addition, both DA degeneration and subsequent L-DOPA
treatment affect the intrinsic excitability of serotonergic neurons
in the DRN of Parkinsonian mouse model (Prinz et al., 2013).
This change might mediate some dyskinetic symptoms. But
another study drew a different conclusion; they find that the effect
of L-DOPA is not related to changes of the activity of rat DRN
serotonergic neurons (Miguelez et al., 2016).

Further, several studies have shown that lesions of the rat
DRN rescue LID symptoms (Carta et al., 2007; Eskow et al.,
2009). The expression of the dopamine D2 autoreceptor in
serotonergic neurons of rat DRN also blocks LID (Sellnow
et al., 2019). Interestingly, the serotonergic and DAergic
systems interact reciprocally. The impairment of serotonergic
neuron reduces DA release (Navailles et al., 2011), whereas
the administration of L-DOPA decreases the level of serotonin
(Navailles et al., 2011).

Locus Coeruleus
It has been shown that noradrenergic (NAergic) neurons in
the LC are also degenerated in PD (Del Tredici et al., 2002).

In fact, more neurons die in the LC than in the SNc (Zarow
et al., 2003). Additionally, it is proposed that the degeneration
of LC NAergic neurons happens early before that of SNc DAergic
neurons (Braak and Del Tredici, 2008). To date, there is growing
evidence that additional loss of NA neurons of the LC, the main
source of NA in the brain, can affect LID symptoms (Fulceri et al.,
2007; Perez et al., 2007, 2009; Miguelez et al., 2011), but results
are not consistent, NA loss can increase, reduce, or have no effect
on LID symptoms. Studies have reported that the denervation
of LC NAergic terminals increases LID symptoms induced by L-
DOPA in Parkinsonian rats (Fulceri et al., 2007; Perez et al., 2007).
In addition, chemical destruction of LC increases dyskinesia
induced by L-DOPA (Miguelez et al., 2011). In contrast, NA
loss does not significantly modulate dyskinetic symptoms in
Parkinsonian rats; instead, it reduces therapeutic effects of L-
DOPA (Ostock et al., 2014). In another study, NA loss reduces
dyskinesia (Barnum et al., 2012).

In addition, the expression of α2A adrenoceptor RNA in the
LC is increased in Parkinsonian rats, and long-term treatment
of L-DOPA reverses this increase (Alachkar et al., 2012).
Further, both selective agonists and antagonists of α2-NAergic
receptors modulate dyskinetic symptoms (Ostock et al., 2015).
Systemic and local LC infusions of clonidine, a α2-NAergic
receptor agonist, reduces LID and locomotor activity without
modulating L-DOPA’s antiparkinsonian benefits. Conversely,
the application of atipamezole, a specific α2-NAergic receptor
antagonist, prolongs LID (Ostock et al., 2015). It is proposed
that atipamezole might modulate motor function indirectly by
stimulating the release of NA and/or inhibiting the activity of α2-
NAergic receptor at postsynaptic site. NAergic system might help
to remove DA derived from L-DOPA via the NA transporter (Arai
et al., 2008). In addition, when both the NAergic and DAergic
systems are denervated, L-DOPA-derived DA remains for a long
time in the cleft, which leads to a prolongation of dyskinesia
(Hida and Arai, 1998).

CONCLUSION

In this review, based on accumulated evidence, we proposed
that LID-related changes of network activity including burst
firing and oscillation of neurons might induce dyskinesia. While
firing rates clearly change across the BG–thalamus–cortex loop
and other brain areas in both LID patients and animal models,
extensive evidence suggests that dyskinesia is characterized by
significant changes in burst firing and oscillations.

Despite the accumulation of extensive evidence for
circuit mechanisms in driving LID symptoms, several major
questions remain.

(1) Do changes in burst firing or oscillation cause dyskinesia?
Or are they just epiphenomenon? Most evidence
supporting their roles in dyskinesia is correlative, but
no matter whether they are epiphenomenon or causal, they
can provide important biological marker for the dyskinesia
diagnosis. This could facilitate drug screening studies in
PD rodents with dyskinesia, as well as identifying the better
stimulation regimes for PD patients with LID.
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(2) In addition, so far it is still difficult to link specific changes
in neuronal activity of dyskinesia-related brain regions to
dyskinesia. The pathophysiological mechanisms underlying
the development of dyskinesias still need further study.

(3) Do current therapies including anti-LID compounds and
DBS affect the circuit mechanisms of LID? Several studies
have addressed this possibility. For example, the application
of amantadine in Parkinsonian mice with dyskinesia
reduces high γ oscillation in both M1 and dorsolateral
striatum (Zheng et al., 2020). In another study, amantadine
increases STN firing rate (Allers et al., 2005). In addition,
both the depletion of 5-HT using pCPA (a serotonin
synthesis inhibitor) and the blockage of serotonin signaling
using its antagonist significantly modify STN neuron firing
rate, but whether this modulation mediates the therapy

of serotonin ligands on dyskinesia remains unstudied
(Aristieta et al., 2014).

AUTHOR CONTRIBUTIONS

KY, YL, and XZ reviewed the literature and drafted and wrote the
manuscript. CW and CZ revised the manuscript. TS proposed the
topic of this manuscript and revised the manuscript. All authors
read and approved the final version.

FUNDING

This work was supported by the National Natural Science
Foundation of China to TS (51873168).

REFERENCES
Alachkar, A., Brotchie, J. M., and Jones, O. T. (2012). Changes in the mRNA

levels of alpha2A and alpha2C adrenergic receptors in rat models of Parkinson’s
disease and L-DOPA-induced dyskinesia. J. Mol. Neurosci. 46, 145–152. doi:
10.1007/s12031-011-9539-x

Alam, M., Capelle, H. H., Schwabe, K., and Krauss, J. K. (2014). Effect of deep
brain stimulation on levodopa-induced dyskinesias and striatal oscillatory local
field potentials in a rat model of Parkinson’s disease. Brain Stimul. 7, 13–20.
doi: 10.1016/j.brs.2013.09.001

Alberico, S. L., Kim, Y. C., Lence, T., and Narayanan, N. S. (2017). Axial levodopa-
induced dyskinesias and neuronal activity in the dorsal striatum. Neuroscience
343, 240–249. doi: 10.1016/j.neuroscience.2016.11.046

Alegre, M., Alonso-Frech, F., Rodriguez-Oroz, M. C., Guridi, J., Zamarbide, I.,
Valencia, M., et al. (2005). Movement-related changes in oscillatory activity in
the human subthalamic nucleus: ipsilateral vs. contralateral movements. Eur. J.
Neurosci. 22, 2315–2324. doi: 10.1111/j.1460-9568.2005.04409.x

Allers, K. A., Bergstrom, D. A., Ghazi, L. J., Kreiss, D. S., and Walters, J. R.
(2005). MK801 and amantadine exert different effects on subthalamic neuronal
activity in a rodent model of Parkinson’s disease. Exp. Neurol. 191, 104–118.
doi: 10.1016/j.expneurol.2004.08.030

Alonso-Frech, F., Zamarbide, I., Alegre, M., Rodriguez-Oroz, M. C., Guridi, J.,
Manrique, M., et al. (2006). Slow oscillatory activity and levodopa-induced
dyskinesias in Parkinson’s disease. Brain 129(Pt 7), 1748–1757. doi: 10.1093/
brain/awl103

Apetauerova, D., Ryan, R. K., Ro, S. I., Arle, J., Shils, J., Papavassiliou, E., et al.
(2006). End of day dyskinesia in advanced Parkinson’s disease can be eliminated
by bilateral subthalamic nucleus or globus pallidus deep brain stimulation. Mov.
Disord. 21, 1277–1279. doi: 10.1002/mds.20896

Arai, A., Tomiyama, M., Kannari, K., Kimura, T., Suzuki, C., Watanabe, M., et al.
(2008). Reuptake of L-DOPA-derived extracellular DA in the striatum of a
rodent model of Parkinson’s disease via norepinephrine transporter. Synapse
62, 632–635. doi: 10.1002/syn.20535

Aristieta, A., Azkona, G., Sagarduy, A., Miguelez, C., Ruiz-Ortega, J. A., Sanchez-
Pernaute, R., et al. (2012). The role of the subthalamic nucleus in L-DOPA
induced dyskinesia in 6-hydroxydopamine lesioned rats. PLoS One 7:e42652.
doi: 10.1371/journal.pone.0042652

Aristieta, A., Morera-Herreras, T., Ruiz-Ortega, J. A., Miguelez, C., Vidaurrazaga,
I., Arrue, A., et al. (2014). Modulation of the subthalamic nucleus activity by
serotonergic agents and fluoxetine administration. Psychopharmacology 231,
1913–1924. doi: 10.1007/s00213-013-3333-0

Aristieta, A., Ruiz-Ortega, J. A., Miguelez, C., Morera-Herreras, T., and Ugedo,
L. (2016). Chronic L-DOPA administration increases the firing rate but does
not reverse enhanced slow frequency oscillatory activity and synchronization
in substantia nigra pars reticulata neurons from 6-hydroxydopamine-lesioned
rats. Neurobiol. Dis. 89, 88–100. doi: 10.1016/j.nbd.2016.02.003

Baker, P. M., Jhou, T., Li, B., Matsumoto, M., Mizumori, S. J., Stephenson-Jones,
M., et al. (2016). The lateral habenula circuitry: reward processing and cognitive
control. J. Neurosci. 36, 11482–11488. doi: 10.1523/JNEUROSCI.2350-16.2016

Barnum, C. J., Bhide, N., Lindenbach, D., Surrena, M. A., Goldenberg, A. A.,
Tignor, S., et al. (2012). Effects of noradrenergic denervation on L-DOPA-
induced dyskinesia and its treatment by alpha- and beta-adrenergic receptor
antagonists in hemiparkinsonian rats. Pharmacol. Biochem. Behav. 100, 607–
615. doi: 10.1016/j.pbb.2011.09.009

Bastide, M. F., de la Crompe, B., Doudnikoff, E., Fernagut, P. O., Gross, C. E.,
Mallet, N., et al. (2016). Inhibiting lateral habenula improves L-DOPA-induced
dyskinesia. Biol. Psychiatry 79, 345–353. doi: 10.1016/j.biopsych.2014.08.022

Bastide, M. F., Dovero, S., Charron, G., Porras, G., Gross, C. E., Fernagut, P. O.,
et al. (2014). Immediate-early gene expression in structures outside the basal
ganglia is associated to l-DOPA-induced dyskinesia. Neurobiol. Dis. 62, 179–
192. doi: 10.1016/j.nbd.2013.09.020

Bastide, M. F., Glangetas, C., Doudnikoff, E., Li, Q., Bourdenx, M., Fernagut, P. O.,
et al. (2017). Involvement of the bed nucleus of the stria terminalis in L-Dopa
induced dyskinesia. Sci. Rep. 7:2348. doi: 10.1038/s41598-017-02572-9

Bastide, M. F., Meissner, W. G., Picconi, B., Fasano, S., Fernagut, P. O., Feyder,
M., et al. (2015). Pathophysiology of L-dopa-induced motor and non-motor
complications in Parkinson’s disease. Prog. Neurobiol. 132, 96–168. doi: 10.
1016/j.pneurobio.2015.07.002

Beck, G., Singh, A., Zhang, J., Potts, L. F., Woo, J. M., Park, E. S., et al. (2019). Role
of striatal DeltaFosB in l-Dopa-induced dyskinesias of Parkinsonian nonhuman
primates. Proc. Natl. Acad. Sci. U.S.A. 116, 18664–18672. doi: 10.1073/pnas.
1907810116

Beckstead, R. M., Domesick, V. B., and Nauta, W. J. (1979). Efferent connections
of the substantia nigra and ventral tegmental area in the rat. Brain Res. 175,
191–217. doi: 10.1016/0006-8993(79)91001-1

Belic, J. J., Halje, P., Richter, U., Petersson, P., and Hellgren Kotaleski, J.
(2016). Untangling cortico-striatal connectivity and cross-frequency coupling
in L-DOPA-induced dyskinesia. Front. Syst. Neurosci. 10:26. doi: 10.3389/fnsys.
2016.00026

Berke, J. D. (2009). Fast oscillations in cortical-striatal networks switch frequency
following rewarding events and stimulant drugs. Eur. J. Neurosci. 30, 848–859.
doi: 10.1111/j.1460-9568.2009.06843.x

Bernard, R., and Veh, R. W. (2012). Individual neurons in the rat lateral habenular
complex project mostly to the dopaminergic ventral tegmental area or to the
serotonergic raphe nuclei. J. Comp. Neurol. 520, 2545–2558. doi: 10.1002/cne.
23080

Beurrier, C., Bezard, E., Bioulac, B., and Gross, C. (1997). Subthalamic stimulation
elicits hemiballismus in normal monkey. Neuroreport 8, 1625–1629. doi: 10.
1097/00001756-199705060-00014

Bonnevie, T., and Zaghloul, K. A. (2019). The subthalamic nucleus: unravelling
new roles and mechanisms in the control of action. Neuroscientist 25, 48–64.
doi: 10.1177/1073858418763594

Frontiers in Neuroscience | www.frontiersin.org 10 March 2021 | Volume 15 | Article 614412

https://doi.org/10.1007/s12031-011-9539-x
https://doi.org/10.1007/s12031-011-9539-x
https://doi.org/10.1016/j.brs.2013.09.001
https://doi.org/10.1016/j.neuroscience.2016.11.046
https://doi.org/10.1111/j.1460-9568.2005.04409.x
https://doi.org/10.1016/j.expneurol.2004.08.030
https://doi.org/10.1093/brain/awl103
https://doi.org/10.1093/brain/awl103
https://doi.org/10.1002/mds.20896
https://doi.org/10.1002/syn.20535
https://doi.org/10.1371/journal.pone.0042652
https://doi.org/10.1007/s00213-013-3333-0
https://doi.org/10.1016/j.nbd.2016.02.003
https://doi.org/10.1523/JNEUROSCI.2350-16.2016
https://doi.org/10.1016/j.pbb.2011.09.009
https://doi.org/10.1016/j.biopsych.2014.08.022
https://doi.org/10.1016/j.nbd.2013.09.020
https://doi.org/10.1038/s41598-017-02572-9
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1073/pnas.1907810116
https://doi.org/10.1073/pnas.1907810116
https://doi.org/10.1016/0006-8993(79)91001-1
https://doi.org/10.3389/fnsys.2016.00026
https://doi.org/10.3389/fnsys.2016.00026
https://doi.org/10.1111/j.1460-9568.2009.06843.x
https://doi.org/10.1002/cne.23080
https://doi.org/10.1002/cne.23080
https://doi.org/10.1097/00001756-199705060-00014
https://doi.org/10.1097/00001756-199705060-00014
https://doi.org/10.1177/1073858418763594
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-614412 March 9, 2021 Time: 11:39 # 11

Yang et al. Neuronal Circuitry Mediating LID

Bordia, T., and Perez, X. A. (2019). Cholinergic control of striatal neurons to
modulate L-dopa-induced dyskinesias. Eur. J. Neurosci. 49, 859–868. doi: 10.
1111/ejn.14048

Bostan, A. C., Dum, R. P., and Strick, P. L. (2010). The basal ganglia communicate
with the cerebellum. Proc. Natl. Acad. Sci. U.S.A. 107, 8452–8456. doi: 10.1073/
pnas.1000496107

Boulet, S., Lacombe, E., Carcenac, C., Feuerstein, C., Sgambato-Faure, V., Poupard,
A., et al. (2006). Subthalamic stimulation-induced forelimb dyskinesias are
linked to an increase in glutamate levels in the substantia nigra pars reticulata.
J. Neurosci. 26, 10768–10776. doi: 10.1523/JNEUROSCI.3065-06.2006

Braak, H., and Del Tredici, K. (2008). Invited Article: nervous system pathology
in sporadic Parkinson disease. Neurology 70, 1916–1925. doi: 10.1212/01.wnl.
0000312279.49272.9f

Brazhnik, E., Cruz, A. V., Avila, I., Wahba, M. I., Novikov, N., Ilieva, N. M.,
et al. (2012). State-dependent spike and local field synchronization between
motor cortex and substantia nigra in hemiparkinsonian rats. J. Neurosci. 32,
7869–7880. doi: 10.1523/JNEUROSCI.0943-12.2012

Brazhnik, E., McCoy, A. J., Novikov, N., Hatch, C. E., and Walters, J. R. (2016).
Ventral medial thalamic nucleus promotes synchronization of increased high
beta oscillatory activity in the basal ganglia-thalamocortical network of the
hemiparkinsonian rat. J. Neurosci. 36, 4196–4208. doi: 10.1523/JNEUROSCI.
3582-15.2016

Brazhnik, E., Novikov, N., McCoy, A. J., Cruz, A. V., and Walters, J. R. (2014).
Functional correlates of exaggerated oscillatory activity in basal ganglia output
in hemiparkinsonian rats. Exp. Neurol. 261, 563–577. doi: 10.1016/j.expneurol.
2014.07.010

Brittain, J. S., Sharott, A., and Brown, P. (2014). The highs and lows of beta activity
in cortico-basal ganglia loops. Eur. J. Neurosci. 39, 1951–1959. doi: 10.1111/ejn.
12574

Brugnoli, A., Pisano, C. A., and Morari, M. (2020). Striatal and nigral muscarinic
type 1 and type 4 receptors modulate levodopa-induced dyskinesia and striato-
nigral pathway activation in 6-hydroxydopamine hemilesioned rats. Neurobiol.
Dis. 144:105044. doi: 10.1016/j.nbd.2020.105044

Buck, K., Voehringer, P., and Ferger, B. (2010). Site-specific action of
L-3,4-dihydroxyphenylalanine in the striatum but not globus pallidus
and substantia nigra pars reticulata evokes dyskinetic movements in
chronic L-3,4-dihydroxyphenylalanine-treated 6-hydroxydopamine-lesioned
rats. Neuroscience 166, 355–358. doi: 10.1016/j.neuroscience.2009.12.032

Calabrese, V., Di Maio, A., Marino, G., Cardinale, A., Natale, G., De Rosa, A.,
et al. (2020). Rapamycin, by inhibiting mTORC1 signaling, prevents the loss
of striatal bidirectional synaptic plasticity in a rat model of L-DOPA-induced
dyskinesia. Front. Aging Neurosci. 12:230. doi: 10.3389/fnagi.2020.00230

Calabresi, P., Centonze, D., Gubellini, P., Pisani, A., and Bernardi, G. (2000).
Acetylcholine-mediated modulation of striatal function. Trends Neurosci. 23,
120–126. doi: 10.1016/s0166-2236(99)01501-5

Canolty, R. T., and Knight, R. T. (2010). The functional role of cross-frequency
coupling. Trends Cogn. Sci. 14, 506–515. doi: 10.1016/j.tics.2010.09.001

Canteras, N. S., Shammah-Lagnado, S. J., Silva, B. A., and Ricardo, J. A. (1990).
Afferent connections of the subthalamic nucleus: a combined retrograde and
anterograde horseradish peroxidase study in the rat. Brain Res. 513, 43–59.
doi: 10.1016/0006-8993(90)91087-w

Carta, M., Carlsson, T., Kirik, D., and Bjorklund, A. (2007). Dopamine
released from 5-HT terminals is the cause of L-DOPA-induced dyskinesia in
Parkinsonian rats. Brain 130(Pt 7), 1819–1833. doi: 10.1093/brain/awm082

Cassidy, M., Mazzone, P., Oliviero, A., Insola, A., Tonali, P., Di Lazzaro, V.,
et al. (2002). Movement-related changes in synchronization in the human basal
ganglia. Brain 125(Pt 6), 1235–1246. doi: 10.1093/brain/awf135

Cenci, M. A. (2002). Transcription factors involved in the pathogenesis of
L-DOPA-induced dyskinesia in a rat model of Parkinson’s disease. Amino Acids
23, 105–109. doi: 10.1007/s00726-001-0116-4

Cenci, M. A. (2014). Glutamatergic pathways as a target for the treatment of
dyskinesias in Parkinson’s disease. Biochem. Soc. Trans. 42, 600–604. doi: 10.
1042/BST20140006

Cenci, M. A., Jorntell, H., and Petersson, P. (2018). On the neuronal circuitry
mediating L-DOPA-induced dyskinesia. J. Neural Transm. 125, 1157–1169.
doi: 10.1007/s00702-018-1886-0

Cerasa, A., Donzuso, G., Morelli, M., Mangone, G., Salsone, M., Passamonti, L.,
et al. (2015). The motor inhibition system in Parkinson’s disease with levodopa-
induced dyskinesias. Mov. Disord. 30, 1912–1920. doi: 10.1002/mds.26378

Chen, C. C., Litvak, V., Gilbertson, T., Kuhn, A., Lu, C. S., Lee, S. T., et al. (2007).
Excessive synchronization of basal ganglia neurons at 20 Hz slows movement in
Parkinson’s disease. Exp. Neurol. 205, 214–221. doi: 10.1016/j.expneurol.2007.
01.027

Cheshire, P., Ayton, S., Bertram, K. L., Ling, H., Li, A., McLean, C., et al. (2015).
Serotonergic markers in Parkinson’s disease and levodopa-induced dyskinesias.
Mov. Disord. 30, 796–804. doi: 10.1002/mds.26144

Cheyne, D., and Ferrari, P. (2013). MEG studies of motor cortex gamma
oscillations: evidence for a gamma “fingerprint” in the brain? Front. Hum.
Neurosci. 7:575. doi: 10.3389/fnhum.2013.00575

Choi, S. J., Ma, T. C., Ding, Y., Cheung, T., Joshi, N., Sulzer, D., et al. (2020).
Alterations in the intrinsic properties of striatal cholinergic interneurons after
dopamine lesion and chronic L-DOPA. eLife 9:e56920. doi: 10.7554/eLife.56920

Coizet, V., Graham, J. H., Moss, J., Bolam, J. P., Savasta, M., McHaffie, J. G.,
et al. (2009). Short-latency visual input to the subthalamic nucleus is provided
by the midbrain superior colliculus. J. Neurosci. 29, 5701–5709. doi: 10.1523/
JNEUROSCI.0247-09.2009

Conti, M. M., Chambers, N., and Bishop, C. (2018). A new outlook on cholinergic
interneurons in Parkinson’s disease and L-DOPA-induced dyskinesia. Neurosci.
Biobehav. Rev. 92, 67–82. doi: 10.1016/j.neubiorev.2018.05.021

Cragg, S. J., Baufreton, J., Xue, Y., Bolam, J. P., and Bevan, M. D. (2004). Synaptic
release of dopamine in the subthalamic nucleus. Eur. J. Neurosci. 20, 1788–1802.
doi: 10.1111/j.1460-9568.2004.03629.x

Crone, N. E., Miglioretti, D. L., Gordon, B., and Lesser, R. P. (1998). Functional
mapping of human sensorimotor cortex with electrocorticographic spectral
analysis. II. Event-related synchronization in the gamma band. Brain 121(Pt
12), 2301–2315. doi: 10.1093/brain/121.12.2301

de Lau, L. M., Verbaan, D., Marinus, J., Heutink, P., and van Hilten, J. J.
(2012). Catechol-O-methyltransferase Val158Met and the risk of dyskinesias in
Parkinson’s disease. Mov. Disord. 27, 132–135. doi: 10.1002/mds.23805

Del Tredici, K., Rub, U., De Vos, R. A., Bohl, J. R., and Braak, H. (2002). Where does
parkinson disease pathology begin in the brain? J. Neuropathol. Exp. Neurol. 61,
413–426. doi: 10.1093/jnen/61.5.413

Delaville, C., McCoy, A. J., Gerber, C. M., Cruz, A. V., and Walters, J. R. (2015).
Subthalamic nucleus activity in the awake hemiparkinsonian rat: relationships
with motor and cognitive networks. J. Neurosci. 35, 6918–6930. doi: 10.1523/
JNEUROSCI.0587-15.2015

DeLong, M. R. (1990). Primate models of movement disorders of basal ganglia
origin. Trends Neurosci. 13, 281–285.

Di Matteo, V., Pierucci, M., Esposito, E., Crescimanno, G., Benigno, A., and
Di Giovanni, G. (2008). Serotonin modulation of the basal ganglia circuitry:
therapeutic implication for Parkinson’s disease and other motor disorders. Prog.
Brain Res. 172, 423–463. doi: 10.1016/S0079-6123(08)00921-7

Ding, Y., Won, L., Britt, J. P., Lim, S. A., McGehee, D. S., and Kang, U. J. (2011).
Enhanced striatal cholinergic neuronal activity mediates L-DOPA-induced
dyskinesia in Parkinsonian mice. Proc. Natl. Acad. Sci. U.S.A. 108, 840–845.
doi: 10.1073/pnas.1006511108

Dupre, K. B., Cruz, A. V., McCoy, A. J., Delaville, C., Gerber, C. M., Eyring, K. W.,
et al. (2016). Effects of L-dopa priming on cortical high beta and high gamma
oscillatory activity in a rodent model of Parkinson’s disease. Neurobiol. Dis. 86,
1–15. doi: 10.1016/j.nbd.2015.11.009

Dupre, K. B., Ostock, C. Y., Eskow Jaunarajs, K. L., Button, T., Savage, L. M., Wolf,
W., et al. (2011). Local modulation of striatal glutamate efflux by serotonin 1A
receptor stimulation in dyskinetic, hemiparkinsonian rats. Exp. Neurol. 229,
288–299. doi: 10.1016/j.expneurol.2011.02.012

Duvoisin, R. C. (1967). Cholinergic-anticholinergic antagonism in parkinsonism.
Arch. Neurol. 17, 124–136. doi: 10.1001/archneur.1967.00470260014002

Eskow, K. L., Dupre, K. B., Barnum, C. J., Dickinson, S. O., Park, J. Y., and Bishop,
C. (2009). The role of the dorsal raphe nucleus in the development, expression,
and treatment of L-dopa-induced dyskinesia in hemiparkinsonian rats. Synapse
63, 610–620. doi: 10.1002/syn.20630

Fasano, S., Bezard, E., D’Antoni, A., Francardo, V., Indrigo, M., Qin, L., et al.
(2010). Inhibition of Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1)

Frontiers in Neuroscience | www.frontiersin.org 11 March 2021 | Volume 15 | Article 614412

https://doi.org/10.1111/ejn.14048
https://doi.org/10.1111/ejn.14048
https://doi.org/10.1073/pnas.1000496107
https://doi.org/10.1073/pnas.1000496107
https://doi.org/10.1523/JNEUROSCI.3065-06.2006
https://doi.org/10.1212/01.wnl.0000312279.49272.9f
https://doi.org/10.1212/01.wnl.0000312279.49272.9f
https://doi.org/10.1523/JNEUROSCI.0943-12.2012
https://doi.org/10.1523/JNEUROSCI.3582-15.2016
https://doi.org/10.1523/JNEUROSCI.3582-15.2016
https://doi.org/10.1016/j.expneurol.2014.07.010
https://doi.org/10.1016/j.expneurol.2014.07.010
https://doi.org/10.1111/ejn.12574
https://doi.org/10.1111/ejn.12574
https://doi.org/10.1016/j.nbd.2020.105044
https://doi.org/10.1016/j.neuroscience.2009.12.032
https://doi.org/10.3389/fnagi.2020.00230
https://doi.org/10.1016/s0166-2236(99)01501-5
https://doi.org/10.1016/j.tics.2010.09.001
https://doi.org/10.1016/0006-8993(90)91087-w
https://doi.org/10.1093/brain/awm082
https://doi.org/10.1093/brain/awf135
https://doi.org/10.1007/s00726-001-0116-4
https://doi.org/10.1042/BST20140006
https://doi.org/10.1042/BST20140006
https://doi.org/10.1007/s00702-018-1886-0
https://doi.org/10.1002/mds.26378
https://doi.org/10.1016/j.expneurol.2007.01.027
https://doi.org/10.1016/j.expneurol.2007.01.027
https://doi.org/10.1002/mds.26144
https://doi.org/10.3389/fnhum.2013.00575
https://doi.org/10.7554/eLife.56920
https://doi.org/10.1523/JNEUROSCI.0247-09.2009
https://doi.org/10.1523/JNEUROSCI.0247-09.2009
https://doi.org/10.1016/j.neubiorev.2018.05.021
https://doi.org/10.1111/j.1460-9568.2004.03629.x
https://doi.org/10.1093/brain/121.12.2301
https://doi.org/10.1002/mds.23805
https://doi.org/10.1093/jnen/61.5.413
https://doi.org/10.1523/JNEUROSCI.0587-15.2015
https://doi.org/10.1523/JNEUROSCI.0587-15.2015
https://doi.org/10.1016/S0079-6123(08)00921-7
https://doi.org/10.1073/pnas.1006511108
https://doi.org/10.1016/j.nbd.2015.11.009
https://doi.org/10.1016/j.expneurol.2011.02.012
https://doi.org/10.1001/archneur.1967.00470260014002
https://doi.org/10.1002/syn.20630
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-614412 March 9, 2021 Time: 11:39 # 12

Yang et al. Neuronal Circuitry Mediating LID

signaling in the striatum reverts motor symptoms associated with L-dopa-
induced dyskinesia. Proc. Natl. Acad. Sci. U.S.A. 107, 21824–21829. doi: 10.
1073/pnas.1012071107

Ferrucci, R., Cortese, F., Bianchi, M., Pittera, D., Turrone, R., Bocci, T., et al. (2016).
Cerebellar and motor cortical transcranial stimulation decrease levodopa-
induced dyskinesias in Parkinson’s disease. Cerebellum 15, 43–47. doi: 10.1007/
s12311-015-0737-x

Fieblinger, T., and Cenci, M. A. (2015). Zooming in on the small: the plasticity
of striatal dendritic spines in L-DOPA-induced dyskinesia. Mov. Disord. 30,
484–493. doi: 10.1002/mds.26139

Fieblinger, T., Graves, S. M., Sebel, L. E., Alcacer, C., Plotkin, J. L., Gertler,
T. S., et al. (2014). Cell type-specific plasticity of striatal projection neurons
in parkinsonism and L-DOPA-induced dyskinesia. Nat. Commun. 5:5316. doi:
10.1038/ncomms6316

Foltynie, T., Cheeran, B., Williams-Gray, C. H., Edwards, M. J., Schneider, S. A.,
Weinberger, D., et al. (2009). BDNF val66met influences time to onset of
levodopa induced dyskinesia in Parkinson’s disease. J. Neurol. Neurosurg.
Psychiatry 80, 141–144. doi: 10.1136/jnnp.2008.154294

Fulceri, F., Biagioni, F., Ferrucci, M., Lazzeri, G., Bartalucci, A., Galli, V.,
et al. (2007). Abnormal involuntary movements (AIMs) following pulsatile
dopaminergic stimulation: severe deterioration and morphological correlates
following the loss of locus coeruleus neurons. Brain Res. 1135, 219–229. doi:
10.1016/j.brainres.2006.12.030

Girasole, A. E., Lum, M. Y., Nathaniel, D., Bair-Marshall, C. J., Guenthner, C. J.,
Luo, L., et al. (2018). A subpopulation of striatal neurons mediates levodopa-
induced dyskinesia. Neuron 97, 787.e6–795.e6. doi: 10.1016/j.neuron.2018.01.
017

Gittis, A. H., Berke, J. D., Bevan, M. D., Chan, C. S., Mallet, N., Morrow, M. M.,
et al. (2014). New roles for the external globus pallidus in basal ganglia circuits
and behavior. J. Neurosci. 34, 15178–15183. doi: 10.1523/JNEUROSCI.3252-14.
2014

Guan, Q., Zhan, Q., He, Y., and Tan, L. (2007). Changes in the prodynorphin gene
and DARPP-32 state in 6-OHDA-lesioned rats following long-term treatment
with l-dopa. Neurosci. Lett. 426, 64–68. doi: 10.1016/j.neulet.2007.08.043

Guridi, J., Rodriguez-Oroz, M. C., Arbizu, J., Alegre, M., Prieto, E., Landecho, I.,
et al. (2008). Successful thalamic deep brain stimulation for orthostatic tremor.
Mov. Disord. 23, 1808–1811. doi: 10.1002/mds.22001

Halje, P., Tamte, M., Richter, U., Mohammed, M., Cenci, M. A., and Petersson,
P. (2012). Levodopa-induced dyskinesia is strongly associated with resonant
cortical oscillations. J. Neurosci. 32, 16541–16551. doi: 10.1523/JNEUROSCI.
3047-12.2012

Hamani, C., Florence, G., Heinsen, H., Plantinga, B. R., Temel, Y., Uludag, K.,
et al. (2017). Subthalamic nucleus deep brain stimulation: basic concepts and
novel perspectives. eNeuro 4:ENEURO.0140-17.2017. doi: 10.1523/ENEURO.
0140-17.2017

Haslinger, B., Erhard, P., Kampfe, N., Boecker, H., Rummeny, E., Schwaiger,
M., et al. (2001). Event-related functional magnetic resonance imaging in
Parkinson’s disease before and after levodopa. Brain 124(Pt 3), 558–570. doi:
10.1093/brain/124.3.558

Heikenfeld, C., Mederos, S., Chen, C., Korotkova, T., Schnitzler, A., and
Ponomarenko, A. (2020). Prefrontal – subthalamic pathway supports action
selection in a spatial working memory task. Sci. Rep. 10:10497. doi: 10.1038/
s41598-020-67185-1

Hida, T., and Arai, R. (1998). Monoamine oxidase activity in noradrenaline
neurons of the locus coeruleus of the rat. A double-labeling histochemical study.
Brain Res. 814, 209–212. doi: 10.1016/s0006-8993(98)00939-1

Hikosaka, O., Sesack, S. R., Lecourtier, L., and Shepard, P. D. (2008). Habenula:
crossroad between the basal ganglia and the limbic system. J. Neurosci. 28,
11825–11829. doi: 10.1523/JNEUROSCI.3463-08.2008

Hong, S., and Hikosaka, O. (2008). The globus pallidus sends reward-related signals
to the lateral habenula. Neuron 60, 720–729. doi: 10.1016/j.neuron.2008.09.035

Hoshi, E., Tremblay, L., Feger, J., Carras, P. L., and Strick, P. L. (2005). The
cerebellum communicates with the basal ganglia. Nat. Neurosci. 8, 1491–1493.
doi: 10.1038/nn1544

Huang, Y. Z., Rothwell, J. C., Lu, C. S., Chuang, W. L., and Chen, R. S. (2011).
Abnormal bidirectional plasticity-like effects in Parkinson’s disease. Brain
134(Pt 8), 2312–2320. doi: 10.1093/brain/awr158

Huot, P., Johnston, T. H., Koprich, J. B., Fox, S. H., and Brotchie, J. M. (2013).
The pharmacology of L-DOPA-induced dyskinesia in Parkinson’s disease.
Pharmacol. Rev. 65, 171–222. doi: 10.1124/pr.111.005678

Jaeger, D., and Kita, H. (2011). Functional connectivity and integrative
properties of globus pallidus neurons. Neuroscience 198, 44–53. doi: 10.1016/
j.neuroscience.2011.07.050

Jensen, O., and Colgin, L. L. (2007). Cross-frequency coupling between neuronal
oscillations. Trends Cogn. Sci. 11, 267–269. doi: 10.1016/j.tics.2007.05.003

Jin, X., Schwabe, K., Krauss, J. K., and Alam, M. (2016). Coherence of neuronal
firing of the entopeduncular nucleus with motor cortex oscillatory activity in the
6-OHDA rat model of Parkinson’s disease with levodopa-induced dyskinesias.
Exp. Brain Res. 234, 1105–1118. doi: 10.1007/s00221-015-4532-1

Josselyn, S. A., Kohler, S., and Frankland, P. W. (2015). Finding the engram. Nat.
Rev. Neurosci. 16, 521–534. doi: 10.1038/nrn4000

Jouve, L., Salin, P., Melon, C., and Kerkerian-Le Goff, L. (2010). Deep brain
stimulation of the center median-parafascicular complex of the thalamus has
efficient anti-parkinsonian action associated with widespread cellular responses
in the basal ganglia network in a rat model of Parkinson’s disease. J. Neurosci.
30, 9919–9928. doi: 10.1523/JNEUROSCI.1404-10.2010

Kaplan, N., Vituri, A., Korczyn, A. D., Cohen, O. S., Inzelberg, R., Yahalom, G.,
et al. (2014). Sequence variants in SLC6A3, DRD2, and BDNF genes and time
to levodopa-induced dyskinesias in Parkinson’s disease. J. Mol. Neurosci. 53,
183–188. doi: 10.1007/s12031-014-0276-9

Keifman, E., Ruiz-DeDiego, I., Pafundo, D. E., Paz, R. M., Solis, O., Murer, M. G.,
et al. (2019). Optostimulation of striatonigral terminals in substantia nigra
induces dyskinesia that increases after L-DOPA in a mouse model of Parkinson’s
disease. Br. J. Pharmacol. 176, 2146–2161. doi: 10.1111/bph.14663

Kim, H. J., Mason, S., Foltynie, T., Winder-Rhodes, S., Barker, R. A., and Williams-
Gray, C. H. (2020). Motor complications in Parkinson’s disease: 13-year follow-
up of the CamPaIGN cohort. Mov. Disord. 35, 185–190. doi: 10.1002/mds.
27882

Kishore, A., Popa, T., Balachandran, A., Chandran, S., Pradeep, S., Backer, F.,
et al. (2014). Cerebellar sensory processing alterations impact motor cortical
plasticity in Parkinson’s disease: clues from dyskinetic patients. Cereb. Cortex
24, 2055–2067. doi: 10.1093/cercor/bht058

Kita, T., Shigematsu, N., and Kita, H. (2016). Intralaminar and tectal projections
to the subthalamus in the rat. Eur. J. Neurosci. 44, 2899–2908. doi: 10.1111/ejn.
13413

Koch, G., Brusa, L., Carrillo, F., Lo Gerfo, E., Torriero, S., Oliveri, M.,
et al. (2009). Cerebellar magnetic stimulation decreases levodopa-induced
dyskinesias in Parkinson disease. Neurology 73, 113–119. doi: 10.1212/WNL.
0b013e3181ad5387

Kostic, V., Przedborski, S., Flaster, E., and Sternic, N. (1991). Early development
of levodopa-induced dyskinesias and response fluctuations in young-onset
Parkinson’s disease. Neurology 41(2 Pt 1), 202–205. doi: 10.1212/wnl.41.2_part_
1.202

Kreiss, D. S., Mastropietro, C. W., Rawji, S. S., and Walters, J. R. (1997). The
response of subthalamic nucleus neurons to dopamine receptor stimulation in
a rodent model of Parkinson’s disease. J. Neurosci. 17, 6807–6819.

Kress, G. J., Yamawaki, N., Wokosin, D. L., Wickersham, I. R., Shepherd, G. M.,
and Surmeier, D. J. (2013). Convergent cortical innervation of striatal projection
neurons. Nat. Neurosci. 16, 665–667. doi: 10.1038/nn.3397

Lanciego, J. L., Rodriguez-Oroz, M. C., Blesa, F. J., Alvarez-Erviti, L., Guridi, J.,
Barroso-Chinea, P., et al. (2008). Lesion of the centromedian thalamic nucleus
in MPTP-treated monkeys. Mov. Disord. 23, 708–715. doi: 10.1002/mds.21906

Leblois, A., Meissner, W., Bioulac, B., Gross, C. E., Hansel, D., and Boraud, T.
(2007). Late emergence of synchronized oscillatory activity in the pallidum
during progressive parkinsonism. Eur. J. Neurosci. 26, 1701–1713. doi: 10.1111/
j.1460-9568.2007.05777.x

Levy, R., Dostrovsky, J. O., Lang, A. E., Sime, E., Hutchison, W. D., and Lozano,
A. M. (2001a). Effects of apomorphine on subthalamic nucleus and globus
pallidus internus neurons in patients with Parkinson’s disease. J. Neurophysiol.
86, 249–260. doi: 10.1152/jn.2001.86.1.249

Levy, R., Lang, A. E., Dostrovsky, J. O., Pahapill, P., Romas, J., Saint-Cyr, J.,
et al. (2001b). Lidocaine and muscimol microinjections in subthalamic nucleus
reverse Parkinsonian symptoms. Brain 124(Pt 10), 2105–2118. doi: 10.1093/
brain/124.10.2105

Frontiers in Neuroscience | www.frontiersin.org 12 March 2021 | Volume 15 | Article 614412

https://doi.org/10.1073/pnas.1012071107
https://doi.org/10.1073/pnas.1012071107
https://doi.org/10.1007/s12311-015-0737-x
https://doi.org/10.1007/s12311-015-0737-x
https://doi.org/10.1002/mds.26139
https://doi.org/10.1038/ncomms6316
https://doi.org/10.1038/ncomms6316
https://doi.org/10.1136/jnnp.2008.154294
https://doi.org/10.1016/j.brainres.2006.12.030
https://doi.org/10.1016/j.brainres.2006.12.030
https://doi.org/10.1016/j.neuron.2018.01.017
https://doi.org/10.1016/j.neuron.2018.01.017
https://doi.org/10.1523/JNEUROSCI.3252-14.2014
https://doi.org/10.1523/JNEUROSCI.3252-14.2014
https://doi.org/10.1016/j.neulet.2007.08.043
https://doi.org/10.1002/mds.22001
https://doi.org/10.1523/JNEUROSCI.3047-12.2012
https://doi.org/10.1523/JNEUROSCI.3047-12.2012
https://doi.org/10.1523/ENEURO.0140-17.2017
https://doi.org/10.1523/ENEURO.0140-17.2017
https://doi.org/10.1093/brain/124.3.558
https://doi.org/10.1093/brain/124.3.558
https://doi.org/10.1038/s41598-020-67185-1
https://doi.org/10.1038/s41598-020-67185-1
https://doi.org/10.1016/s0006-8993(98)00939-1
https://doi.org/10.1523/JNEUROSCI.3463-08.2008
https://doi.org/10.1016/j.neuron.2008.09.035
https://doi.org/10.1038/nn1544
https://doi.org/10.1093/brain/awr158
https://doi.org/10.1124/pr.111.005678
https://doi.org/10.1016/j.neuroscience.2011.07.050
https://doi.org/10.1016/j.neuroscience.2011.07.050
https://doi.org/10.1016/j.tics.2007.05.003
https://doi.org/10.1007/s00221-015-4532-1
https://doi.org/10.1038/nrn4000
https://doi.org/10.1523/JNEUROSCI.1404-10.2010
https://doi.org/10.1007/s12031-014-0276-9
https://doi.org/10.1111/bph.14663
https://doi.org/10.1002/mds.27882
https://doi.org/10.1002/mds.27882
https://doi.org/10.1093/cercor/bht058
https://doi.org/10.1111/ejn.13413
https://doi.org/10.1111/ejn.13413
https://doi.org/10.1212/WNL.0b013e3181ad5387
https://doi.org/10.1212/WNL.0b013e3181ad5387
https://doi.org/10.1212/wnl.41.2_part_1.202
https://doi.org/10.1212/wnl.41.2_part_1.202
https://doi.org/10.1038/nn.3397
https://doi.org/10.1002/mds.21906
https://doi.org/10.1111/j.1460-9568.2007.05777.x
https://doi.org/10.1111/j.1460-9568.2007.05777.x
https://doi.org/10.1152/jn.2001.86.1.249
https://doi.org/10.1093/brain/124.10.2105
https://doi.org/10.1093/brain/124.10.2105
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-614412 March 9, 2021 Time: 11:39 # 13

Yang et al. Neuronal Circuitry Mediating LID

Limousin, P., Pollak, P., Hoffmann, D., Benazzouz, A., Perret, J. E., and Benabid,
A. L. (1996). Abnormal involuntary movements induced by subthalamic
nucleus stimulation in Parkinsonian patients. Mov. Disord. 11, 231–235. doi:
10.1002/mds.870110303

Lindenbach, D., Conti, M. M., Ostock, C. Y., George, J. A., Goldenberg, A. A.,
Melikhov-Sosin, M., et al. (2016). The role of primary motor cortex (M1)
glutamate and GABA signaling in l-DOPA-induced dyskinesia in Parkinsonian
rats. J. Neurosci. 36, 9873–9887. doi: 10.1523/JNEUROSCI.1318-16.2016

Lindgren, H. S., Rylander, D., Iderberg, H., Andersson, M., O’Sullivan, S. S.,
Williams, D. R., et al. (2011). Putaminal upregulation of FosB/DeltaFosB-like
immunoreactivity in Parkinson’s disease patients with dyskinesia. J. Parkinsons
Dis. 1, 347–357. doi: 10.3233/JPD-2011-11068

Lisman, J. E. (1997). Bursts as a unit of neural information: making unreliable
synapses reliable. Trends Neurosci. 20, 38–43. doi: 10.1016/S0166-2236(96)
10070-9

Lozano, A. M., Lang, A. E., Levy, R., Hutchison, W., and Dostrovsky, J. (2000).
Neuronal recordings in Parkinson’s disease patients with dyskinesias induced
by apomorphine. Ann. Neurol. 47(4 Suppl. 1), S141–S146.

Mailly, P., Charpier, S., Menetrey, A., and Deniau, J. M. (2003). Three-dimensional
organization of the recurrent axon collateral network of the substantia nigra
pars reticulata neurons in the rat. J. Neurosci. 23, 5247–5257.

Marin, C., Bonastre, M., Mengod, G., Cortes, R., Rodriguez-Oroz, M. C., and
Obeso, J. A. (2013). Subthalamic 6-OHDA-induced lesion attenuates levodopa-
induced dyskinesias in the rat model of Parkinson’s disease. Exp. Neurol. 250,
304–312. doi: 10.1016/j.expneurol.2013.10.006

Mastro, K. J., Bouchard, R. S., Holt, H. A., and Gittis, A. H. (2014). Transgenic
mouse lines subdivide external segment of the globus pallidus (GPe) neurons
and reveal distinct GPe output pathways. J. Neurosci. 34, 2087–2099. doi: 10.
1523/JNEUROSCI.4646-13.2014

McColgan, P., Joubert, J., Tabrizi, S. J., and Rees, G. (2020). The human motor
cortex microcircuit: insights for neurodegenerative disease. Nat. Rev. Neurosci.
21, 401–415. doi: 10.1038/s41583-020-0315-1

McGregor, M. M., and Nelson, A. B. (2019). Circuit mechanisms of Parkinson’s
disease. Neuron 101, 1042–1056. doi: 10.1016/j.neuron.2019.03.004

Meissner, W., Ravenscroft, P., Reese, R., Harnack, D., Morgenstern, R., Kupsch,
A., et al. (2006). Increased slow oscillatory activity in substantia nigra pars
reticulata triggers abnormal involuntary movements in the 6-OHDA-lesioned
rat in the presence of excessive extracellular striatal dopamine. Neurobiol. Dis.
22, 586–598. doi: 10.1016/j.nbd.2006.01.009

Miguelez, C., Aristieta, A., Cenci, M. A., and Ugedo, L. (2011). The locus coeruleus
is directly implicated in L-DOPA-induced dyskinesia in Parkinsonian rats: an
electrophysiological and behavioural study. PLoS One 6:e24679. doi: 10.1371/
journal.pone.0024679

Miguelez, C., Navailles, S., De Deurwaerdere, P., and Ugedo, L. (2016). The acute
and long-term L-DOPA effects are independent from changes in the activity of
dorsal raphe serotonergic neurons in 6-OHDA lesioned rats. Br. J. Pharmacol.
173, 2135–2146. doi: 10.1111/bph.13447

Navailles, S., Bioulac, B., Gross, C., and De Deurwaerdere, P. (2011). Chronic
L-DOPA therapy alters central serotonergic function and L-DOPA-induced
dopamine release in a region-dependent manner in a rat model of Parkinson’s
disease. Neurobiol. Dis. 41, 585–590. doi: 10.1016/j.nbd.2010.11.007

Nishijima, H., Suzuki, S., Kon, T., Funamizu, Y., Ueno, T., Haga, R., et al. (2014).
Morphologic changes of dendritic spines of striatal neurons in the levodopa-
induced dyskinesia model. Mov. Disord. 29, 336–343. doi: 10.1002/mds.25826

Nishijima, H., Ueno, T., Funamizu, Y., Ueno, S., and Tomiyama, M. (2018).
Levodopa treatment and dendritic spine pathology. Mov. Disord. 33, 877–888.
doi: 10.1002/mds.27172

Ohlin, K. E., Sebastianutto, I., Adkins, C. E., Lundblad, C., Lockman, P. R., and
Cenci, M. A. (2012). 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 61, 228–239. doi: 10.1016/j.neuroimage.2012.02.066

Ohye, C., and Shibazaki, T. (2001). Lesioning the thalamus for dyskinesia.
Stereotact. Funct. Neurosurg. 77, 33–39. doi: 10.1159/000064589

Ostock, C. Y., Hallmark, J., Palumbo, N., Bhide, N., Conti, M., George, J. A., et al.
(2015). Modulation of L-DOPA’s antiparkinsonian and dyskinetic effects by
alpha2-noradrenergic receptors within the locus coeruleus. Neuropharmacology
95, 215–225. doi: 10.1016/j.neuropharm.2015.03.008

Ostock, C. Y., Lindenbach, D., Goldenberg, A. A., Kampton, E., and Bishop,
C. (2014). Effects of noradrenergic denervation by anti-DBH-saporin on
behavioral responsivity to L-DOPA in the hemi-parkinsonian rat. Behav. Brain
Res. 270, 75–85. doi: 10.1016/j.bbr.2014.05.009

Papa, S. M., Desimone, R., Fiorani, M., and Oldfield, E. H. (1999). Internal globus
pallidus discharge is nearly suppressed during levodopa-induced dyskinesias.
Ann. Neurol. 46, 732–738.

Park, H. Y., Kang, Y. M., Kang, Y., Park, T. S., Ryu, Y. K., Hwang, J. H., et al. (2014).
Inhibition of adenylyl cyclase type 5 prevents L-DOPA-induced dyskinesia in
an animal model of Parkinson’s disease. J. Neurosci. 34, 11744–11753. doi:
10.1523/JNEUROSCI.0864-14.2014

Parker, J. G., Marshall, J. D., Ahanonu, B., Wu, Y. W., Kim, T. H., Grewe, B. F., et al.
(2018). Diametric neural ensemble dynamics in Parkinsonian and dyskinetic
states. Nature 557, 177–182. doi: 10.1038/s41586-018-0090-6

Perez, V., Marin, C., Rubio, A., Aguilar, E., Barbanoj, M., and Kulisevsky, J. (2009).
Effect of the additional noradrenergic neurodegeneration to 6-OHDA-lesioned
rats in levodopa-induced dyskinesias and in cognitive disturbances. J. Neural
Transm. 116, 1257–1266. doi: 10.1007/s00702-009-0291-0

Perez, V., Sosti, V., Rubio, A., Barbanoj, M., Rodriguez-Alvarez, J., and
Kulisevsky, J. (2007). Modulation of the motor response to dopaminergic
drugs in a Parkinsonian model of combined dopaminergic and noradrenergic
degeneration. Eur. J. Pharmacol. 576, 83–90. doi: 10.1016/j.ejphar.2007.08.024

Picconi, B., Centonze, D., Hakansson, K., Bernardi, G., Greengard, P., Fisone, G.,
et al. (2003). Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced
dyskinesia. Nat. Neurosci. 6, 501–506. doi: 10.1038/nn1040

Picconi, B., Paille, V., Ghiglieri, V., Bagetta, V., Barone, I., Lindgren, H. S., et al.
(2008). l-DOPA dosage is critically involved in dyskinesia via loss of synaptic
depotentiation. Neurobiol. Dis. 29, 327–335. doi: 10.1016/j.nbd.2007.10.001

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J.,
et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/
nrdp.2017.13

Polyakova, Z., Chiken, S., Hatanaka, N., and Nambu, A. (2020). Cortical control of
subthalamic neuronal activity through the hyperdirect and indirect pathways in
monkeys. J. Neurosci. 40, 7451–7463. doi: 10.1523/JNEUROSCI.0772-20.2020

Prinz, A., Selesnew, L. M., Liss, B., Roeper, J., and Carlsson, T. (2013). Increased
excitability in serotonin neurons in the dorsal raphe nucleus in the 6-OHDA
mouse model of Parkinson’s disease. Exp. Neurol. 248, 236–245. doi: 10.1016/j.
expneurol.2013.06.015

Priori, A., Foffani, G., Pesenti, A., Tamma, F., Bianchi, A. M., Pellegrini, M., et al.
(2004). Rhythm-specific pharmacological modulation of subthalamic activity in
Parkinson’s disease. Exp. Neurol. 189, 369–379. doi: 10.1016/j.expneurol.2004.
06.001

Rajput, A. H., Fenton, M. E., Birdi, S., Macaulay, R., George, D., Rozdilsky, B., et al.
(2002). Clinical-pathological study of levodopa complications. Mov. Disord. 17,
289–296. doi: 10.1002/mds.10031

Rascol, O., Sabatini, U., Brefel, C., Fabre, N., Rai, S., Senard, J. M., et al. (1998).
Cortical motor overactivation in Parkinsonian patients with L-dopa-induced
peak-dose dyskinesia. Brain 121(Pt 3), 527–533. doi: 10.1093/brain/121.3.527

Reiner, A., Hart, N. M., Lei, W., and Deng, Y. (2010). Corticostriatal projection
neurons – dichotomous types and dichotomous functions. Front. Neuroanat.
4:142. doi: 10.3389/fnana.2010.00142

Richter, U., Halje, P., and Petersson, P. (2013). Mechanisms underlying cortical
resonant states: implications for levodopa-induced dyskinesia. Rev. Neurosci.
24, 415–429. doi: 10.1515/revneuro-2013-0018

Rodrigues, J. P., Walters, S. E., Watson, P., Stell, R., and Mastaglia, F. L. (2007).
Globus pallidus stimulation in advanced Parkinson’s disease. J. Clin. Neurosci.
14, 208–215. doi: 10.1016/j.jocn.2005.11.023

Ryan, M. B., Bair-Marshall, C., and Nelson, A. B. (2018). Aberrant striatal activity in
parkinsonism and levodopa-induced dyskinesia. Cell. Rep. 23, 3438.e5–3446.e5.
doi: 10.1016/j.celrep.2018.05.059

Rylander, D., Parent, M., O’Sullivan, S. S., Dovero, S., Lees, A. J., Bezard, E., et al.
(2010). Maladaptive plasticity of serotonin axon terminals in levodopa-induced
dyskinesia. Ann. Neurol. 68, 619–628. doi: 10.1002/ana.22097

Sagot, B., Li, L., and Zhou, F. M. (2018). Hyperactive response of direct
pathway striatal projection neurons to L-dopa and D1 agonism in freely
moving Parkinsonian mice. Front. Neural Circ. 12:57. doi: 10.3389/fncir.2018.
00057

Frontiers in Neuroscience | www.frontiersin.org 13 March 2021 | Volume 15 | Article 614412

https://doi.org/10.1002/mds.870110303
https://doi.org/10.1002/mds.870110303
https://doi.org/10.1523/JNEUROSCI.1318-16.2016
https://doi.org/10.3233/JPD-2011-11068
https://doi.org/10.1016/S0166-2236(96)10070-9
https://doi.org/10.1016/S0166-2236(96)10070-9
https://doi.org/10.1016/j.expneurol.2013.10.006
https://doi.org/10.1523/JNEUROSCI.4646-13.2014
https://doi.org/10.1523/JNEUROSCI.4646-13.2014
https://doi.org/10.1038/s41583-020-0315-1
https://doi.org/10.1016/j.neuron.2019.03.004
https://doi.org/10.1016/j.nbd.2006.01.009
https://doi.org/10.1371/journal.pone.0024679
https://doi.org/10.1371/journal.pone.0024679
https://doi.org/10.1111/bph.13447
https://doi.org/10.1016/j.nbd.2010.11.007
https://doi.org/10.1002/mds.25826
https://doi.org/10.1002/mds.27172
https://doi.org/10.1016/j.neuroimage.2012.02.066
https://doi.org/10.1159/000064589
https://doi.org/10.1016/j.neuropharm.2015.03.008
https://doi.org/10.1016/j.bbr.2014.05.009
https://doi.org/10.1523/JNEUROSCI.0864-14.2014
https://doi.org/10.1523/JNEUROSCI.0864-14.2014
https://doi.org/10.1038/s41586-018-0090-6
https://doi.org/10.1007/s00702-009-0291-0
https://doi.org/10.1016/j.ejphar.2007.08.024
https://doi.org/10.1038/nn1040
https://doi.org/10.1016/j.nbd.2007.10.001
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1523/JNEUROSCI.0772-20.2020
https://doi.org/10.1016/j.expneurol.2013.06.015
https://doi.org/10.1016/j.expneurol.2013.06.015
https://doi.org/10.1016/j.expneurol.2004.06.001
https://doi.org/10.1016/j.expneurol.2004.06.001
https://doi.org/10.1002/mds.10031
https://doi.org/10.1093/brain/121.3.527
https://doi.org/10.3389/fnana.2010.00142
https://doi.org/10.1515/revneuro-2013-0018
https://doi.org/10.1016/j.jocn.2005.11.023
https://doi.org/10.1016/j.celrep.2018.05.059
https://doi.org/10.1002/ana.22097
https://doi.org/10.3389/fncir.2018.00057
https://doi.org/10.3389/fncir.2018.00057
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-614412 March 9, 2021 Time: 11:39 # 14

Yang et al. Neuronal Circuitry Mediating LID

Sancesario, G., Morrone, L. A., D’Angelo, V., Castelli, V., Ferrazzoli, D., Sica, F.,
et al. (2014). Levodopa-induced dyskinesias are associated with transient down-
regulation of cAMP and cGMP in the caudate-putamen of hemiparkinsonian
rats: reduced synthesis or increased catabolism? Neurochem. Int. 79, 44–56.
doi: 10.1016/j.neuint.2014.10.004

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

Santini, E., Sgambato-Faure, V., Li, Q., Savasta, M., Dovero, S., Fisone, G., et al.
(2010). Distinct changes in cAMP and extracellular signal-regulated protein
kinase signalling in L-DOPA-induced dyskinesia. PLoS One 5:e12322. doi: 10.
1371/journal.pone.0012322

Santini, E., Valjent, E., Usiello, A., Carta, M., Borgkvist, A., Girault, J. A., et al.
(2007). Critical involvement of cAMP/DARPP-32 and extracellular signal-
regulated protein kinase signaling in L-DOPA-induced dyskinesia. J. Neurosci.
27, 6995–7005. doi: 10.1523/JNEUROSCI.0852-07.2007

Sellnow, R. C., Newman, J. H., Chambers, N., West, A. R., Steece-Collier, K.,
Sandoval, I. M., et al. (2019). Regulation of dopamine neurotransmission from
serotonergic neurons by ectopic expression of the dopamine D2 autoreceptor
blocks levodopa-induced dyskinesia. Acta Neuropathol. Commun. 7:8. doi: 10.
1186/s40478-018-0653-7

Sellnow, R. C., Steece-Collier, K., Altwal, F., Sandoval, I. M., Kordower, J. H.,
Collier, T. J., et al. (2020). Striatal Nurr1 facilitates the dyskinetic state and
exacerbates levodopa-induced dyskinesia in a rat model of Parkinson’s disease.
J. Neurosci. 40, 3675–3691. doi: 10.1523/JNEUROSCI.2936-19.2020

Sharma, J. C., Bachmann, C. G., and Linazasoro, G. (2010). Classifying risk factors
for dyskinesia in Parkinson’s disease. Parkinsonism. Relat. Disord. 16, 490–497.
doi: 10.1016/j.parkreldis.2010.06.003

Shepherd, G. M. (2013). Corticostriatal connectivity and its role in disease. Nat.
Rev. Neurosci. 14, 278–291. doi: 10.1038/nrn3469

Sidibe, M., Pare, J. F., and Smith, Y. (2002). Nigral and pallidal
inputs to functionally segregated thalamostriatal neurons in the
centromedian/parafascicular intralaminar nuclear complex in monkey.
J. Comp. Neurol. 447, 286–299. doi: 10.1002/cne.10247

Spigolon, G., and Fisone, G. (2018). Signal transduction in L-DOPA-induced
dyskinesia: from receptor sensitization to abnormal gene expression. J. Neural
Transm. 125, 1171–1186. doi: 10.1007/s00702-018-1847-7

Stansley, B. J., and Yamamoto, B. K. (2014). Chronic L-dopa decreases serotonin
neurons in a subregion of the dorsal raphe nucleus. J. Pharmacol. Exp. Ther.
351, 440–447. doi: 10.1124/jpet.114.218966

Steece-Collier, K., Collier, T. J., Lipton, J. W., Stancati, J. A., Winn, M. E., Cole-
Strauss, A., et al. (2020). Striatal Nurr1, but not FosB expression links a
levodopa-induced dyskinesia phenotype to genotype in Fisher 344 vs. Lewis
hemiparkinsonian rats. Exp. Neurol. 330:113327. doi: 10.1016/j.expneurol.2020.
113327

Stefani, A., Grandi, L. C., and Galati, S. (2019). Deep brain stimulation of the
pedunculopontine nucleus modulates subthalamic pathological oscillations.
Neurobiol. Dis. 128, 49–52. doi: 10.1016/j.nbd.2018.11.006

Stefani, A., Peppe, A., Pierantozzi, M., Galati, S., Moschella, V., Stanzione, P., et al.
(2009). Multi-target strategy for Parkinsonian patients: the role of deep brain
stimulation in the centromedian-parafascicularis complex. Brain Res. Bull. 78,
113–118. doi: 10.1016/j.brainresbull.2008.08.007

Strong, J. A., Dalvi, A., Revilla, F. J., Sahay, A., Samaha, F. J., Welge, J. A.,
et al. (2006). Genotype and smoking history affect risk of levodopa-induced
dyskinesias in Parkinson’s disease. Mov. Disord. 21, 654–659. doi: 10.1002/mds.
20785

Swann, N. C., de Hemptinne, C., Miocinovic, S., Qasim, S., Wang, S. S., Ziman, N.,
et al. (2016). Gamma oscillations in the hyperkinetic state detected with chronic
human brain recordings in Parkinson’s disease. J. Neurosci. 36, 6445–6458.
doi: 10.1523/JNEUROSCI.1128-16.2016

Tai, C. H., Pan, M. K., Tseng, S. H., Wang, T. R., and Kuo, C. C.
(2020). Hyperpolarization of the subthalamic nucleus alleviates hyperkinetic
movement disorders. Sci. Rep. 10:8278. doi: 10.1038/s41598-020-65211-w

Toda, H., Hamani, C., and Lozano, A. (2004). Deep brain stimulation in the
treatment of dyskinesia and dystonia. Neurosurg. Focus 17:E2.

Turcano, P., Mielke, M. M., Bower, J. H., Parisi, J. E., Cutsforth-Gregory, J. K.,
Ahlskog, J. E., et al. (2018). Levodopa-induced dyskinesia in Parkinson disease:
a population-based cohort study. Neurology 91, e2238–e2243. doi: 10.1212/
WNL.0000000000006643

Ueno, T., Nishijima, H., Ueno, S., and Tomiyama, M. (2017). Spine enlargement
of pyramidal tract-type neurons in the motor cortex of a rat model of
levodopa-induced dyskinesia. Front. Neurosci. 11:206. doi: 10.3389/fnins.2017.
00206

Ueno, T., Yamada, J., Nishijima, H., Arai, A., Migita, K., Baba, M., et al.
(2014). Morphological and electrophysiological changes in intratelencephalic-
type pyramidal neurons in the motor cortex of a rat model of levodopa-induced
dyskinesia. Neurobiol. Dis. 64, 142–149. doi: 10.1016/j.nbd.2013.12.014

Van der Werf, Y. D., Witter, M. P., and Groenewegen, H. J. (2002). The intralaminar
and midline nuclei of the thalamus. Anatomical and functional evidence for
participation in processes of arousal and awareness. Brain Res. Brain Res. Rev.
39, 107–140.

Vitek, J. L., and Giroux, M. (2000). Physiology of hypokinetic and hyperkinetic
movement disorders: model for dyskinesia. Ann. Neurol. 47(4 Suppl. 1), S131–
S140.

Vranjkovic, O., Pina, M., Kash, T. L., and Winder, D. G. (2017). The bed nucleus
of the stria terminalis in drug-associated behavior and affect: a circuit-based
perspective. Neuropharmacology 122, 100–106. doi: 10.1016/j.neuropharm.
2017.03.028

Wang, X. J. (2010). Neurophysiological and computational principles of cortical
rhythms in cognition. Physiol. Rev. 90, 1195–1268. doi: 10.1152/physrev.00035.
2008

Won, L., Ding, Y., Singh, P., and Kang, U. J. (2014). Striatal cholinergic cell ablation
attenuates L-DOPA induced dyskinesia in Parkinsonian mice. J. Neurosci. 34,
3090–3094. doi: 10.1523/JNEUROSCI.2888-13.2014

Yamanaka, K., Hori, Y., Minamimoto, T., Yamada, H., Matsumoto, N., Enomoto,
K., et al. (2018). Roles of centromedian parafascicular nuclei of thalamus
and cholinergic interneurons in the dorsal striatum in associative learning of
environmental events. J. Neural Transm. 125, 501–513. doi: 10.1007/s00702-
017-1713-z

Yoon, H. H., Min, J., Hwang, E., Lee, C. J., Suh, J. K., Hwang, O., et al. (2016).
Optogenetic inhibition of the subthalamic nucleus reduces levodopa-induced
dyskinesias in a rat model of Parkinson’s disease. Stereotact. Funct. Neurosurg.
94, 41–53. doi: 10.1159/000442891

Zarow, C., Lyness, S. A., Mortimer, J. A., and Chui, H. C. (2003). Neuronal loss
is greater in the locus coeruleus than nucleus basalis and substantia nigra in
Alzheimer and Parkinson diseases. Arch. Neurol. 60, 337–341. doi: 10.1001/
archneur.60.3.337

Zhai, S., Shen, W., Graves, S. M., and Surmeier, D. J. (2019). Dopaminergic
modulation of striatal function and Parkinson’s disease. J. Neural Transm. 126,
411–422. doi: 10.1007/s00702-019-01997-y

Zhang, Y., Meredith, G. E., Mendoza-Elias, N., Rademacher, D. J., Tseng,
K. Y., and Steece-Collier, K. (2013). Aberrant restoration of spines and their
synapses in L-DOPA-induced dyskinesia: involvement of corticostriatal but
not thalamostriatal synapses. J. Neurosci. 33, 11655–11667. doi: 10.1523/
JNEUROSCI.0288-13.2013

Zheng, C., Xu, Y., Chen, G., Tan, Y., Zeng, W., Wang, J., et al. (2020). Distinct anti-
dyskinetic effects of amantadine and group II metabotropic glutamate receptor
agonist LY354740 in a rodent model: an electrophysiological perspective.
Neurobiol. Dis. 139:104807. doi: 10.1016/j.nbd.2020.104807

Conflict of Interest: 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.

Copyright © 2021 Yang, Zhao, Wang, Zeng, Luo and Sun. 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) and the copyright owner(s) 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.

Frontiers in Neuroscience | www.frontiersin.org 14 March 2021 | Volume 15 | Article 614412

https://doi.org/10.1016/j.neuint.2014.10.004
https://doi.org/10.1126/scisignal.2000308
https://doi.org/10.1371/journal.pone.0012322
https://doi.org/10.1371/journal.pone.0012322
https://doi.org/10.1523/JNEUROSCI.0852-07.2007
https://doi.org/10.1186/s40478-018-0653-7
https://doi.org/10.1186/s40478-018-0653-7
https://doi.org/10.1523/JNEUROSCI.2936-19.2020
https://doi.org/10.1016/j.parkreldis.2010.06.003
https://doi.org/10.1038/nrn3469
https://doi.org/10.1002/cne.10247
https://doi.org/10.1007/s00702-018-1847-7
https://doi.org/10.1124/jpet.114.218966
https://doi.org/10.1016/j.expneurol.2020.113327
https://doi.org/10.1016/j.expneurol.2020.113327
https://doi.org/10.1016/j.nbd.2018.11.006
https://doi.org/10.1016/j.brainresbull.2008.08.007
https://doi.org/10.1002/mds.20785
https://doi.org/10.1002/mds.20785
https://doi.org/10.1523/JNEUROSCI.1128-16.2016
https://doi.org/10.1038/s41598-020-65211-w
https://doi.org/10.1212/WNL.0000000000006643
https://doi.org/10.1212/WNL.0000000000006643
https://doi.org/10.3389/fnins.2017.00206
https://doi.org/10.3389/fnins.2017.00206
https://doi.org/10.1016/j.nbd.2013.12.014
https://doi.org/10.1016/j.neuropharm.2017.03.028
https://doi.org/10.1016/j.neuropharm.2017.03.028
https://doi.org/10.1152/physrev.00035.2008
https://doi.org/10.1152/physrev.00035.2008
https://doi.org/10.1523/JNEUROSCI.2888-13.2014
https://doi.org/10.1007/s00702-017-1713-z
https://doi.org/10.1007/s00702-017-1713-z
https://doi.org/10.1159/000442891
https://doi.org/10.1001/archneur.60.3.337
https://doi.org/10.1001/archneur.60.3.337
https://doi.org/10.1007/s00702-019-01997-y
https://doi.org/10.1523/JNEUROSCI.0288-13.2013
https://doi.org/10.1523/JNEUROSCI.0288-13.2013
https://doi.org/10.1016/j.nbd.2020.104807
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Circuit Mechanisms of L-DOPA-Induced Dyskinesia (LID)
	The Introduction of l-Dopa–Induced Dyskinesia
	Theoretic Models of Bg in Lid
	Firing Rate Model (
Table 1)
	Firing Pattern Model
	Burst Firing
	Neuronal Oscillations 
	 Oscillation
	 Oscillation

	Ensemble Model

	Possible Loci of Circuit Modulation in Lid 
	The Pallidal–Subthalamic Network
	Substantia Nigra Pars Reticulata
	Motor Cortex
	Thalamus
	Cerebellum
	Other Brain Regions
	Lateral Habenula

	Bed Nucleus of the Stria Terminal
	Dorsal Raphe Nucleus
	Locus Coeruleus

	Conclusion
	Author Contributions
	Funding
	References


