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ABSTRACT: Parkinson’s disease (PD) is a neurodegen-
erative disorder associated with the progressive loss of
nigrostriatal dopaminergic neurons. Levodopa is the most
effective treatment for the motor symptoms of PD. However,
chronic oral levodopa treatment can lead to various motor
and nonmotor complications because of nonphysiological
pulsatile dopaminergic stimulation in the brain. Examinations
of autopsy cases with PD have revealed a decreased num-
ber of dendritic spines of striatal neurons. Animal models of
PD have revealed altered density and morphology of den-
dritic spines of neurons in various brain regions after dopa-
minergic denervation or dopaminergic denervation plus
levodopa treatment, indicating altered synaptic transmis-
sion. Recent studies using rodent models have reported
dendritic spine head enlargement in the caudate-putamen,
nucleus accumbens, primary motor cortex, and prefrontal
cortex in cases where chronic levodopa treatment following
dopaminergic denervation induced dyskinesia-like abnormal
involuntary movement. Hypertrophy of spines results from
insertion of alpha-amino-2,3-dihydro-5-methyl-3-oxo-4-
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isoxazolepropanoic acid receptors into the postsynaptic
membrane. Such spine enlargement indicates hypersensi-
tivity of the synapse to excitatory inputs and is compatible
with a lack of depotentiation, which is an electrophysiologi-
cal hallmark of levodopa-induced dyskinesia found in the
corticostriatal synapses of dyskinetic animals and the motor
cortex of dyskinetic PD patients. This synaptic plasticity may
be one of the mechanisms underlying the priming of
levodopa-induced complications such as levodopa-induced
dyskinesia and dopamine dysregulation syndrome. Drugs that
could potentially prevent spine enlargement, such as calcium
channel blockers, N-methyl-D-aspartate receptor antagonists,
alpha-amino-2,3-dihydro-5-methyl-3-oxo-4-isoxazolepropanoic
acid receptor antagonists, and metabotropic glutamate receptor
antagonists, are candidates for treatment of levodopa-induced
complications in PD. © 2017 The Authors. Movement Disorders
published by Wiley Periodicals, Inc. on behalf of Intemational
Parkinson and Movement Disorder Society.
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L-3,4-dihydroxyphenylalanine (levodopa) is the most
effective treatment for alleviating motor symptoms of
PD.'? However, chronic oral administration of levodopa
induces motor complications such as levodopa-induced
dyskinesia (LID) and neuropsychiatric complications such
as dopamine dysregulation syndrome (DDS).>* The patho-
physiology of motor complications associated with PD,
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particularly LID, has been extensively investigated.’ Impor-
tantly, it has been shown that LID is associated with
abnormal plasticity of corticostriatal synapses.” There is
also increasing evidence that direct pathway neurons and
D1 dopamine receptors play a crucial role in LID.*?
Dendritic spines form the postsynaptic part of excit-
atory synapses. Increasing evidence suggests that spines
dynamically change their density and morphology, and
that these changes are deeply involved in synaptic plastic-
ity.'* Spine head size is reported to increase following the
induction of long-term potentiation (LTP), and to
decrease with long-term depression.'*!” An electrophysi-
ological study revealed that miniature excitatory postsyn-
aptic current (mEPSC) amplitude is correlated with
dendritic spine size, whereas mEPSC frequency is corre-
lated with spine density.'® Thus, the density and morphol-
ogy of dendritic spines determine synaptic strength.'*° It
has been demonstrated that the dopamine-dependent
mechanism is a key step in learning, while dopaminergic
modification is  deeply involved with synaptic
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plasticity at axospinous synapses in the striatum and
cortex.”™>* A recent study demonstrated that dopa-
mine promotes spine enlargement only during a nar-
row time window after the glutamatergic inputs at the
level of single dendritic spines.® The timing and dura-
tion of dopamine signals are important in controlling
synaptic plasticity,”® and they are dramatically dis-
torted with levodopa treatment in PD patients.”* This
distortion is likely to underlie LID. In addition to the
above-mentioned synaptic plasticity at the level of sin-
gle dendritic spines, studies by Surmeier’s research
group®>?® suggest that homeostatic plasticity is impor-
tant for changes in dendritic spine density and mor-
phology. Normal neurons are homeostatic, and
homeostatic mechanisms attempt to bring neuronal
activity back to the normal level when there are per-
turbations in synaptic or intrinsic properties that make
neurons spike more or less than their set point.?* In
this type of plasticity, dopamine receptors control
intrinsic excitability?”*® through the modulation of
ion channels,?*** which can be therapeutic targets for
PD and LID.

Autopsy examinations using Golgi impregnation
have revealed decrements of dendritic spine density of
striatal spiny projection neurons (SPNs) of PD patients
receiving levodopa,?”! indicating that either the par-
kinsonian state itself and/or antiparkinsonian drug
treatment affect dendritic spine pathology. In the cur-
rent review, we summarize recent advances in research
into the changes of spine morphology associated with
levodopa treatment in animal models of PD.

Spiny Projection Neurons in the
Caudate-Putamen

Projection neurons in the caudate-putamen (CPu)
are SPNs that form the first segment of the direct and
indirect pathways of basal ganglia circuits. SPNs of
the direct pathway (dSPN), expressing D1 dopamine
receptors, project to the internal segment of the globus
pallidus and the substantia nigra pars reticulata. SPNs
of the indirect pathway (iSPN), expressing the D2
dopamine receptors, project to the external segment of
the globus pallidus (GPe).>> However, recent studies
revealed coexpression of D1 and D2 receptors and col-
laterals, which bridge the direct and indirect path-
ways.>*>* The distinction between the 2 types of
SPNs is less clear than traditionally thought.

SPNs in the CPu receive glutamatergic inputs from
the cortex and dopaminergic inputs from the substan-
tia nigra pars compacta (SNpc). Glutamatergic termi-
nals from the cortex synapse onto the heads of
dendritic spines of SPNs. Dopaminergic terminals syn-
apse onto the dendrites broadly, including the necks
of spines or dendritic shafts.*>>*® Because glutamater-
gic and dopaminergic inputs are integrated in the

spines, frequent interactions are likely to occur
between inputs in spines. This leads to synaptic plas-
ticity and spine pathological changes, resulting from
dopaminergic denervation and further levodopa
treatment.

Dendritic Spine Loss by Dopaminergic
Denervation

In a rat model of PD created by 6-hydroxydopamine
(6-OHDA) injection to the medial forebrain bundle
(MFB), dendritic spines of SPNs in the dopamine-
denervated CPu are reduced in density.?” In addition
to spine density, the number of asymmetric synapses
was also found to be reduced in the lesioned CPu, sug-
gesting that spine decrement reflects a decrement of
excitatory corticostriatal synapses.>® Other studies
also demonstrated the loss of dendritic spines of SPNs
in patients with PD,?**' 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated parkinsonian mon-
keys,>” and mouse models of PD.>7-*840-42

Previous studies have produced conflicting results
regarding which types of SPN (ie, dSPNs or iSPNs)
undergo alteration of spine density after dopaminergic
denervation. In bacterial artificial chromosomes
(BACs), transgenic mice expressing enhanced green
fluorescent protein under the control of cell type-spe-
cific promoters (D1 receptor expressing dSPNs or D2
receptor expressing iSPNs), dopamine depletion by 6-
OHDA injection to the MFB was found to induce a
spine decrement in iSPNs, but not dSPNs.** In
reserpine-treated PD model mice, it was found that
iSPNs lost dendritic spines, whereas dSPNs did not.*?
Shen and colleagues** reported substantial pruning of
spines and glutamatergic synapses in iSPNs, leaving
dSPNs intact in PD model mice. A study of MPTP-
treated PD model monkeys reported the loss of D2
receptor positive asymmetric synapses in the CPu, but
not D1 receptor positive synapses.*’ In addition, a
study of 6-OHDA-lesioned hemiparkinsonian rats in
our lab revealed that iSPNs, but not dSPNs, lost den-
dritic spines.*®

Some studies have demonstrated dendritic spine
pruning in both types of SPNs in the CPu. In MPTP-
treated PD model monkeys, spine analysis using
immunocytochemistry and  electron  microscopy
revealed a significant spine density reduction in both
D1 immunoreactive and D1 immunonegative spines.>’
Toy and colleagues®® reported that both dSPNs and
iSPNs lost their dendritic spines, and treadmill exercise
restored the reduction in a MPTP-treated mouse
model of PD. Suarez and colleagues*”*® demonstrated
that dopamine depletion by 6-OHDA injection to the
striatum reduces spine density in both dSPNs and
iSPNs using both D1-tomato and D2-enhanced green
fluorescent protein BAC transgenic mice. Their results
were reproduced in a study using BAC transgenic
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mice, revealing that striatal dopamine depletion
induced by 6-OHDA injection to the MFB led to den-
dritic spine loss in D1 receptor positive, D2 receptor
positive, and D1 and D2 receptor positive SPNs.*

Thus, it remains unclear which type of SPN in the
CPu lose dendritic spines after dopamine depletion.
Discrepancies between studies may be related to differ-
ences between species (rodents or primates),
dopamine-denervation methods (6-OHDA injection,
acute or chronic MPTP treatment, or reserpine treat-
ment), or image analysis (light microscopy, confocal
laser microscopy, 2-photon excitation fluorescence
microscopy, or electron microscopy). These methodo-
logical differences are precisely discussed by Moratalla
and colleagues.*” Among these factors, dopamine-
denervation methods may have the strongest impact.
In the acute phase of dopaminergic denervation
induced by 6-OHDA in rodents, some authors find
that iSPNs are more sensitive than dSPNs,*5*3
whereas others find that both i- and dSPN lose
spines.””***2 On the other hand, in a chronic phase
of repetitive MPTP treatment for animals, both types
of neurons lose dendritic spines.>**°

Effects of Dopaminergic Denervation on
Dendritic Spine Size

A small number of studies have examined dendritic
spine size in animal models of PD and LID. One
study using 3-dimensional electron microscopy dem-
onstrated enlargement of dendritic spines in the CPu
of MPTP-treated PD model monkeys.*® Naskar and
colleagues* also showed spine head enlargement
after dopaminergic denervation in the CPu of PD
model mice created by acute MPTP administration.
In contrast, a study in our lab revealed no significant
changes in spine head size in the CPu of 6-OHDA-
lesioned PD model rats.*®°° Suarez and colleagues®®
reported similar findings; no change in the head
diameter of mushroom and thin spines in both d- and
iSPNs in parkinsonian mice. To date, few studies
have addressed this issue. It remains unclear whether
dopaminergic denervation alone induces hypertrophy
of dendritic spines of SPNs.

Fieblinger and colleagues*' did not report changes
in spine size, but have reported cell-type specific alter-
ations in mEPSC amplitude following 6-OHDA lesions
in mice. mEPSC amplitude increased in iSPNs and
decreased in dSPNs. It was hypothesized that the loss
of D2 receptor signaling drives LTP in iSPNs and
long-term depression in dSPNs, which can be associ-
ated with potential alterations in dendritic spine size
with dopaminergic denervation, whereas other authors
reported a loss of long-term depression in both types
of SPN.”!

( DYSKINESIA AND DENDRITIC SPINE PATHOLOGY

Effects of Levodopa Treatment on Dendritic
Spine Pathology in Dopamine-Denervated
Caudate-Putamen

A previous study reported that synaptic dopamine
concentration was markedly reduced in the dopamine-
denervated CPu of 6-OHDA-lesioned PD model
rats.”>>* When levodopa was systemically given,
dopamine concentration dramatically fluctuated.’” In
addition, this fluctuation of dopamine is reported to
be more prominent in rats expressing LID-like abnor-
mal behavior.’® This abnormal dopamine metabolism
results in electrophysiological abnormalities in cortico-
striatal synapses on dSPNs in the rat model of LID.®
In the normal CPu, high-frequency stimulation of the
corticostriatal pathway induces LTP in SPNs that can
be reversed with low-frequency stimulation (depoten-
tiation). In the denervated CPu of 6-OHDA-lesioned
rats, high-frequency stimulation cannot induce LTP in
corticostriatal synapses. Modest levodopa treatment
can restore LTP in the dopamine-denervated CPu, and
depotentiation can revive.® LTP is observed in rats
with abnormal involuntary movements induced by
repetitive levodopa treatment (ie, in the rat model of
LID), but low-frequency stimulation fails to induce
depotentiation. This lack of depotentiation has been
observed in dSPNs, but not iSPNs. Thus, the lack of
depotentiation in the corticostriatal synapses of dSPNs
may be the electrophysiological characteristics of
abnormal synaptic plasticity in the model of LID.®
Spine function changes in parallel with spine morphol-
ogy,"® suggesting that the lack of depotentiation may
be linked with morphological changes of dendritic
spines in SPNs, particularly dSPNs. Recent studies of
striatal synaptic plasticity have shown that LTP can be
induced not just by abnormal high-frequency stimula-
tion in the absence of extracellular glutamate, but by
spike-timing dependent plasticity protocols in physio-
logical artificial cerebrospinal fluid.”*” Shen and col-
leagues” reported that application of a D1 receptor
antagonist or stimulation of cholinergic interneurons
and M4 muscarinic receptors completely restored
depotentiation in the mouse PD model. In levodopa-
treated mice, striatal dopamine levels were elevated,
leading to sustained D1 receptor stimulation, and
depotentiation in dSPNs only occurred when the D1
receptor signaling stopped, indicating that the intracel-
lular machinery underlying depotentiation may have
remained intact.” Thus, the lack of depotentiation can
be associated with LID expression. However, it
remains unclear whether the lack of depotentiation is
also associated with priming of LID.

Scholz and colleagues®® reported that dopaminergic
denervation reduced D2 receptor positive asymmetri-
cal synapses and increased D1 receptor positive synap-
ses using electromicroscopic examination in the CPu
of MPTP-treated monkeys. Levodopa treatment
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restored the density of both synapse types to control
levels with LID expression.*> Recently (from 2013 to
2016), 4 research groups, including our own, pub-
lished studies on dendritic spine pathology in the CPu
of animal models of LID.272%41:46:3058 There are
some parallels and some inconsistencies between the
findings of these studies, as described next.

Levodopa-Induced Dyskinesia and Dendritic
Spine Density

We examined drebrin immunoreactivity in the CPu
of a rat model of PD created by 6-OHDA injection to
the MFB.’° Drebrin is a neuron-specific F-actin bind-
ing protein exclusively localized at the excitatory syn-
apse. Thus, drebrin immunoreactivity can be
considered to represent dendritic spines. The number
of drebrin immunoreactive dots in the CPu decreased
after dopaminergic denervation, and the decrement
was not restored with levodopa treatment.’® It should
be noted that drebrin immunoreactivity may fail to
detect thin spines. For more detailed analyses of den-
dritic spine pathology, we also examined spine mor-
phology of dSPNs and iSPNs separately using a
retrograde labeling method, microinjection of fluores-
cent dye, and confocal microscopy.*® Dopaminergic
denervation alone did not cause any significant
changes in the spine density of dSPNs, but reduced the
density of iSPNs. Levodopa treatment with induction
of LID decreased the spine density of dSPNs.

Zhang and colleagues’® demonstrated, using immunohis-
tochemical and electron microscopic examination, that
vesicular glutamate transporter 1 (VGIuT1)-positive synap-
ses (i.e., corticostriatal synapses) were reduced in PD model
rats and restored in levodopa-treated LID model rats. The
researchers also demonstrated, with Golgi impregnation
and light microscopy, that striatal dendritic spine density
was decreased in PD model rats and restored in LID model
rats.”® They did not differentiate dSPN's from iSPNs.

Suarez and colleagues’” used BAC transgenic mice
lesioned with 6-OHDA injection to the striatum. Den-
dritic spines of D1 receptor positive or D2 receptor nega-
tive neurons (putative dSPNs) and D1 receptor negative
or D2 receptor positive neurons (putative iSPNs) were
examined using confocal microscopy with single-cell
microinjections of fluorescent dye. They revealed that
spine density was reduced in both dSPNs and iSPNs in the
PD model mouse. Levodopa treatment induced LID and
restored the spine density of iSPNs.>”-*%

Fieblinger and colleagues*' also examined BAC trans-
genic mice lesioned with 6-OHDA injection to the MFB
using single-cell microinjection and 2-photon microscopy.
The results demonstrated that the dendritic spine density
of iSPNs was reduced by dopaminergic denervation and
restored by high-dose levodopa treatment with the devel-
opment of LID. In addition, high-dose levodopa treat-
ment reduced dendritic spine density in dSPNs.*!

In addition to the previously mentioned studies
examining LID model rodents, Naskar and col-
leagues®” reported the effects of levodopa treatment at
low dose without induction of LID in PD model mice
created by acute MPTP administration. The results
revealed that dopamine denervation after MPTP treat-
ment induced a reduction of spine density and parkin-
sonian motor symptoms. Low-dose levodopa
treatment did not restore reduced spine density or
improve the motor symptoms. Coadministration of
melatonin with low-dose levodopa improved dendritic
spine density and motor performance. Although the
study did not differentiate dSPNs and iSPNs,*” the
results indicate that spine restoration in iSPNs might
be associated with the improvement of motor perfor-
mance, but not LID.

Taken together, these studies suggest that dopamine
depletion in hemiparkinisonian rodent models induces
spine loss of iSPNs, which can be restored with levo-
dopa treatment. Furthermore, levodopa treatment
with the development of LID may reduce spine density
in dSPNs. These changes of dendritic spine density are
summarized in Table 1.

Levodopa-Induced Dyskinesia and Dendritic
Spine Size

Few reports have examined the relationship between
dendritic spine size and LID. In 6-OHDA-lesioned PD
model rats, levodopa treatment with the development
of LID increased mushroom-type spines in striatal
SPNs.>® We previously demonstrated that levodopa
treatment enlarged striatal drebrin immunoreactive
dots (putative mushroom-type dendritic spines) in LID
model rats.>® Moreover, in another study, we found
spine head enlargement in dSPNs of the CPu in the
same LID model rats using fluorescent dye microinjec-
tion and confocal microscopy*® (Fig. 1). However,
some SPNs projecting to the GPe also exhibited
enlarged dendritic spines. We used normal nontrans-
genic Wistar rats, differentiating between dSPNs and
iSPNs using retrograde labeling. Using this labeling
method, SPNs projecting to the GPe might include
dSPNs labeled via collaterals to the GPe. Thus, SPNs
with enlarged spines projecting to the GPe might be
dSPNs. Based on these findings, we concluded that
levodopa treatment with LID expression in PD model
rats appears to enlarge dendritic spines of dSPNs.

A recent study by Suarez and colleagues®® revealed
detailed striatal dendritic spine morphology associ-
ated with LID using BAC transgenic mice with 6-
OHDA-lesioning in the striatum, fluorescent dye
microinjection and confocal microscopy, and electron
microscopy. The electron microscopy revealed that
dSPNs exhibited prolonged spine length and postsyn-
aptic density length after levodopa treatment with
expression of LID. Dopaminergic denervation alone
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TABLE 1. Changes of dendritic spine density and spine head size in spiny projection neurons in the caudate-putamen after
dopaminergic denervation and levodopa treatment

Levodopa treatment in

Dopaminergic Dopaminergic denervation plus levodopa normal caudate-

Animal model denervation alone treatment (levodopa-induced dyskinesia model) putamen
Neuron type dSPN iSPN dSPN iSPN dSPN iISPN
Spine density —41,43,44,46 127,28,39-44,46 141,46 T(recovery to normal level) 27,28,41 —28,46 —28,46
or
127,28,39,40,42
Spine head size —28,46,50 —28,46,50 128,46,50 —28 146 ?
or or
148,49° 148,49°

dSPN, spiny projection neurons forming the direct pathway; iSPN, spiny projection neurons forming the indirect pathway; 1, increment of density or size; —,

no change; |, decrement of density or size; ?, data not available.

#Two studies showing an increment of size, which did not differentiate dSPNs and iSPNs.

did not change spine length or postsynaptic density
length in dSPNs. In iSPNs, postsynaptic density
length decreased in LID model mice. Fluorescent dye
microinjection and confocal microscopy revealed that
the density of mushroom-type and thin spines does not
change in dSPNs in the LID model, but is restored in
iSPNs. This finding conflicts with Zhang and col-
leagues™® report of increased mushroom-type spines
with LID. Regarding the size of each spine, they showed
no significant changes in spine volume or length in
dSPNs in PD model rats and a significant increment of
volume and length of mushroom-type spines in dSPNs
in LID model rats. Spine head volume in the iSPN of the
LID model did not show significant changes.?® The
study also demonstrated that the firing rate increased in
both dSPNs and iSPNs with dopaminergic denervation.
The rate was decreased to control levels in iSPNs with
further levodopa treatment, but remained high in

dSPNs even after levodopa treatment. These results
also provide evidence for an association between
LID expression and spine head enlargement. The
changes of dendritic spine head size in CPu are summa-
rized in Table 1.

These findings suggest that spine loss and spine head
enlargement in dSPN may be essential structural char-
acteristics in LID models. The animals in studies exam-
ining dendritic spine pathology with LID, including
ours, 1*38 were euthanized more than 12 hours after
levodopa treatment when they did not display any dys-
kinesias, whereas the animals in the other studies®”*%*
were euthanized 1 hour after levodopa administration.
The structural characteristics in the former studies are
likely to have represented the priming of LID and in the
latter studies the expression of LID. The differences in
the timing of euthanasia may have contributed to the
discrepancy in the findings of previous studies.

FIG. 1. A soma, dendrites, and dendritic spines of striatal spiny projection neurons forming a direct pathway in rats. These are maximum intensity
projection images constructed from stacked data acquired using confocal microscopy. The neurons and dendrites are visualized by fluorescent dye,
Lucifer yellow. (A) A soma and dendrites in a rat model of levodopa-induced dyskinesia. Scale bar = 20 pm. (B) Dendritic spines in a rat model of
levodopa-induced dyskinesia. Some of the dendritic spines exhibit markedly enlarged heads. Scale bar = 5 pm. (C) Dendritic spines in a normal rat.
Scale bar = 5 pm. (D) Dendritic spines in a Parkinson’s disease model rat without levodopa treatment. There were no significant changes in spine

size when compared with that of a normal rat. Scale bar = 5 pm.
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Spine head enlargement results from insertion of
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors in the postsynaptic membrane.'*!”
Hypertrophic spines are supersensitive for glutamatergic
inputs.'®!” This structural change is consistent with the
characteristic electrophysiological synaptic dysfunction (ie,
the lack of depotentiation) in dSPNs in the LID model.®

Effects of Levodopa Treatment on Dendritic
Spine Pathology in the Normal Caudate-
Putamen

In the study by Suarez and colleagues,”® levodopa
treatment for sham-lesioned mice did not affect spine
density in either dSPNs or iSPNs. However, the
researchers did not examine spine volume. Similarly,
our study showed no changes in spine density in either
SPN type after levodopa treatment in normal rats.*®
However, spine head enlargement has been found
with levodopa treatment in normal rats without induc-
tion of LID.*® Striatal dopamine concentration has
been found to fluctuate after levodopa administration,
even in normal rat CPu.’” Repetitive high doses of
levodopa may induce dyskinesia, even in normal mon-
keys.®® Thus, levodopa potentially changes synaptic
plasticity even in the normal CPu. However, the
enlargement of spines in the normal CPu was not
accompanied by LID in our experiments.**°? Accord-
ingly, the enlargement of dendritic spines may be nec-
essary but not sufficient to cause LID. These
observations suggest that dendritic spine enlargement,
concomitant with spine pruning in dSPNs, may be
essential for the priming of LID.*

Spiny Projection Neurons in the
Nucleus Accumbens

The nucleus accumbens (NAc), located in the ventral
striatum, plays an essential role in the reward system,
being associated with various neuropsychiatric disor-
ders including drug addiction and psychological symp-
toms in PD.®" Most neurons in the NAc are SPNi.
DDS is also induced by levodopa treatment for PD
patients. DDS appears to result from marked fluctua-
tion of synaptic dopamine levels in the NAc after levo-
dopa administration®” as in the CPu of LID patients.®?
Almost all DDS patients display LID, suggesting that
DDS and LID are likely to share pathogenic
mechanisms.®*

In a study of PD model rats created by 6-OHDA
injection to the SNpc, modified Golgi-Cox staining
revealed a decrease in spine density in the dopamine-
denervated NAc.®® We examined drebrin immunoreac-
tive dots (putative dendritic spines) in the NAc of PD
model rats created by 6-OHDA injection to the MFB.
We failed to find changes in the density and size of
drebrin immunoreactive dots in the PD model rats.’”

In an LID model, we found that dot density decreased,
and the size of dots increased in the NAc.>® It should
be noted that drebrin immunoreactive dots may not
reflect all dendritic spines. Thus, we conducted a
detailed examination using single-cell microinjection
of fluorescent dye in PD and LID model rats.®® Dopa-
minergic denervation alone decreased dendritic spine
density both in the core and shell. Levodopa treatment
after dopaminergic denervation induced LID, restoring
spine density and enlarging spines both in the core
and in the shell, indicating hypersensitivity of SPNs in
the NAc for excitatory inputs. Levodopa treatment in
normal rats was found to enlarge spines of SPNs in
the shell but not in the core of the NAc, without
changes in spine density.®® Previous studies have
shown that the shell of the NAc is associated with the
development of addiction, and the core is relevant to
the long-term execution of learned addiction-related
behaviors.®”*” Our results indicate that spine enlarge-
ment in the shell of the NAc is linked with the initial
onset of levodopa-induced abnormal behaviors,
whereas spine enlargement in the core is associated
with persistent behavioral changes induced by levo-
dopa treatment. Thus, LID model rats appear to
undergo morphological changes of SPNs in the NAc
as well as the CPu, suggesting that common synaptic
plasticity mechanisms underlie the LID and DDS. The
changes of dendritic spine density and spine volume in
the NAc are summarized in Table 2.

Increasing evidence suggests that morphological
changes in SPN spines in the NAc are related to addic-
tive behavior in cocaine use,”® which increases synap-
tic dopamine levels.”" SPN spines in the NAc become
enlarged in the withdrawal phase of cocaine expo-
sure.”” Thus, the enlargement of SPN spines in the
NAc may account for the psychological dependence of
cocaine addiction.””> Taken together, SPN spine
enlargement in the NAc of the LID model rat may
represent a pathological hallmark associated with
behavioral dependence on levodopa in DDS. However,
in the previously discussed study, we investigated SPN
spines in an LID model, but not a DDS model. It
would be valuable for future studies to create a dis-
tinct DDS model to address this limitation.

Pyramidal Neurons in the Primary
Motor Cortex

The primary motor cortex (M1) is a motor function
center that receives dopaminergic input from the ven-
tral tegmental area.”®> PD patients are reported to lose
dopaminergic neurons in the ventral tegmental area,
although the loss is modest when compared with that
of the SNpc.”* Rodent studies have demonstrated the
following 2 types of pyramidal neurons in the cortex:
intratelencephalic (IT)-type neurons that preferentially
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TABLE 2. Changes of dendritic spine density and spine head size in spiny projection neurons in the nucleus accumbens
after dopaminergic denervation and levodopa treatment

Dopaminergic

Dopaminergic denervation plus levodopa treatment

Levodopa treatment
in normal nucleus

Animal model denervation alone (levodopa-induced dyskinesia model) accumbens

Location of SPN Core Shell Core Shell Core Shell

Spine density 165,66 165,66 T T —66 —66
(recovery to normal level)66 (recovery to normal level)66

Spine head size —66 —66 150,66 150,66 —66 166

SPN, spiny projection neuron; 1, increment of density or size; —, no change; |, decrement of density or size.

innervate to dSPNs and express D1 dopamine recep-
tors, and pyramidal tract (PT)-type neurons that pref-
erentially innervate to iSPNs and express D2
dopamine receptors.”” However, a recent study
reported the controversial finding that both dSPNs
and iSPNs responded to both IT- and PT-type neuron
activation, arguing that these cortical networks simi-
larly innervate both striatal projection neuron types.”®

Abnormal synaptic plasticity in the M1 cortex has
been demonstrated in a clinical study using transcra-
nial magnetic stimulation in PD patients.”” Transcra-
nial magnetic stimulation has been used to test the
integrity of the corticospinal tract and has now been
applied in various examination and therapeutic set-
tings based on spike-timing plasticity mechanisms.”®"”
Paired associative stimulation was found to increase
the size of motor-evoked potentials in controls, but
did not affect PD patients without levodopa treatment.
Levodopa treatment without the induction of dyskine-
sia revived the response.”” Another study applied
transcranial magnetic stimulation in PD patients with
LID.?® In controls, high-frequency stimulation induced
LTP-like elevated motor-evoked potentials, which
were reversed by low-frequency stimulation (ie,
“depotentiation-like” effects). In PD patients with
LID, the depotentiation-like effect was lost.®* This
lack of synaptic depotentiation-like effects in the brain
is similar to the lack of depotentiation demonstrated
in dSPNis in the rat model of LID.® To date, few stud-
ies have examined morphological changes of dendritic
spines of pyramidal neurons in the M1 cortex in PD
and LID models.

We first examined dendritic spines of IT-type pyra-
midal neurons in the M1 cortex in PD and LID model
rats created by 6-OHDA injection to the MFB.®' 6-
OHDA injection to the MFB induces dopamine dener-
vation not only in the striatum but also in the M1 cor-
tex! and prefrontal cortex (PFC).%* Single-cell
microinjection of fluorescent dye and confocal micros-
copy examination of IT-type neurons in the M1
revealed no changes of dendritic spine density, but
slight increases in spine head size in a PD model. Fur-
ther spine head enlargement was observed in an LID

model. Levodopa treatment in normal rats has no
effect on spine head size.®! In addition, we monitored
mEPSCs in IT-type pyramidal neurons in M1 cortex
using a whole-cell patch clamp method. The amplitude
of mEPSCs was unchanged in the PD model, but
increased in the LID model, whereas the firing rate
was unchanged in the both models.®" These results
suggest that IT-type pyramidal neurons in the M1 cor-
tex became hypersensitive in the LID model. We then
examined PT-type pyramidal neurons in the same PD
and LID model rats.®® Dopaminergic denervation
alone did not change spine density or spine head size.
Spine density mildly increased and spine heads became
enlarged in the LID model. Levodopa treatment for
normal rats induced no LID-like behavior or spine
head enlargement, but induced an increase in spine
density. PT-type neurons also exhibited structural
alterations with LID in the rodent PD model. Thus,
both IT-type and PT-type neurons in the M1 cortex
displayed enlargement of the dendritic spines, which
may be one of the pathophysiological mechanisms
underlying LID. Changes of dendritic spine density
and spine head size in M1 cortex are summarized in
Table 3.

In our studies, neither IT-type nor PT-type pyrami-
dal neurons in M1 cortex exhibited spine density alter-
ations after dopaminergic denervation alone. This
finding is consistent with previous studies.**** In con-
trast, spine density was reduced in the M1 cortex in
MPTP-treated PD model mice.®® Discrepancies
between the studies may be due to differences in
dopamine-denervation methods (local 6-OHDA injec-
tion and systemic MPTP administration). MPTP have
widespread effects on neural tissue, affecting not only
the dopaminergic system but also other monoamine
systems.®”

LID may be associated with hypersensitivity of neu-
rons not only in the CPu and NAc, but also in the M1
cortex. The enlargement of dendritic spines in the M1
cortex are compatible with abnormal cortical plastic-
ity and a lack of depotentiation-like effects demon-
strated in clinical research in patients with LID.*® To
our knowledge, our study is the only report of changes
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TABLE 3. Changes of dendritic spine density and spine head size in pyramidal neurons in the primary motor cortex after
dopaminergic denervation and levodopa treatment

Dopaminergic

Animal model denervation alone

Dopaminergic denervation plus
levodopa treatment (levodopa-induced

Levodopa treatment in

dyskinesia model) normal primary motor cortex

Type of pyramidal neurons IT type PT type PT type IT type PT type
Spine density —81 —83 183 —81 183
or or
186% 186%
Spine head size 181 —83 183 —81 —83

IT, intratelencephalic; PT, pyramidal tract; 1, increment of density or size; —, no change; |, decrement of density or size.
2Study showing a decrement of density that did not differentiate IT- and PT-type neurons.

in spine density and morphology in the M1 cortex
associated with LID. Further research is needed to
confirm our findings.

Pyramidal Neurons in the Prefrontal
Cortex

The PFC is associated with attention, impulse con-
trol, learning, and memory. PFC dysfunction is related
to various neuropsychiatric disorders, including drug
addiction and impulse control disorder.®®*! The PFC
forms part of the reward system, receiving excitatory
inputs from the thalamus, hippocampus, and amyg-
dala and dopaminergic inputs from the ventral teg-
mental area.®’ In the PFC, 80% to 90% of neurons
are excitatory pyramidal cells.”>”*> As in the M1 cor-
tex, there are PT-type and IT-type neurons in the
PEC.”>">?* Levodopa-related complications in PD
patients, such as LID and DDS, are considered to be
partially caused by dysfunction of prefrontal neu-
rons.” A clinical study using magnetic resonance
imaging reported that the thickness of the PFC was
increased in PD patients with LID when compared
with those without LID.”® In rats with dopaminergic
denervation by 6-OHDA injection to the SNpc, pyra-
midal cells in the medial PFC have been observed to
exhibit an elevated firing rate, suggesting the acquisi-
tion of hyperactivity in these cells.””>”®

A small number of studies have examined micro-
scopic morphological changes of prefrontal neurons

associated with the physiological and clinical abnor-
malities described previously. Solis and colleagues®’
found reduced spine density of neurons in the medial
PFC in PD model rats created by 6-OHDA injection
to the SNpc. Moreover, in a study of MPTP-treated
monkeys, the number of asymmetric excitatory synap-
ses was found to be reduced in dorsolateral PFC.””
We recently examined dendritic spine density and
spine head volume of PT-type prefrontal neurons in
PD and LID model rats.®? Dopaminergic denervation
with 6-OHDA lesioning in the MFB induced no
changes in spine density or spine head volume of pyra-
midal neurons in the PFC. Levodopa treatment in
dopamine-denervated rats decreased spine density and
increased spine head volume with LID expression.
Levodopa treatment in normal rats had no effect on
spine morphology. Our results did not reveal spine
loss after dopaminergic denervation alone, inconsistent
with previous studies. Because we only examined PT-
type neurons distinguished by retrograde labeling, it is
possible that PT-type neurons do not decrease spine
density, whereas IT-type neurons decrease spine den-
sity after dopaminergic denervation. Changes in den-
dritic spine density and spine head size in the PFC are
summarized in Table 4.

Our findings, spine density reduction and spine head
hypertrophy in PT-type neurons of the PFC in LID
model rats,®* may be the structural basis of abnormal
synaptic transmission in the PFC with LID. In the PFC
of PD model rats, as in the striatum,” systemic

TABLE 4. Changes of dendritic spine density and spine head size in pyramidal neurons in the prefrontal cortex after dopa-
minergic denervation and levodopa treatment

Dopaminergic

Animal model denervation alone

Dopaminergic denervation plus levodopa
treatment (levodopa-induced dyskinesia model)

Levodopa treatment in
normal prefrontal cortex

Type of pyramidal neurons IT type PT type IT type PT type IT type PT type
Spine density 165,992 —82 ? 182 ? —82
Spine head size ? —82 ? 182 ? —82

IT, intratelencephalic; PT, pyramidal tract; 1, increment of density or size; —, no change; |, decrement of density or size; ?, data not available.
2Two studies showing a decrement of density with dopamine denervation alone, which did not differentiate IT- and PT-type neurons.
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levodopa administration induces nonphysiological fluc-
tuations of extracellular dopamine concentra-
tion,'°%1%! which may be responsible for dendritic
spine loss and hypertrophy. In our study, levodopa
treatment in the normal PFC induced no changes in
spine density or spine head volume, and the rats
expressed no LID-like involuntary movements. Levo-
dopa, unlike cocaine and morphine, may not induce
synaptic abnormalities in the PFC in the normal state
where dopaminergic innervation is preserved. To our
knowledge, the effects of levodopa treatment on den-
dritic spine morphology in the PFC have only been
investigated by our research group. More studies are
warranted to confirm our findings.

Closing Remarks

Dopaminergic denervation and following levodopa
treatment strongly affects dendritic spine density and
morphology. Levodopa treatment in the normal brain
also exerts several effects. Repetitive levodopa treat-
ment in animal models of PD sufficient to induce LID
has been found to increase spine head size in all brain
regions investigated to date. This enlargement is con-
sistent with the electrophysiological hallmark of LID,
the lack of depotentiation. Spine enlargement may be
the structural basis of levodopa-induced complications
in PD patients, such as LID and DDS.

Dopamine-induced synaptic or homeostatic plastic-
ity is associated with activities of N-methyl-p-aspartate
and AMPA receptors and modulation of ion channels
including L-type Ca’?" channels.*>** Neuronal den-
drites are richly endowed with various voltage-
dependent ion channels that shape synaptic
responses.”®> Drugs that block these receptors or ion
channels potentially prevent spine loss and spine head
enlargement and might be beneficial for the treatment
of LID and DDS. A number of studies have examined
potential drug treatments,’ including Ca®" block-
ers,'>19  N-methyl-p-aspartate receptor antago-
nists,'**1%¢ AMPA receptor antagonists,'?” 112
metabotropic glutamate receptor antagonists.
For example, dihydropyridines are reported to blunt
spine loss in PD models,*'% and memantine was
found to be beneficial in attenuating LID in the animal
model.’* @

Acknowledgments: We thank Benjamin Knight, MSc, from Edanz
Group (www.edanzediting.com/ac) for editing a draft of this manuscript.

References

1. Mercuri NB, Bernardi G. The ‘magic’ of L-dopa: why is it the
gold standard Parkinson’s disease therapy? Trends Pharmacol Sci
2005;26(7):341-344.

2. Smith Y, Wichmann T, Factor SA, DeLong MR. Parkinson’s dis-
ease therapeutics: new developments and challenges since the

introduction of levodopa. Neuropsychopharmacology 2012;37(1):
213-24e6.

( DYSKINESIA AND

10.

11.

12.

14.
15.
16.
17.
18.
19.

20.
21.
22.
23.

24.

25.

DENDRITIC SPINE PATHOLOGY

Aquino CC, Fox SH. Clinical spectrum of levodopa-induced com-
plications. Mov Disord 2015;30(1):80-89.

Beaulieu-Boire I, Lang AE. Behavioral effects of levodopa. Mov
Disord 2015;30(1):90-102.

Bastide MF, Meissner WG, Picconi B, et al. Pathophysiology of
L-dopa-induced motor and non-motor complications in Parkin-
son’s disease. Prog Neurobiol 2015;132:96-168.

Picconi B, Centonze D, Hakansson K, et al. Loss of bidirectional
striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nat
Neurosci 2003;6(5):501-506.

Shen W, Plotkin JL, Francardo V, et al. M4 muscarinic receptor
signaling ameliorates striatal plasticity deficits in models of L-
DOPA-induced dyskinesia. Neuron 2015;88(4):762-773.

Pavon N, Martin AB, Mendialdua A, Moratalla R. ERK phos-
phorylation and FosB expression are associated with L-DOPA-
induced dyskinesia in hemiparkinsonian mice. Biol Psychiatry
2006;59(1):64-74.

Santini E, Valjent E, Usiello A, et al. Critical involvement of
cAMP/DARPP-32 and extracellular signal-regulated protein
kinase signaling in L-DOPA-induced dyskinesia. ] Neurosci 2007;
27(26):6995-7005.

Darmopil S, Martin AB, De Diego IR, Ares S, Moratalla R.
Genetic inactivation of dopamine D1 but not D2 receptors inhib-
its L-DOPA-induced dyskinesia and histone activation. Biol Psy-
chiatry 2009;66(6):603-613.

Murer MG, Moratalla R. Striatal signaling in L-DOPA-induced
dyskinesia: common mechanisms with drug abuse and long term
memory involving D1 dopamine receptor stimulation. Front Neu-
roanat 2011;5:51.

Ruiz-DeDiego I, Mellstrom B, Vallejo M, Naranjo JR, Moratalla
R. Activation of DREAM (downstream regulatory element antag-
onistic modulator), a calcium-binding protein, reduces L-DOPA-
induced dyskinesias in mice. Biol Psychiatry 2015;77(2):95-105.

Solis O, Espadas I, Del-Bel EA, Moratalla R. Nitric oxide syn-
thase inhibition decreases 1-DOPA-induced dyskinesia and the
expression of striatal molecular markers in Pitx3(-/-) aphakia
mice. Neurobiol Dis 2015;73:49-59.

Kasai H, Fukuda M, Watanabe S, Hayashi-Takagi A, Noguchi J.
Structural dynamics of dendritic spines in memory and cognition.
Trends Neurosci 2010;33(3):121-129.

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural
basis of long-term potentiation in single dendritic spines. Nature
2004;429(6993):761-766.

Holtmaat A, Svoboda K. Experience-dependent structural synap-
tic plasticity in the mammalian brain. Nat Rev Neurosci 2009;
10(9):647-658.

Kasai H, Hayama T, Ishikawa M, Watanabe S, Yagishita S,
Noguchi J. Learning rules and persistence of dendritic spines. Eur
J Neurosci 2010;32(2):241-249.

Segal M. Dendritic spines, synaptic plasticity and neuronal sur-
vival: activity shapes dendritic spines to enhance neuronal viabil-
ity. Eur ] Neurosci 2010;31(12):2178-2184.

Yuste R, Bonhoeffer T. Genesis of dendritic spines: insights from
ultrastructural and imaging studies. Nat Rev Neurosci 2004;5(1):
24-34.

Bourne JN, Harris KM. Balancing structure and function at hip-
pocampal dendritic spines. Annu Rev Neurosci 2008;31:47-67.

Schultz W. Predictive reward signal of dopamine neurons.
J Neurophysiol 1998;80(1):1-27.

Surmeier D], Ding J, Day M, Wang Z, Shen W. D1 and D2
dopamine-receptor modulation of striatal glutamatergic signaling
in striatal medium spiny neurons. Trends Neurosci 2007;30(5):
228-235.

Surmeier D], Plotkin J, Shen W. Dopamine and synaptic plasticity
in dorsal striatal circuits controlling action selection. Curr Opin
Neurobiol 2009;19(6):621-628.

Surmeier DJ, Graves SM, Shen W. Dopaminergic modulation of
striatal networks in health and Parkinson’s disease. Curr Opin
Neurobiol 2014;29:109-117.

Smith-Roe SL, Kelley AE. Coincident activation of NMDA and
dopamine D1 receptors within the nucleus accumbens core is
required for appetitive instrumental learning. J Neurosci 2000;
20(20):7737-7742.

Movement Disorders, Vol. 33, No. 6, 2018 885



NISHIJIMA

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

ET AL w

J

Yagishita S, Hayashi-Takagi A, Ellis-Davies GC, Urakubo H,
Ishii S, Kasai H. A critical time window for dopamine actions on
the structural plasticity of dendritic spines. Science 2014;
345(6204):1616-1620.

Suarez LM, Solis O, Carames JM, et al. L-DOPA treatment selec-
tively restores spine density in dopamine receptor D2-expressing
projection neurons in dyskinetic mice. Biol Psychiatry 2014;75(9):
711-722.

Suarez LM, Solis O, Aguado C, Lujan R, Moratalla R. L-DOPA
oppositely regulates synaptic strength and spine morphology in
D1 and D2 striatal projection neurons in dyskinesia. Cereb Cor-
tex 2016;26(11):4253-4264.

McNeill TH, Brown SA, Rafols JA, Shoulson I. Atrophy of
medium spiny [ striatal dendrites in advanced Parkinson’s disease.
Brain Res 1988;455(1):148-152.

Stephens B, Mueller AJ, Shering AF, et al. Evidence of a break-
down of corticostriatal connections in Parkinson’s disease. Neuro-
science 2005;132(3):741-754.

Zaja-Milatovic S, Milatovic D, Schantz AM, et al. Dendritic
degeneration in neostriatal medium spiny neurons in Parkinson
disease. Neurology 2005;64(3):545-547.

DeLong MR, Wichmann T. Circuits and circuit disorders of the
basal ganglia. Arch Neurol 2007;64(1):20-24.

Biezonski DK, Trifilieff P, Meszaros ], Javitch JA, Kellendonk C.
Evidence for limited D1 and D2 receptor coexpression and coloc-
alization within the dorsal striatum of the neonatal mouse.
J Comp Neurol 2015;523(8):1175-1189.

Cazorla M, Kang U]J, Kellendonk C. Balancing the basal ganglia
circuitry: a possible new role for dopamine D2 receptors in health

and disease. Mov Disord 2015;30(7):895-903.

Bouyer JJ, Park DH, Joh TH, Pickel VM. Chemical and structural
analysis of the relation between cortical inputs and tyrosine
hydroxylase-containing terminals in rat neostriatum. Brain Res
1984;302(2):267-275.

Freund TF, Powell JF, Smith AD. Tyrosine hydroxylase-
immunoreactive boutons in synaptic contact with identified stria-
tonigral neurons, with particular reference to dendritic spines.
Neuroscience 1984;13(4):1189-1215.

Ingham CA, Hood SH, Arbuthnott GW. Spine density on neo-
striatal neurones changes with 6-hydroxydopamine lesions and
with age. Brain Res 1989;503(2):334-338.

Ingham CA, Hood SH, Taggart P, Arbuthnott GW. Plasticity of
synapses in the rat neostriatum after unilateral lesion of the
nigrostriatal dopaminergic pathway. ] Neurosci 1998;18(12):
4732-4743.

Villalba RM, Lee H, Smith Y. Dopaminergic denervation and
spine loss in the striatum of MPTP-treated monkeys. Exp Neurol
2009;215(2):220-227.

Toy WA, Petzinger GM, Leyshon B]J, et al. Treadmill exercise
reverses dendritic spine loss in direct and indirect striatal medium
spiny neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model of Parkinson’s disease. Neurobiol Dis
2014;63:201-209.

Fieblinger T, Graves SM, Sebel LE, et al. Cell type-specific plastic-
ity of striatal projection neurons in parkinsonism and L-DOPA-
induced dyskinesia. Nat Commun 2014;5:5316.

Gagnon D, Petryszyn S, Sanchez MG, et al. Striatal neurons
expressing D1 and D2 receptors are morphologically distinct and
differently affected by dopamine denervation in mice. Sci Rep
2017;7:41432.

Day M, Wang Z, Ding J, et al. Selective elimination of glutama-
tergic synapses on striatopallidal neurons in Parkinson disease
models. Nat Neurosci 2006;9(2):251-259.

Shen W, Tian X, Day M, et al. Cholinergic modulation of Kir2
channels selectively elevates dendritic excitability in striatopallidal
neurons. Nat Neurosci 2007;10(11):1458-1466.

Scholz B, Svensson M, Alm H, et al. Striatal proteomic analysis
suggests that first L-dopa dose equates to chronic exposure. PLoS
One 2008;3(2):¢1589.

Nishijima H, Suzuki S, Kon T, et al. Morphologic changes of
dendritic spines of striatal neurons in the levodopa-induced dyski-
nesia model. Mov Disord 2014;29(3):336-343.

Moratalla R, Solis O, Suarez LM. Morphological plasticity in the
striatum associated with dopamine dysfunction. In: Steiner H,

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Tseng KY, eds. Handbook of Basal Ganglia Structure and Func-
tion. 2nd ed. London, Academic Press, 2016:755-770.

Villalba RM, Smith Y. Differential structural plasticity of cortico-
striatal and thalamostriatal axo-spinous synapses in MPTP-
treated Parkinsonian monkeys. ] Comp Neurol 2011;519(5):989-
1005.

Naskar A, Manivasagam T, Chakraborty ], et al. Melatonin syn-
ergizes with low doses of L-DOPA to improve dendritic spine
density in the mouse striatum in experimental Parkinsonism.
J Pineal Res 2013;55(3):304-312.

Nishijima H, Arai A, Kimura T, et al. Drebrin immunoreactivity
in the striatum of a rat model of levodopa-induced dyskinesia.
Neuropathology 2013;33(4):391-396.

Bagetta V, Picconi B, Marinucci S, et al. Dopamine-dependent
long-term depression is expressed in striatal spiny neurons of
both direct and indirect pathways: implications for Parkinson’s
disease. ] Neurosci 2011;31(35):12513-12522.

Abercrombie ED, Bonatz AE, Zigmond M]J. Effects of L-dopa on
extracellular dopamine in striatum of normal and 6-
hydroxydopamine-treated rats. Brain Res 1990;525(1):36-44.

Solis O, Garcia-Sanz P, Herranz AS, Asensio MJ, Moratalla R. L-
DOPA reverses the increased free amino acids tissue levels
induced by dopamine depletion and rises GABA and tyrosine in
the striatum. Neurotox Res 2016;30(1):67-75.

Solis O, Garcia-Montes JR, Garcia-Sanz P, et al. Human COMT
over-expression confers a heightened susceptibility to dyskinesia
in mice. Neurobiol Dis 2017;102:133-139.

Tanaka H, Kannari K, Maeda T, Tomiyama M, Suda T,
Matsunaga M. Role of serotonergic neurons in L-DOPA-derived
extracellular dopamine in the striatum of 6-OHDA-lesioned rats.
Neuroreport 1999;10(3):631-634.

Lindgren HS, Andersson DR, Lagerkvist S, Nissbrandt H, Cenci
MA. L-DOPA-induced dopamine efflux in the striatum and the
substantia nigra in a rat model of Parkinson’s disease: temporal
and quantitative relationship to the expression of dyskinesia.
J Neurochem 2010;112(6):1465-1476.

Shen W, Flajolet M, Greengard P, Surmeier DJ. Dichotomous
dopaminergic control of striatal synaptic plasticity. Science 2008;

321(5890):848-851.

Zhang Y, Meredith GE, Mendoza-Elias N, Rademacher DJ,
Tseng KY, Steece-Collier K. Aberrant restoration of spines and
their synapses in L-DOPA-induced dyskinesia: involvement of
corticostriatal but not thalamostriatal synapses. ] Neurosci 2013;

33(28):11655-11667.

Maeda T, Kannari K, Suda T, Matsunaga M. Loss of regulation
by presynaptic dopamine D2 receptors of exogenous L-DOPA-
derived dopamine release in the dopaminergic denervated stria-
tum. Brain Res 1999;817(1-2):185-191.

Togasaki DM, Tan L, Protell P, Di Monte DA, Quik M,
Langston JW. Levodopa induces dyskinesias in normal squirrel
monkeys. Ann Neurol 2001;50(2):254-257.

Sesack SR, Grace AA. Cortico-basal ganglia reward network:
microcircuitry. Neuropsychopharmacology 2010;35(1):27-47.

Evans AH, Pavese N, Lawrence AD, et al. Compulsive drug use
linked to sensitized ventral striatal dopamine transmission. Ann
Neurol 2006;59(5):852-858.

de la Fuente-Fernandez R, Sossi V, Huang Z, et al. Levodopa-
induced changes in synaptic dopamine levels increase with pro-
gression of Parkinson’s disease: implications for dyskinesias. Brain
2004;127(Pt 12):2747-2754.

Linazasoro G. Dopamine dysregulation syndrome and levodopa-
induced dyskinesias in Parkinson disease: common consequences
of anomalous forms of neural plasticity. Clin Neuropharmacol
2009;32(1):22-27.

Solis O, Limon DI, Flores-Hernandez J, Flores G. Alterations in
dendritic morphology of the prefrontal cortical and striatum neu-
rons in the unilateral 6-OHDA-rat model of Parkinson’s disease.
Synapse 2007;61(6):450-458.

Funamizu Y, Nishijima H, Ueno T, et al. Morphological dendritic
spine changes of medium spiny neurons in the nucleus accumbens
in 6-hydroxydopamine-lesioned rats treated with levodopa. Neu-
rosci Res 2017;121:49-53.

886

Movement Disorders, Vol. 33, No. 6, 2018



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

8S.

86.

87.

88.

L

Di Chiara G. Nucleus accumbens shell and core dopamine: differ-
ential role in behavior and addiction. Behav Brain Res 2002;
137(1-2):75-114.

Ito R, Robbins TW, Everitt B]. Differential control over cocaine-
seeking behavior by nucleus accumbens core and shell. Nat Neu-
rosci 2004;7(4):389-397.

Meredith GE, Baldo BA, Andrezjewski ME, Kelley AE. The struc-
tural basis for mapping behavior onto the ventral striatum and its
subdivisions. Brain Struct Funct 2008;213(1-2):17-27.

Shen HW, Toda S, Moussawi K, Bouknight A, Zahm DS, Kalivas
PW. Altered dendritic spine plasticity in cocaine-withdrawn rats.
J Neurosci 2009;29(9):2876-2884.

Weiss F, Paulus MP, Lorang MT, Koob GF. Increases in extracel-
lular dopamine in the nucleus accumbens by cocaine are inversely
related to basal levels: effects of acute and repeated administra-
tion. J Neurosci 1992;12(11):4372-4380.

Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC,
Nestler EJ. The addicted synapse: mechanisms of synaptic and
structural plasticity in nucleus accumbens. Trends Neurosci 2010;
33(6):267-276.

Hosp JA, Pekanovic A, Rioult-Pedotti MS, Luft AR. Dopaminer-
gic projections from midbrain to primary motor cortex mediate
motor skill learning. ] Neurosci 2011;31(7):2481-2487.

Uhl GR, Hedreen JC, Price DL. Parkinson’s disease: loss of neu-
rons from the ventral tegmental area contralateral to therapeutic
surgical lesions. Neurology 1985;35(8):1215-1218.

Reiner A, Hart NM, Lei W, Deng Y. Corticostriatal projection
neurons - dichotomous types and dichotomous functions. Front
Neuroanat 2010;4:142.

Kress GJ, Yamawaki N, Wokosin DL, Wickersham IR, Shepherd
GM, Surmeier DJ. Convergent cortical innervation of striatal pro-
jection neurons. Nat Neurosci 2013;16(6):665-667.

Morgante F, Espay AJ, Gunraj C, Lang AE, Chen R. Motor cor-
tex plasticity in Parkinson’s disease and levodopa-induced dyski-
nesias. Brain 2006;129(Pt 4):1059-1069.

Thickbroom GW. Transcranial magnetic stimulation and synaptic
plasticity: experimental framework and human models. Exp Brain
Res 2007;180(4):583-593.

Muller-Dahlhaus F, Ziemann U, Classen J. Plasticity resembling
spike-timing dependent synaptic plasticity: the evidence in human
cortex. Front Synaptic Neurosci 2010;2:34.

Huang YZ, Rothwell JC, Lu CS, Chuang WL, Chen RS. Abnor-
mal bidirectional plasticity-like effects in Parkinson’s disease.

Brain 2011;134(Pt 8):2312-2320.

Ueno T, Yamada J, Nishijima H, et al. Morphological and elec-
trophysiological changes in intratelencephalic-type pyramidal neu-
rons in the motor cortex of a rat model of levodopa-induced
dyskinesia. Neurobiol Dis 2014;64:142-149.

Nishijima H, Ueno T, Ueno S, Mori F, Miki Y, Tomiyama M.
Levodopa-induced morphologic changes of prefrontal pyramidal
tract-type neurons in a rat model of Parkinson’s disease. Neurosci
Res 2017;115:54-58.

Ueno T, Nishijima H, Ueno S, Tomiyama M. Spine enlargement
of pyramidal tract-type neurons in the motor cortex of a rat
model of levodopa-induced dyskinesia. Front Neurosci 2017;11:
206.

Wang HD, Deutch AY. Dopamine depletion of the prefrontal cor-
tex induces dendritic spine loss: reversal by atypical antipsychotic
drug treatment. Neuropsychopharmacology 2008;33(6):1276-
1286.

Miklyaeva EI, Whishaw 1Q, Kolb B. A golgi analysis of cortical
pyramidal cells in the unilateral parkinson rat: absence of change
in the affected hemisphere vs hypertrophy in the intact hemi-
sphere. Restor Neurol Neurosci 2007;25(2):91-99.

Guo L, Xiong H, Kim JI, et al. Dynamic rewiring of neural cir-
cuits in the motor cortex in mouse models of Parkinson’s disease.
Nat Neurosci 2015;18(9):1299-1309.

Pifl C, Schingnitz G, Hornykiewicz O. Effect of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine on the regional distribution of
brain monoamines in the rhesus monkey. Neuroscience 1991;
44(3):591-605.

Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. The
role of the medial frontal cortex in cognitive control. Science
2004;306(5695):443-447.

( DYSKINESIA AND

89.
90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.
101.
102.
103.
104.
10S.
106.

107.

108.

109.

DENDRITIC SPINE PATHOLOGY

Watanabe T, Yahata N, Abe O, et al. Diminished medial prefron-
tal activity behind autistic social judgments of incongruent infor-
mation. PLoS One 2012;7(6):e39561.

Courtin J, Bienvenu TC, Einarsson EO, Herry C. Medial prefron-
tal cortex neuronal circuits in fear behavior. Neuroscience 2013;
240:219-242.

Tsutsui-Kimura I, Yoshida T, Ohmura Y, Izumi T, Yoshioka M.
Milnacipran remediates impulsive deficits in rats with lesions of
the ventromedial prefrontal cortex. Int J Neuropsychopharmacol

2015:18(5).

Riga D, Matos MR, Glas A, Smit AB, Spijker S, Van den Oever
MC. Optogenetic dissection of medial prefrontal cortex circuitry.
Front Syst Neurosci 2014;8:230.

Kolb B, Gibb R. Plasticity in the prefrontal cortex of adult rats.
Front Cell Neurosci 2015;9:15.

Dembrow N, Johnston D. Subcircuit-specific neuromodulation in
the prefrontal cortex. Front Neural Circuits 2014;8:54.

O’Sullivan SS, Evans AH, Lees AJ. Dopamine dysregulation syn-
drome: an overview of its epidemiology, mechanisms and man-
agement. CNS Drugs 2009;23(2):157-170.

Cerasa A, Morelli M, Augimeri A, et al. Prefrontal thickening in
PD with levodopa-induced dyskinesias: new evidence from corti-
cal thickness measurement. Parkinsonism Relat Disord 2013;
19(1):123-125.

Wang S, Zhang QJ, Liu ], et al. The firing activity of pyramidal
neurons in medial prefrontal cortex and their response to 5-
hydroxytryptamine-1A receptor stimulation in a rat model of Par-
kinson’s disease. Neuroscience 2009;162(4):1091-1100.

Wang S, Zhang Q]J, Liu J, et al. In vivo effects of activation and
blockade of 5-HT(2A/2C) receptors in the firing activity of pyra-
midal neurons of medial prefrontal cortex in a rodent model of
Parkinson’s disease. Exp Neurol 2009;219(1):239-248.

Elsworth JD, Leranth C, Redmond DE Jr, Roth RH. Loss of
asymmetric spine synapses in prefrontal cortex of motor-
asymptomatic, dopamine-depleted, cognitively impaired MPTP-
treated monkeys. Int J Neuropsychopharmacol 2013;16(4):905-
912.

Navailles S, Bioulac B, Gross C, De Deurwaerdere P. Serotonergic
neurons mediate ectopic release of dopamine induced by L-DOPA
in a rat model of Parkinson’s disease. Neurobiol Dis 2010;38(1):
136-143.

Navailles S, Carta M, Guthrie M, De Deurwaerdere P. L-DOPA
and serotonergic neurons: functional implication and therapeutic
perspectives in Parkinson’s disease. Cent Nerv Syst Agents Med
Chem 2011;11(4):305-320.

Schuster S, Doudnikoff E, Rylander D, et al. Antagonizing L-type
Ca2+ channel reduces development of abnormal involuntary
movement in the rat model of L-3,4-dihydroxyphenylalanine-
induced dyskinesia. Biol Psychiatry 2009;65(6):518-526.

Soderstrom KE, O’Malley JA, Levine ND, Sortwell CE, Collier
TJ, Steece-Collier K. Impact of dendritic spine preservation in
medium spiny neurons on dopamine graft efficacy and the expres-
sion of dyskinesias in parkinsonian rats. Eur J Neurosci 2010;
31(3):478-490.

Tronci E, Fidalgo C, Zianni E, et al. Effect of memantine on L-
DOPA-induced dyskinesia in the 6-OHDA-lesioned rat model of
Parkinson’s disease. Neuroscience 2014;265:245-252.

Luginger E, Wenning GK, Bosch S, Poewe W. Beneficial effects of
amantadine on L-dopa-induced dyskinesias in Parkinson’s disease.
Mov Disord 2000;15(5):873-878.

Sawada H, Oeda T, Kuno S, et al. Amantadine for dyskinesias in
Parkinson’s disease: a randomized controlled trial. PLoS One
2010;5(12):e15298.

Konitsiotis S, Blanchet PJ, Verhagen L, Lamers E, Chase TN.
AMPA receptor blockade improves levodopa-induced dyskinesia
in MPTP monkeys. Neurology 2000;54(8):1589-1595.

Marin C, Jimenez A, Bonastre M, et al. LY293558, an AMPA
glutamate receptor antagonist, prevents and reverses levodopa-
induced motor alterations in Parkinsonian rats. Synapse 2001;
42(1):40-47.

Silverdale MA, Nicholson SL, Crossman AR, Brotchie JM. Topir-
amate reduces levodopa-induced dyskinesia in the MPTP-lesioned

marmoset model of Parkinson’s disease. Mov Disord 2005;20(4):
403-409.

Movement Disorders, Vol. 33, No. 6, 2018 887



NISHIJIMA

110.

111.

112.

113.

114.

115.

ET AL w

J

Eggert K, Squillacote D, Barone P, et al. Safety and efficacy of
perampanel in advanced Parkinson’s disease: a randomized,
placebo-controlled study. Mov Disord 2010;25(7):896-905.

Kobylecki C, Hill MP, Crossman AR, Ravenscroft P. Synergistic
antidyskinetic effects of topiramate and amantadine in animal
models of Parkinson’s disease. Mov Disord 2011;26(13):2354-
2363.

Lees A, Fahn S, Eggert KM, et al. Perampanel, an AMPA antago-
nist, found to have no benefit in reducing “off” time in Parkin-
son’s disease. Mov Disord 2012;27(2):284-288.

Levandis G, Bazzini E, Armentero M T, Nappi G, Blandini F. Systemic
administration of an mGluRS antagonist, but not unilateral subthala-
mic lesion, counteracts -DOPA-induced dyskinesias in a rodent model
of Parkinson’s disease. Neurobiol Dis 2008;29(1):161-168.

Bashkatova VG, Sudakov SK. Role of metabotropic glutamate
receptors in the mechanisms of experimental parkinsonism devel-
opment. Bull Exp Biol Med 2012;153(5):655-657.

Marin C, Bonastre M, Aguilar E, Jimenez A. The metabotropic
glutamate receptor antagonist 2-methyl-6-(phenylethynyl) pyri-
dine decreases striatal VGlut2 expression in association with an

116.

117.

118.

119.

attenuation of L-DOPA-induced dyskinesias.
65(10):1080-1086.

Synapse 2011;

Rylander D, Iderberg H, Li Q, et al. A mGluRS antagonist under
clinical development improves L-DOPA-induced dyskinesia in
parkinsonian rats and monkeys. Neurobiol Dis 2010;39(3):352-
361.

Yamamoto N, Soghomonian JJ. Metabotropic glutamate mGluRS
receptor blockade opposes abnormal involuntary movements and
the increases in glutamic acid decarboxylase mRNA levels
induced by I-DOPA in striatal neurons of 6-hydroxydopamine-
lesioned rats. Neuroscience 2009;163(4):1171-1180.

Rylander D, Recchia A, Mela F, Dekundy A, Danysz W, Cenci
MA. Pharmacological modulation of glutamate transmission in a
rat model of L-DOPA-induced dyskinesia: effects on motor
behavior and striatal nuclear signaling. ] Pharmacol Exp Ther
2009;330(1):227-235.

Iderberg H, Rylander D, Bimpisidis Z, Cenci MA. Modulating
mGluRS and 5-HT1A/1B receptors to treat [-DOPA-induced dys-
kinesia: effects of combined treatment and possible mechanisms
of action. Exp Neurol 2013;250:116-124.

888

Movement Disorders, Vol. 33, No. 6, 2018



