C N S Neuroscience & Therapeutics

ORIGINAL ARTICLE

Neuroscience &
Therapeutics

CN

Levodopa Effect on Basal Ganglia Motor Circuit in Parkinson’s

Disease

Lin-Lin Gao,"? Jia-Rong Zhang,"? Piu Chan'? & Tao Wu'?

1 Department of Neurobiology, Key Laboratory on Neurodegenerative Disorders of Ministry of Education, Beijing Institute of Geriatrics, Xuanwu
Hospital, Capital Medical University, Beijing, China
2 Beijing Key Laboratory on Parkinson’s Disease, Parkinson Disease Center of Beijing Institute for Brain Disorders, Beijing, China

Keywords
Basal ganglia motor circuit; Bradykinesia;

Connectivity; Levodopa; Parkinson’s disease.

Correspondence

T. Wu, M.D., Ph.D., Department of
Neurobiology, Key Laboratory on
Neurodegenerative Disorders of Ministry of
Education, Beijing Institute of Geriatrics,
Xuanwu Hospital, Capital Medical University,
Beijing 100053, China.

Tel.: +86-10-8319-8271;

Fax: +86-10-8316-1294;

E-mail: wutao69@gmail.com

Received 18 May 2016; revision 22 August
2016; accepted 27 August 2016

SUMMARY

Aims: To investigate the effects of levodopa on the basal ganglia motor circuit (BGMC) in
Parkinson’s disease (PD). Methods: Thirty PD patients with asymmetrical bradykinesia and
30 control subjects were scanned using resting-state functional MRI. Functional connectiv-
ity of the BGMC was measured and compared before and after levodopa administration in
patients with PD. The correlation between improvements in bradykinesia and changes in
BGMC connectivity was examined. Results: In the PD-off state (before medication), the
posterior putamen and internal globus pallidus (GPi) had decreased connectivity while the
subthalamic nucleus (STN) had enhanced connectivity within the BGMC relative to control
subjects. Levodopa administration increased the connectivity of posterior putamen- and
GPi-related networks but decreased the connectivity of STN-related networks. Improve-
ments in bradykinesia were correlated with enhanced connectivity of the posterior puta-
men-cortical motor pathway and with decreased connectivity of the STN-thalamo-cortical
motor pathway. Conclusion: In PD patients with asymmetrical bradykinesia, levodopa can
partially normalize the connectivity of the BGMC with a larger effect on the more severely
affected side. Moreover, the beneficial effect of levodopa on bradykinesia is associated with
normalization of the striato-thalamo-cortical motor and STN-cortical motor pathways. Our
findings inform the neural mechanism of levodopa treatment in PD.

doi: 10.1111/cns. 12634

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative dis-
ease that is characterized by bradykinesia, rigidity, postural insta-
bility, and tremor. Levodopa is the most effective medication for
the management of PD symptoms [1]. Previous neuroimaging
studies have shown that dopaminergic depletion in PD is accom-
panied by dysfunction of the basal ganglia motor circuit (BGMC),
resulting in hypoactivation of the supplementary motor area
(SMA) and striatum [2-4] as well as decreased connectivity of the
striato-thalamo-cortical motor pathways [5-7]. Levodopa treat-
ment has been reported to normalize the function of the BGMC
(e.g., by enhancing neural activity in the SMA and striatum) [2,8—
12] and restore striato-cortical motor pathway connectivity [13—
15] in a manner associated with improvements in motor function
[2,8,10]. Deep brain stimulation (DBS) is another effective ther-
apy for PD that has been shown to modulate the activity [16] and
connectivity [17] of the BGMC in association with symptom
improvements.

While the abovementioned studies demonstrate that the
effects of levodopa on the BGMC are critical to its therapeutic
effects in PD, the mechanism by which levodopa modulates
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the BGMC is unclear. Most previous neuroimaging studies
have focused on striatum-related networks, such that the
effects of levodopa on other critical basal ganglia motor path-
ways (e.g., the subthalamic nucleus [STN]-cortical motor path-
way or the internal globus pallidus [GPi]-thalamo-cortical
motor pathway) [18] have not been well investigated. In the
current study, we used resting-state functional MRI (RS-fMRI)
to evaluate the functional connectivity of the putamen, STN,
and GPi in patients with PD and control subjects. Our aim was
to explore the mechanism by which levodopa modulates the
functional connectivity of the BGMC and moreover to deter-
mine which pathway alterations are associated with the
improvement of bradykinesia as a parkinsonian motor symp-
tom. Based on the asymmetry of symptom manifestation in
our cohort, we hypothesized that levodopa would modulate
the connectivity of BGMC in an asymmetrical manner and that
the beneficial effect of levodopa on bradykinesia would be
associated with the normalization of certain BGMC circuits,
such as the striato-thalamo-cortical and/or STN-cortical path-
ways. A more complete understanding of the effect of levodopa
on the BGMC will inform the neural mechanisms of levodopa
treatment and future therapeutic development for PD.

© 2016 John Wiley & Sons Ltd
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Methods
Subjects

We examined 36 patients with idiopathic PD and 34 age- and gen-
der-matched healthy control subjects. The diagnosis of PD was
based on the UK Parkinson’s Disease Society Brain Bank Clinical
Diagnostic Criteria [19]. Patients were assessed using the Move-
ment Disorder Society revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) [20], the Hoehn and Yahr disability
scale [21], and the Mini-Mental State Examination while off their
medication. Mini-Mental State Exam scores were >27 in all sub-
jects. The MDS-UPDRS motor section (part III) was evaluated for
both the “on” and “oft” states. Bradykinesia was the predominant
symptom and was more severe on the right side in all patients.
The bradykinesia subscale included the following six items: finger
taps (left and right), hand movements (left and right), pronation—
supination movement of the hands (left and right), toe tapping
(left and right), leg agility (left and right), and body bradykinesia.
Each item was rated 0-4 with O representing the absence of a
given symptom and 4 denoting the highest possible severity of a
given symptom. All patients had, at most, a mild tremor and were
taking levodopa. Some patients were also regularly taking other
anti-parkinsonian drugs such as COMT inhibitors (n = 7), MAO-B
inhibitors (n = 11), and dopamine agonists (n = 13). For these
medications, levodopa equivalent daily doses were calculated
according to recognized standardized formulae [22]. Age- and

Table 1 Demographics and clinical characteristics of the subjects
(mean =+ SD)

PD group Control group P value
Age (years) 65.3 + 7.6 (48-76) 65.2 £ 7.3 (50-76) 0.986
Sex 12 female, 18 male 12 female, 18 male  1.000
Disease duration 49 £ 26 N/A
(years)
MDS-UPDRS Il 27.8 £ 9.1 N/A
(off)
MDS-UPDRS Il 13.6 + 8.1 N/A
(on)
Hoehn and Yahr 1.9+ 03 N/A
staging
Bradykinesia 149 + 49 N/A
subscale (off)
Right side 10.8 £ 3.0
Left side 3.8+ 1.9
Bradykinesia 5.6 + 33 N/A
subscale (on)
Right side 4.1 +£25
Left side 15+1.0
Mini-mental state 292+ 10 295+ 0.8 0.205
examination
Levodopa 4433 + 141.8 N/A
equivalent daily
dose (mg)

Age and MMSE were analyzed with a two-sample t-test; gender was
analyzed with a chi-square test. MDS-UPDRS, Movement Disorder
Society-Unified Parkinson’s Disease Rating Scale.

© 2016 John Wiley & Sons Ltd

Levodopa Effect in Parkinson’s Disease

gender-matched healthy control subjects were all right-handed
according to the Edinburgh inventory [23].

In total, six patients with PD and four control subjects were
excluded due to excessive head motion during fMRI acquisition.
The demographics and clinical details of the remaining 30 patients
with PD and 30 control subjects are shown in Table 1. All experi-
ments were performed in accordance with the Declaration of Hel-
sinki and the protocol was approved by the Institutional Review
Board of Xuanwu Hospital. All subjects provided written informed
consent for participation in the study.

fMRI Procedure

fMRI was performed using a 3T MRI scanner (Trio system; Sie-
mens Magnetom scanner, Erlangen, Germany). High-resolution
anatomical images were acquired with the 3D-MPRAGE sequence
(repetition time [TR] = 2000 ms, echo time [TE] = 2.19 ms, 176
sagittal slices, slice thickness = 1 mm, field of view = 224 mm x
256 mm). Blood oxygen level-dependent data were acquired with
gradient-echo echo-planar sequences (TR = 2000 ms, TE = 40 ms,
33 axial slices, slice thickness = 3.5 mm, no gap, flip angle = 90°,
field of view =256 mm x 256 mm, matrix size = 64 x 64).
During RS-fMRI scanning, subjects were instructed to keep their
eyes closed, to remain motionless, and not to think of anything
deliberately.

Healthy control subjects were scanned once, whereas patients
with PD were scanned twice (once in the “off” state and once in
the “on” state). The first scan was performed after medication had
been withdrawn for at least 12 h (i.e., the “off” state). After the
first scan, patients took their usual dose of levodopa. The second
scan was performed when a clinical “on” condition was achieved
(i.e., the “on” state). Each RS-fMRI scanning session lasted for
7 min.

Data Analysis

Preprocessing of fMRI data was carried out using the Data Process-
ing Assistant for Resting-State fMRI V2.1 (http://www.restfmri.-
net) [24], which is a MATLAB toolbox for “pipeline” analysis of
RS-fMRI data. A total of 210 data time points were included in
each fMRI scan. The first 10 volumes of functional images were
discarded to allow for signal equilibrium and participant adapta-
tion to the scanning environment. The remaining data were first
slice-time corrected and aligned to the first image of each session
for motion correction. Head motion parameters were evaluated
for each subject; excessive head motion was defined as more than
1 mm maximum translation in the x, y, or z plane, or 1° of maxi-
mum rotation around these three axes. Functional images were
coregistered to high-resolution anatomical images and underwent
spatial normalization into the standard Montreal Neurological
Institute (MNI) brain space. This template defines a standard brain
based upon a large series of MRI scans from normal control sub-
jects and is commonly used in neuroimaging studies. All images
were then resampled into 3 mm?® voxels and smoothed with a
4 mm full width at half maximum Gaussian smoothing kernel.
Cerebrospinal fluid signal, nuisance covariates of head motion
parameters, and white matter signal were regressed out. Then, we
subsequently linear drift; a

removed temporal  filter
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(0.01 Hz < £ < 0.08 Hz) was applied to remove very low-
frequency drifts and physiological high-frequency noise.

Since functional connectivity analyses are sensitive to gross
head motion [25], head motion parameters were also evaluated
with the mean framewise displacement (FD) method [26], aver-
aged for each subject, and then compared among groups using an
ANOVA.

Regions of Interest (ROIs)

The bilateral putamen, STN, and GPi were chosen as ROIs for the
functional connectivity analysis, as these regions are critical in the
BGMC [18]. The putamen is divided into anterior and posterior
portions by the anterior commissure. As the posterior putamen is
a sensorimotor area [27] where dopaminergic neurons are heavily
degenerated in PD [28], the bilateral posterior putamen was
included in our analysis. The MNI coordinates of the left and right
posterior putamen were [—30, —5, 2] and [30, —5, 2], respectively
[29]. The centers of the left and right STN were [—11, —13, —7]
and [12, —13, —7], respectively, according to a recent study that
defined the STN using T2*-weighted images [30] and a previous
fMRI study of PD [31]. The centers of the left and right GPi were
[-18, —6, —3] and [19, —6, —2], respectively [32]. The radius for
each ROI was 3 mm.

Functional Connectivity Analysis

Functional connectivity was analyzed using the REST Toolkit
(http://restfmri.net/forum/REST_V1.8) [33]. A seed reference
time course was obtained within each ROI. Correlation analyses
were conducted on the seed reference and the whole brain in a
voxel-wise manner for each ROIL Individual correlation coeffi-
cients were further transformed to z-values using the Fisher r-to-z
transformation. Individual results were then entered into a ran-
dom effects one-sample 7-test to identify brain regions displaying
significant connectivity with each ROL

We used an ANCOVA to examine differences in connectivity
for each ROI among control, PD-off, and PD-on conditions.
Subsequently, a two-sample post hoc test analysis was applied
to explore differences between conditions for each ROI (within
a mask showing group differences in the ANCOVA). For each
patient, differences in functional connectivity between the PD-
off and PD-on conditions for each ROI (AFC) were calculated
using the Image Calculator in the REST Toolkit. A correlation
analysis of AFC values against differences in bradykinesia sub-
scale scores between the PD-off and PD-on conditions was per-
formed to probe the relationship between improvements in
bradykinesia and modulation of the BGMC. In the current
study, all results were false discovery rate (FDR)-corrected. The
extent threshold was 10 voxels.

Results
Head Motion

Head motion parameters evaluated with the FD method were
0.127 £+ 0.052 (range 0.034-0.211) mm in the control group,
0.145 £ 0.061 (range 0.042-0.287) mm in the PD-off condition,
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and 0.136 = 0.058 (range 0.054-0.264) mm in the PD-on condi-
tion. No significant differences were found in head motion among
these conditions (P = 0.461).

The STN

In all groups, the bilateral STN was positively connected with the
pons, bilateral midbrain, bilateral cerebellum, bilateral thalamus,
bilateral striatum, bilateral globus pallidus, bilateral temporal
cortex, bilateral M1, bilateral PMC, bilateral parietal cortex, SMA,
anterior cingulate cortex, and bilateral middle frontal gyrus;
the bilateral STN was negatively connected with the bilateral
occipital lobes (one-sample t-test, P <1 X 107>, FDR-corrected;
Figure 1A).

The left STN had different connectivity with the pons, midbrain,
bilateral cerebellum, bilateral M1, bilateral PMC, SMA, bilateral
postcentral gyrus, and left inferior parietal cortex among the con-
trol, PD-off, and PD-on conditions (ANCOVA, P < 0.05, FDR-cor-
rected; Figure 2A). Compared with the controls, the PD-off
condition exhibited increased connectivity of the left STN with
the pons, midbrain, bilateral cerebellum, bilateral M1, bilateral
PMC, SMA, and bilateral postcentral gyrus (post hoc analysis,
P < 0.05, FDR-corrected; Figure 2B). Compared with the PD-off
condition, the PD-on condition exhibited decreased connectivity
with the bilateral cerebellum, bilateral M1, SMA, left PMC, and
left postcentral gyrus (post hoc analysis, P < 0.05, FDR-corrected;
Figure 2C and Table 2).

The right STN had different connectivity with the bilateral post-
central gyrus and right cerebellum among the control, PD-off, and
PD-on conditions (ANCOVA, P <0.05, FDR-corrected; Fig-
ure 2D). Compared with the controls, the PD-off condition exhib-
ited increased connectivity with the bilateral postcentral gyrus
and right cerebellum (post hoc analysis, P < 0.05, FDR-corrected;
Figure 2E). Compared with the PD-off condition, the PD-on con-
dition exhibited decreased connectivity with the bilateral postcen-
tral gyrus (post hoc analysis, P < 0.05, FDR-corrected; Figure 2F
and Table 2).

The Posterior Putamen

In all groups, the bilateral posterior putamen was positively con-
nected with the pons, bilateral midbrain, bilateral cerebellum,
bilateral thalamus, bilateral striatum, bilateral globus pallidus,
bilateral temporal cortex, bilateral M1, bilateral PMC, bilateral
parietal cortex, SMA, bilateral middle frontal gyrus, and bilateral
occipital lobes (one-sample f-test, P <1 x 10~°, FDR-corrected;
Figure 1B).

The left posterior putamen had different connectivity with the
pons, midbrain, bilateral cerebellum, bilateral putamen, bilateral
globus pallidus, bilateral M1, bilateral precentral gyrus, SMA,
bilateral inferior parietal lobule, and right superior parietal cortex
among the control, PD-off, and PD-on conditions (ANCOVA,
P < 0.05, FDR-corrected; Figure 3A). Compared with the control
condition, the PD-off condition exhibited decreased connectivity
with the left posterior putamen in the pons, bilateral cerebellum,
bilateral putamen, bilateral globus pallidus, bilateral M1, left
precentral gyrus, SMA, bilateral inferior parietal lobule, and
right superior parietal cortex (post hoc analysis, P < 0.05,

© 2016 John Wiley & Sons Ltd
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Figure 1 Functional connectivity among the 3 ROIs. Brain regions showing significant connectivity with the (A) left subthalamic nucleus, (B) left posterior
putamen, and (C) left internal globus pallidus in healthy control subjects (one-sample t-test, P < 1 x 10>, FDR-corrected). T-value bar is shown on the
right. Warm and cold tones indicate positive and negative connectivity with the ROIs, respectively. L, left; R, right.

FDR-corrected; Figure 3B). Compared with the PD-off condition,
the PD-on condition exhibited increased connectivity with the
bilateral cerebellum, bilateral putamen, bilateral globus pallidus,
left M1, and SMA (post hoc analysis, P < 0.05, FDR-corrected; Fig-
ure 3C and Table 2).

The right posterior putamen had different connectivity with the
pons, bilateral cerebellum, bilateral putamen, bilateral M1, SMA,
and left postcentral gyrus among the control, PD-off, and PD-on
conditions (ANCOVA, P < 0.05, FDR-corrected; Figure 3D). Com-
pared with the control condition, the PD-off condition exhibited
decreased connectivity with the pons, bilateral cerebellum, bilat-
eral putamen, bilateral M1, SMA, and left postcentral gyrus (post
hoc analysis, P < 0.05, FDR-corrected; Figure 3E). Compared with
the PD-off condition, the PD-on condition exhibited increased
connectivity with the right putamen and SMA (post hoc analysis,
P < 0.05, FDR-corrected; Figure 3F and Table 2).

The GPi

In all groups, the bilateral GPi was positively connected with the
pons, bilateral midbrain, bilateral cerebellum, bilateral thalamus,
bilateral striatum, bilateral globus pallidus, bilateral temporal cor-
tex, bilateral M1, bilateral PMC, SMA, bilateral parietal cortex,
bilateral middle frontal gyrus, bilateral precuneus, and bilateral
posterior cingulate gyrus (one-sample t-test, P < 1 x 107>, FDR-
corrected; Figure 1C).

The left GPi had different connectivity with the left cerebellum,
bilateral thalamus, bilateral globus pallidus, left putamen, bilateral

© 2016 John Wiley & Sons Ltd

M1, right PMC, bilateral postcentral gyrus, left superior frontal
gyrus, bilateral temporal lobe, bilateral paracentral lobule, and
bilateral superior parietal cortex among the control, PD-off, and
PD-on conditions (ANCOVA, P < 0.05, FDR-corrected; Figure 4A).
Compared with the control condition, the PD-off condition exhib-
ited decreased connectivity with the left cerebellum, right middle
temporal gyrus, left posterior putamen, bilateral thalamus, bilat-
eral M1, right PMC, bilateral postcentral gyrus, left superior
frontal gyrus, bilateral paracentral lobule, and bilateral superior
parietal cortex (post hoc analysis, P < 0.05, FDR-corrected; Fig-
ure 4B). Compared with the PD-off condition, the PD-on condi-
tion exhibited increased connectivity with the left cerebellum, left
posterior putamen, bilateral thalamus, left M1, bilateral paracen-
tral lobule, left postcentral gyrus, and bilateral superior parietal
cortex (post hoc analysis, P < 0.05, FDR-corrected; Figure 4C and
Table 2).

The right GPi had different connectivity with the pons, right
cerebellum, bilateral thalamus, SMA, right precuneus, and left
inferior parietal lobule among the control, PD-off, and PD-on con-
ditions (ANCOVA, P < 0.05, FDR-corrected; Figure 4D). Com-
pared with the control condition, the PD-off condition exhibited
decreased connectivity with the pons, right cerebellum, bilateral
thalamus, SMA, right precuneus, and left inferior parietal lobule
(post hoc analysis, P < 0.05, FDR-corrected; Figure 4E). Compared
with the PD-off condition, the PD-on condition exhibited
increased connectivity with the pons, bilateral thalamus, and left
inferior parietal lobule (post hoc analysis, P < 0.05, FDR-corrected;
Figure 4F and Table 2).

CNS Neuroscience & Therapeutics 23 (2017) 76-86 79
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Figure 2 Connectivity with the STN. (A) Brain regions showing significant differences in connectivity with the left STN among control subjects, patients
with PD before levodopa administration (PD-off), and patients with PD after levodopa administration (PD-on) (ANCOVA, P < 0.05, FDR-corrected). (B)
Increased connectivity with the left STN in the PD-off condition versus the control condition (post hoc analysis, P < 0.05, FDR-corrected). (C) Decreased
connectivity with the left STN in the PD-on condition versus the PD-off condition (post hoc analysis, P < 0.05, FDR-corrected). (D) Brain regions showing
significant differences in connectivity with the right STN among the control, PD-off, and PD-on conditions (ANCOVA, P < 0.05, FDR-corrected). (E)
Increased connectivity with the right STN in the PD-off condition versus the control condition (post hoc analysis, P < 0.05, FDR-corrected). (F) Decreased
connectivity with the right STN in the PD-on condition versus the PD-off condition (post hoc analysis, P < 0.05, FDR-corrected). The warm and cold tones
indicate increases and decreases in connectivity, respectively. F- or T-value bars are shown on the right. Cb, cerebellum; IPL, inferior parietal lobule; L, left;
M1, primary motor cortex; PMC, premotor cortex; PoCG, postcentral gyrus; R, right; SMA, supplementary motor area.
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Table 2 The effect of levodopa on network connectivity in PD

Levodopa Effect in Parkinson’s Disease

MNI coordinates

ROI Brain region Brodmann area X y z T-value Cluster size (mm?3)
L STN
Oon<Off L Cerebellum, Anterior Lobe, Culmen —28 —53 —34 —5.03 432
R Cerebellum, Anterior Lobe, Culmen 23 —64 —-32 —5.29 567
L Postcentral Gyrus 3 -39 -33 51 —5.62 378
L M1 4 -35 -30 63 —7.11 1026
R M1 4 28 -30 61 —6.58 540
L SMA 6 -3 -6 64 —5.78 432
L PMC 6 -30 -2 61 —6.16 486
R STN
On<Off L Postcentral Gyrus 3 —42 —28 56 —5.89 648
R Postcentral Gyrus 3 24 —32 64 —5.36 540
L PPu
On>0ff L Cerebellum, Anterior Lobe, Culmen -20 —60 —-32 5.42 567
R Cerebellum, Anterior Lobe, Culmen -21 —58 —34 5.57 702
L Lateral Globus Pallidus —14 4 —6 6.15 864
R Lateral Globus Pallidus 17 0 -3 8.35 1296
L Putamen —30 4 -2 5.94 756
R Putamen 31 -5 -2 6.01 351
L M1 4 —31 —34 61 6.41 1053
L SMA 6 -2 20 62 5.88 972
R PPu
On>0ff R Putamen 31 1 -2 4.78 351
R SMA 1 5 61 5.02 297
L GPi
Oon>0ff L Cerebellum, Posterior Lobe, Declive -29 -85 —-28 4.84 324
R Thalamus, Ventral Lateral Nucleus 13 -1 4 7.02 864
L Thalamus, Ventral Lateral Nucleus —-12 —-12 2 7.69 1134
L Putamen —-30 -1 2 4.48 297
R Superior Parietal Lobule 7 33 —54 54 6.26 783
L Paracentral Lobule 3 —14 -39 58 6.44 648
L M1 4 —-30 —34 59 5.28 378
L Superior Parietal Lobule 7 -37 —59 54 4.37 297
R Paracentral Lobule 3 9 -4 63 5.11 378
L Postcentral Gyrus 2 —42 —41 64 5.24 351
L Precentral Gyrus 4 —-22 —-23 59 5.47 324
R GPi
On>0ff L Pons -3 -22 -30 5.01 297
R Thalamus, Ventral Lateral Nucleus 8 —12 2 4.59 324
L Thalamus, Ventral Lateral Nucleus —-12 —-12 4 7.14 999
L Inferior Parietal Lobule 40 -27 —44 57 4.82 324

GPi, internal globus pallidus; L, left; M1, primary motor cortex; MNI, Montreal Neurological Institute; PMC, premotor cortex; PPU, posterior putamen;
R, right; SMA, supplementary motor area; STN, subthalamic nucleus. Results are the comparison of functional connectivity in ROIs between the PD-on

and PD-off conditions (two-sample post hoc t-test, P < 0.05, FDR-corrected).

Correlation Analysis

A correlation analysis showed that decreased bradykinesia sub-
scale scores in the “on” state relative to the “off” state were
positively correlated with the AFC between the left posterior
putamen and bilateral M1, and negatively correlated with the
AFC between the left STN and bilateral M1, SMA, and bilat-
eral thalamus (Figure 5). We did not find any significant cor-
relations with the bilateral GPi, right STN, or right posterior
putamen.

© 2016 John Wiley & Sons Ltd

Discussion

Our results showed that levodopa treatment partially normalized
the connectivity of the BGMC. A novel finding was that levodopa
had asymmetrical effects on the BGMC, with larger effects on the
more severely affected side. Moreover, the improvement effect of
levodopa on bradykinesia was associated with the normalization
of specific basal ganglia motor pathways.

In the “off” state, the posterior putamen and GPi had decreased
connectivity, while the STN had enhanced connectivity with

CNS Neuroscience & Therapeutics 23 (2017) 76-86 81
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Figure 3 Connectivity with the posterior putamen. (A) Brain regions showing significant differences in connectivity with the left posterior putamen
among the control, PD-off, and PD-on conditions (ANCOVA, P < 0.05, FDR-corrected). (B) Decreased connectivity with the left posterior putamen in the
PD-off condition versus the control condition (post hoc analysis, P < 0.05, FDR-corrected). (C) Increased connectivity with the left posterior putamen in the
PD-on condition versus the PD-off condition (post hoc analysis, P < 0.05, FDR-corrected). (D) Brain regions showing significant differences in connectivity
with the right posterior putamen among the control, PD-off, and PD-on conditions (ANCOVA, P < 0.05, FDR-corrected). (E) Decreased connectivity with
the right posterior putamen in the PD-off condition versus the control condition (post hoc analysis, P < 0.05, FDR-corrected). (F) Increased connectivity
with the right posterior putamen in the PD-on condition versus the PD-off condition (post hoc analysis, P < 0.05, FDR-corrected). F- or T- value bars are
shown on the right. Cb, cerebellum; GP, globus pallidus; IPL, inferior parietal lobule; L, left; M1, primary motor cortex; PoCG, postcentral gyrus; PrCG,
precentral gyrus; Pu, putamen; R, right; SMA, supplementary motor area; SPL, superior parietal lobule.
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Figure 4 Connectivity with the GPi. (A) Brain regions showing significant differences in connectivity with the left GPi among the control, PD-off, and PD-on
conditions (ANCOVA, P < 0.05, FDR-corrected). (B) Decreased connectivity with the left GPi in the PD-off condition versus the control condition (post hoc
analysis, P < 0.05, FDR-corrected). (C) Increased connectivity with the left GPi in the PD-on condition versus the PD-off condition (post hoc analysis,
P < 0.05, FDR-corrected). (D) Brain regions showing significant differences in connectivity with the right GPi among the control, PD-off, and PD-on
conditions (ANCOVA, P < 0.05, FDR-corrected). (E) Decreased connectivity with the right GPi in the PD-off condition versus the control condition (post hoc
analysis, P < 0.05, FDR-corrected). (F) Increased connectivity with the right GPi in the PD-on condition versus the PD-off condition (post hoc analysis,
P < 0.05, FDR-corrected). F- or T-value bars are shown on the right. Cb, cerebellum; GP, globus pallidus; IPL, inferior parietal lobule; L, left; M1, primary
motor cortex; MTG, middle temporal gyrus; PCL, paracentral lobule; PMC, premotor cortex; PoCG, postcentral gyrus; PreC, precuneus; Pu, putamen;
R, right; SMA, supplementary motor area; SPL, superior parietal lobule; STG, superior temporal gyrus; Th, thalamus.
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extensive brain regions of the BGMC (e.g., M1, SMA, PMC, and
thalamus) in patients with PD versus control subjects, which was
largely consistent with previous reports [5,6,30,31,34,35]. As
introduced previously, PD-related neural changes include hypoac-
tivation in the SMA and striatum [2-4] and decreased connectiv-
ity of the striato-thalamo-cortical motor pathways [5-7,29,35].
According to the classical basal ganglia model, decreased connec-
tivity of the striato-thalamo-cortical motor pathway induces
increased inhibitory basal ganglia-thalamo-cortical output to cor-
tical motor areas, for example, the SMA, which in turn con-
tributes to bradykinesia in PD [18]. Another characteristic
alteration in neural change in PD is increased STN-cortical con-
nectivity [30,31,34]. The STN is a critical node of both indirect
and hyperdirect pathways within the BGMC. Enhanced connec-
tivity between the STN and cortical motor areas has been sug-
gested to reflect overactivation of the hyperdirect pathway [31],
which may have a pathophysiological role in PD. Meanwhile,
hyperactivity in other motor regions such as the PMC, parietal
cortex, and cerebellum [3,36-38] and strengthened connectivity
between the cerebellum and cortical motor regions [5,39] have
been described in PD. Enhanced activity and connectivity are
likely a compensatory effect in response to striatal dysfunction
[3,38,40].

We found that left-side ROIs exhibited greater degrees of
PD-related change in connectivity than did right-side ROIs. This
finding indicates that the bilateral BGMCs are asymmetrically
affected; specifically, the BGMC contralateral to the more severely
affected hand is more impaired. A previous study on brain activity
patterns in patients with PD had similar finding, with a greater
degree of hypoactivity detected in motor regions contralateral to
the more affected hand [8]. Indeed, PD is typically characterized
by asymmetrical symptoms with lateralization that persists
throughout the disease duration [41]. Significant asymmetry of
degeneration in the substantia nigra (with greater neuronal loss
contralateral to the initially affected side) has been reported in
patients with PD [42]. This characteristic pathological change is
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Figure 5 Results of the correlation analysis.
Brain regions showing significant correlations
with bradykinesia subscale score between the
PD-on and PD-off conditions against
differences in connectivity between the PD-on
and PD-off conditions (AFC) in the left posterior
putamen (A) and left STN (B) (correlation
analysis, P < 0.05, FDR-corrected). The warm
and cold tones indicate positive and negative
correlations, respectively. T-value bar is shown
on the right. L, left; M1, primary motor cortex;
R, right; SMA, supplementary motor area; Th,
thalamus.

likely a source of asymmetry in BGMC dysfunction, which in turn
contributes to the presentation of asymmetrical symptoms in PD.

Levodopa administration enhanced connectivity between the
posterior putamen/GPi and cortical motor areas, and decreased
connectivity between the STN and cortical motor areas relative to
the “oft” state. This finding is in agreement with previous observa-
tions suggesting that levodopa treatment normalizes the function
of the BGMC [2,8-12]. However, consistent with the observation
of asymmetrical dysfunction of BGMC in PD, levodopa also asym-
metrically normalized affected BGMC function. In our study,
improvements in bradykinesia subscale scores were noted on both
sides, but improvements were more significant for the more
severely affected side. A recent study reported that levodopa had a
greater normalization effect on brain activity in regions relevant
to the affected side [43]. An earlier study investigated the effect of
levodopa during a finger tapping task and found that the more
severely affected side had a shorter response duration, increased
latency, and greater response magnitude than the less affected side
[44]. Our results demonstrate that levodopa normalizes impaired
BGMC connectivity with a greater effect on the more affected side
of the BGMC. This asymmetrical effect likely underlies the obser-
vation of a beneficial effect of levodopa on bradykinesia on the
more severely affected side.

In this study, levodopa-related improvements in bradykinesia
were correlated with enhanced connectivity of the posterior puta-
men-cortical motor pathway and decreased connectivity of the
STN-thalamo-cortical motor pathway. The putamen receives pro-
jections from cortical motor areas and projects back to these motor
areas via the thalamus. As discussed above, decreased functional-
ity of the striato-thalamo-cortical motor circuit has been suggested
to contribute to bradykinesia in PD [18]. There is also evidence
showing that pathological synchronization in the STN is related to
bradykinesia [45]. Accordingly, STN-DBS is an effective treatment
for bradykinesia [46]. While the neural mechanism underlying
the therapeutic effects of STN-DBS remains unclear, it is known
that STN-DBS normalizes neural activity in the striatum [47],
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thalamus [47-49], and cortical motor areas [50-52]. In addition,
STN-DBS modulates the striato-thalamo-cortical and STN-cortical
pathways [17] in association with symptom improvements. These
reports together with our findings suggest that the beneficial
effects of both levodopa and STN-DBS on bradykinesia are associ-
ated with normalization of the striato-thalamo-cortical and STN-
cortical pathways.

Levodopa also had effects on connections outside of the
BGMC. In the “off” state, the STN had increased connectivity
with the cerebellum while the posterior putamen and GPi had
decreased connectivity with the cerebellum, consistent with
previous reports [5,29,31]. It has been demonstrated that there
are mutual connections between the basal ganglia and cerebel-
lum [53], and increasing evidence suggests that the cerebellum
plays aspecific role in the pathophysiology of PD [39]. Adminis-
tration of levodopa decreased connectivity between the STN
and cerebellum and increased connectivity between the poste-
rior putamen/GPi and cerebellum; however, these changes
were not correlated with improvements in bradykinesia. The
relationship between the recovery of these connections and
improvements in other parkinsonian symptoms requires further
investigation.

This study had some limitations. It is well known that other
parkinsonian motor symptoms including tremor and rigidity also
respond to levodopa treatment. In the current study, we did not
examine how levodopa modulated neural networks to improve

Levodopa Effect in Parkinson’s Disease

tremor or rigidity. In addition, the effects of other antiparkinso-
nian medications on the BGMC were not examined. As only eight
patients received levodopa alone and 22 patients received levo-
dopa in combination with other antiparkinsonian drugs, we were
unable to compare our results between patients receiving only
levodopa and those receiving combination therapy in the present
study. These issues are important for understanding the neural
mechanisms of medical therapy in PD and warrant investigation
in future studies.

In conclusion, this study demonstrates that a neural mechanism
underlying levodopa treatment is the asymmetrical normalization
effects on the BGMC, preferentially affecting the more severely
affected side. Moreover, the beneficial effects of levodopa on
bradykinesia are associated with normalization of the striato-tha-
lamo-cortical motor and STN-cortical motor pathways. Our find-
ings inform the neural mechanisms of the effect of levodopa
therapy on bradykinesia in PD.
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